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TITLE: GERMPLASM DEVELOPMENT AND DOMESTICATION OF CUPHEA AND OTHER NEW 
CROP SPECIES 

NRP : 20160 CRIS WORK UNIT: 5422-20160-004-00 

INTRODUCTION 

Numerous s tud ie s  have i d e n t i f i e d  t h e  need and p o t e n t i a l  of new o r  a l t e r -  
n a t e  crops research. High y ie lds  of t r a d i t i o n a l  crops i n  t h e  a r i d  
Southwest depend upon extensive i r r i g a t i o n .  New crops wi th  low water 
use w i l l  be needed i f  a g r i c u l t u r e  i s  t o  p e r s i s t  i n  the  region.  

The U. S. chemical indus t ry  is heavi ly  dependent upon imported coconut 
and palm kerne l  o i l s  as the primary source of l a u r i c  ac id  f o r  manufac- 
t u r i n g  soaps, de tergents ,  l u b r i c a n t s ,  and o the r  r e l a t e d  products.  Seed 
o i l s  from spec ies  of Cuphea conta in  high l e v e l s  of l a u r i c  and o t h e r  
medium-chain f a t t y  acids.  Seed dormancy, seed s h a t t e r i n g ,  s t i c k y  glan- 
d u l a r  h a i r s ,  and indeterminate p a t t e r n s  of growth and f lower ing  a r e  
major cons t r a in t s  t o  domestication. 

The U. S. i s  a l s o  completely dependent upon imported c a s t o r  o i l  f o r  its 
t o t a l  supply of hydroxylated f a t t y  ac id ,  a  s t r a t e g i c  ma te r i a l  used f o r  
t h e  production of l u b r i c a n t s ,  p l a s t i c i z e r s ,  p r o t e c t i v e  coa t ings ,  surfac-  
t a n t s ,  and pharmaceuticals. High seed t o x i c i t y  and a l l e r g e n i c  r e a c t i o n s  
from p lan t s  l i m i t  production of c a s t o r  beans i n  t h e  U. S. Seed o i l s  
from spec ie s  of Lesquerel la ,  many of which a r e  adapted t o  a r i d  l ands ,  
conta in  s i z a b l e  q u a n t i t i e s  of 3 hydroxy f a t t y  ac ids .  Domestication of 
adapted spec ies  appears f e a s i b l e .  

PROCEDURE 

This p ro jec t  has r e s p o n s i b i l i t y  f o r  assembling, mul t ip ly ing  and main- 
t a i n i n g  a  working germplasm c o l l e c t i o n  of t h e  var ious  spec ie s  of cuphea 
and l e sque re l l a .  The p ro jec t  provides o v e r a l l  l i a i s o n  and coord ina t ion  
of t h e  USDAIARS cooperative cuphea program with s t a t e  a g r i c u l t u r a l  
experiment s t a t i o n s  and indus t ry ,  and provides s i g n i f i c a n t  f i n a n c i a l  
resources f o r  cooperat ive research:  (1) P a r t i c i p a t e s  i n  an equa l ,  
threerway funding (USDAIARS, Oregon S t a t e  AES, and member companies of 
t h e  Soap and Detergent Assoc.) of r e sea rch  i n  Oregon under a  s p e c i f i c  
cooperat ive agreement (58-9AHZ-3-744). Resu l t s  of t h i s  r e sea rch  a r e  
presented i n  a  s e p a r a t e  repor t  (CRIS No. 5422-20160-004-01). (2)  
Supports research by broadform coopera t ive  agreements on i n t e r s p e c i f i c  
hybr id iza t ion  and cytogenet ics  of cuphea at t h e  Arizona AES 
(58-9AHZ-3-38), and development of cuphea t i s s u e  c u l t u r e  technology a t  
t h e  Purdue AES (12-14-3001-259). 

Germplasm rece ives  thorough evalua t ion  wi th  s p e c i a l  a t t e n t i o n  f o r  poten- 
t i a l  adapta t ion  t o  a r i d  condit ions.  Agronomically promising spec ie s  a r e  
s e l e c t e d ,  and breeding and gene t i c  techniques employed t o  develop use- 
f u l ,  enhanced germplasm and breeding l i n e s .  Both i n t r a -  and i n t e r s p e c i -  
f i c  c ross ing  a r e  u t i l i z e d  t o  ob ta in  new g e n e t i c  recombinations l e a d i n g  
t o  removal of c o n s t r a i n t s  t o  domest icat ion and p roduc t iv i ty .  
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RESULTS AND DISCUSSION 

F i f t y  f r e s h l y  harvested seeds from each of 589 second-select ion cyc le ,  
rapidly-germinat ing progeny of 3  species--Cuphea w r i g h t i i  (556),  C. 
tolucana (29) ,  and C. paucipe ta la  (4)  were germinated i n  t h e  greeFhouse. 
I n  t o t a l ,  29,105 seTds were planted. Dormancy was not overcome by 
s e l e c t i o n  s i n c e  emergence of only 36 seedl ings  from 17 s e l e c t i o n s  were 
observed up t o  75 days a f t e r  p lan t ing  (Table 1).  Seed was harvested 
from 13 su rv iv ing  seed l ings  f o r  f u r t h e r  t e s t i n g .  Remnant seed  of the  
589 s i n g l e  p lant  s e l e c t i o n s  plus s e l f e d  seed from 96 p l a n t s  of 5  addi- 
t i o n a l  access ions  of C. w r i g h t i i  and 168 p l a n t s  of 2  access ions  of C. 
l u t e a  a r e  now ava i l ab ie  f o r  o i l  and f a t t y  a c i d  a n a l y s i s  t o  de termine  - 
ex ten t  of genet ic  v a r i a b i l i t y  f o r  t h i s  important cha rac te r .  

The compact growth h a b i t  found i n  2 accessions of C. l ep topoda  was 
cha rac te r i zed  (Table 2).  Reduced p lan t  he igh t  (34-cm f o r  normal vs  22 
cm f o r  compact a t  65 days a f t e r  p lan t ing)  is c h i e f l y  caused by shortened 
in t e rnode  length ,  which is most pronounced i n  t h e  3rd t o  7 th  in ternodes .  
Inhe r i t ance  of the  cha rac te r  appears t o  be condi t ioned  by a  s i n g l e  
r ecess ive  gene, but confirmation from c rosses  and progeny t e s t s  is being 
delayed by seed dormancy. 

Eleven i n t e r s p e c i f i c  Cuphea hybrids involv ing  7 s p e c i e s  (C. c r a s s i f l o r a ,  
C. laminuligera.  C. l a n c e o l a t a ,  C. leptopoda,  C. lophos toFa ,  2. l l a v e a ,  - 
and C. procumbensy have been s u c ~ e s s f u l l y  made-and v e r i f i e d  cyto logi -  
c a l l y .  Reciprocal c ros s  combinations invo lv ing  an annual  s p e c i e s ,  C. - 

rocumbens (n-9) with the  pe renn ia l  spec ie s  C. l l a v e a  (nag) have 
<esu l t ed  i n  r e l a t i v e l y  f e r t i l e  F i l s  with normal d i p l o i d  chromosome 
p a i r i n g  and v iable  seed production. Backcross popula t ions  a r e  being 
developed. F2 populat ions w i l l  be grown o u t  and eva lua ted  f o r  unique, 
t r ansg res s ive  seg rega t ion  a s  soon as seed dormancy is overcome. Another 
unique combination i s  the  F1 hybrid of 5. l ep topoda  (n=10, c a p r i c  
acid-C10) x s ,  laminul igera  (n=10, l a u r i c  acid-C12). Th i s  is t h e  f i r s t  
i n t e r s p e c i f i c  hybrid between a  spec ie s  wi th  l a u r i c  a c i d  and one wi th  
c a p r i c  ac id  as  the  predominant f a t t y  ac id  i n  t h e  seed  o i l .  This  hybrid 
f lowers profuse ly ,  but  appears t o  be s t e r i l e  and has  not  y e t  s e t  seed by 
s e l f i n g  o r  backcrossing. Research is i n  p rogres s  t o  develop methods f o r  
u s ing  co lch ic ine  t o  double chromosome numbers of hybr ids  t o  r e s t o r e  f e r -  
t i l i t y  and produce amphidiploids. 

One accession of C. w r i g h t i i  was grown f o r  a  second yea r  at  10 l o c a t i o n s  
throughout the  co';ntry. Performance was v a r i a b l e  a t  t h e  d i f f e r e n t  loca- 
t i o n s  (Table 3). R a i n f a l l  hampered h a r v e s t  a t  Ames , IA and Experiment, 
GA. Excessive weeds fo rced  abandonment of p l o t s  at L a f a y e t t e ,  I N .  
Again, seed set was seve re ly  l imi t ed  a t  Phoenix due t o  h igh  tempera- 
t u re s .  Reasonably good seed product ion was observed a t  Medford, OR, 
Jacksonvil le ,  IL, and I s a b e l a ,  PR. Limited e v a l u a t i o n  of C. laminu- 
l i g e r a  and C. l u t e a  was made a t  3  l o c a t i o n s  i n  Oregon and Xt Phoenix - -  
(Table 4). Seed of t hese  2  spec ies  p lus  a d d i t i o n a l  access ions  of - C. 
w r i g h t i i  a r e  being increased  f o r  wider t e s t i n g  i n  1986. 
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Plans were made t o  t r a n s f e r  the  USDAIARS cuphea germplasm c o l l e c t i o n  t o  
t h e  North Central  Plant Introduct ion Center a t  Ames, IA, t o  provide 
b e t t e r  f a c i l i t i e s  f o r  maintenance, i nc rease ,  and d i s t r i b u t i o n .  In addi- 
t i o n ,  2  SY's a re  being added t o  extend and s t rengthen  t h e  program of 

. germplasm evaluat ion and t e s t i n g  f o r  adapta t ion  i n  t h e  Midwest and 
Southeast.  The s t a t u s  and d i s t r i b u t i o n  of the  cuphea germplasm col lec-  
t i o n  is summarized i n  Table 5. 

Seed v i a b i l i t y  and germination percentages were determined on t h e  
l e s q u e r e l l a  germplasm col lec t ion .  Some germination was obtained from 
over  92% of the  accessions received. Most of the seed had been col- 
l e c t e d  between 1960 and 1970, and seed l o t s  had been l a s t  grown f o r  
observa t ion  and inc rease  during t h e  per iod  of 1966 t o  1972. Large d i f -  
f e rences  were observed both between spec ie s  and among accessions wi th in  
spec ie s .  Variat ion i n  seed ge rmha t ion  was expected, and under t h e  c i r -  
cumstances t h e  r e t en t ion  of v i a b i l i t y  was considered good. Seed dor- 
mancy, which can be a  problem with newly harvested seed of some spec ie s  
of l e s q u e r e l l a ,  was judged not t o  be a  problem i n  t h i s  ins tance .  

F i e ld  s u r v i v a l  of over 2,100 t ransplanted  and 5,900 d i r e c t  seeded p l a n t s  
was only 8% (Table 6). A period of 90 days elapsed from t h e  time t h e  
seeds were planted i n  the  greenhouse f o r  determinat ion of germination 
and t h e  time the seedl ing  p l an t s  were t r ansp lan ted  i n t o  t h e  f i e l d .  A 
mean s u r v i v a l  r a t e  of 65% was experienced f o r  a l l  spec ie s  during t h e  
time t h e  p l an t s  were grown i n  small  po t s  i n  t h e  greenhouse. For com- 
pa r i son ,  t h e  spec ies  a re  grouped as  t o  geographic o r i g i n  and type of 
hydroxy f a t t y  acid produced i n  t h e  seed o i l s .  The range i n  su rv iva l  
among spec ie s  was 13 t o  96%. It is s i g n i f i c a n t  t o  note  t h a t  only 52% of 
t h e  L. f e n d l e r i  and 19% of L. gordoni i  p l a n t s ,  which a re  both n a t i v e  t o  
arid-areas of Arizona, New zex ico ,  and Texas, survived t h i s  period of 
time. A s  a  whole, t h e  f i v e  dens ipo l i c  a c i d  producing spec ie s  na t ive  t o  
t h e  humid, temperate condit ions of Tennessee and adjacent  a reas  exhib- 
i t e d  a high su rv iva l  r a t e  (90%) during t h i s  same period of time. 

Within 25 days a f t e r  t r ansp lan t ing  (DATP) t h e  s u r v i v a l  r a t e  of a l l  
t r ansp lan ted  p l an t s  had dropped t o  51% (Table 6). Overa l l ,  t h e  sur-  
v i v a l  r a t e  of the  dens ipol ic  ac id  producing spec ie s  decl ined t o  61%. 
Af ter  50 DATP the s u r v i v a l  r a t e  was 31%. and no p l a n t s  survived 150 
DATP. Some of the  p l a n t s  had f lowered,  but  none produced seeds. The 
exact  reason f o r  t h i s  a t t r i t i o n  is not known. However, it i s  reasonable  
t o  be l i eve  t h a t  l ack  of adapta t ion  t o  r e l a t i v e l y  high s o i l  s a l i n i t y  and 
pR is a  major f ac to r .  

Species  within t h e  l e sque ro l i c  ac id  group, which a r e  l a r g e l y  na t ive  t o  
an area  from Arizona t o  Texas and Oklahoma, exh ib i t ed  a r a t h e r  high mean 
r a t e  of a t t r i t i o n  before t r ansp lan t ing  (39% vs 10% f o r  t h e  dens ipo l i c  
group). However, the  su rv iva l  of p l a n t s  a f t e r  t r a n s p l a n t i n g  was 
genera l ly  higher  f o r  t h e  l e s q u e r o l i c  group (Table 6).  A t  50 DATP, 43% 
of t h e  o r i g i n a l  s eed l ings  and 71% of t h e  t r ansp lan ted  p l a n t s  of t h e  
l e s q u e r o l i c  group had survived compared t o  31% and 35%, r e spec t ive ly ,  
f o r  t h e  dens ipo l i c  group. 
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The i n i t i a l  a t t r i t i o n  of p l a n t s  of L. f e n d l e r i  w a s  48%, but a t  t h e  end 
of 200 DATP 21% of t h e  o r i g i n a l  seexl ings  and 40% of t h e  t r ansp lan ted  
p l a n t s  were viable.  Most surviv ing  p lants  produced a  good y i e l d  of 
seed. The a t t r i t i o n  rate of L. go rdon i i ,  which is na t ive  t o  sou th  
c e n t r a l  Arizona, was e x c e s s i v ~ l y  high with only 19% of t h e  s e e d l i n g  
p l a n t s  su rv iv ing  a t  t h e  time of t ransplant ing .  Most of t h e  p l a n t s  t h a t  
survived t o  150 DATP had flowered, but r e l a t i v e l y  few produced any seed. 
The only o t h e r  species  t h a t  produced any q u a n t i t y  of seed  were L. pine- - 
torum and ij. purpurea. These two species appear t o  be adapted y o  a r i d  
c c n d i t i o n s ,  but n e i t h e r  have p lan t  c h a r a c t e r i s t i c s  t h a t  would make them 
good candidates  f o r  domesticat ion i n  t h e i r  p resen t  form. However, they 
do have l a r g e r  seed s i z e ,  and may provide o t h e r  d e s i r a b l e  g e n e t i c  
c h a r a c t e r i s t i c s  through i n t e r s p e c i f i c  hybr id iza t ion .  

The performance of seed l ing  p lan t s  by d i r e c t  seeding i n  t h e  f i e l d  was 
gene ra l ly  comparable t o  those i n  the  t r ansp lan ted  p l o t s  (Table 6). 
Again, l a r g e  va r i a t ion  i n  germination r a t e  and s e e d l i n g  emergence, and 
u l t i m a t e  su rv iva l  of the  p lan t s  was observed among t h e  s p e c i e s  t e s t ed .  
L. f e n d l e r i  appeared t o  be the  bes t  adapted, even though t h e  u l t i m a t e  - 
s u r v i v a l  r a t e  was only 16%. Survival  r a t e s  v a r i e d  cons iderably  among 
t h e  24 accessions of L. f e n d l e r i ,  ranging from 0  t o  75%. I n i t i a l  sur- 
v i v a l  of d i r e c t  seedex L. gordoni i  was supe r io r  t o  L. f e n d l e r i ,  but 
p l a n t  s tand of t h i s  spezies dropped t o  only 8% and i% a t  150 and 200 
DAP, respect ive ly .  Very few seeds were ha rves ted  from t h e  few su rv iv ing  
L, ko rdon i i  p l a n t s ,  and e s s e n t i a l l y  no seed was produced by any o t h e r  - 
spec ies  except L. f e n d l e r i .  Most of the  s u r v i v i n g  p l a n t s  of - L. f e n d l e r i  
grew v i g o r o u s l y ~  flowered, and produced a good y i e l d  of seed. 

A s e r i e s  of 56 s i n g l e  p lan t  s e l e c t i o n s  were made wi th in  t h e  t r ansp lan ted  
and d i r e c t  seeded p lant ings .  Of t h i s  t o t a l ,  46 were from 16 access ions  
of L. f e n d l e r i .  A t o t a l  of 28 were from t h e  d i r e c t  seeded and 18 from 
the-transplanted p lo ts .  Only 6 s e l e c t i o n s  were made from 5  access ions  
of L. gordon i i ,  and one s e l e c t i o n  each from&. s r a c i l i s ,  L. g r a n d i f l o r a ,  
L. Falmeri ,  and L. purpurea. Seed set on t h e  10 se lec t io& of these  5  - 
spec ies  was very-limited. 

Plant  measurements of 15 s e l e c t i o n s  of L. f e n d l e r i  with t h e  h i g h e s t  seed  
y i e l d  from the  d i r e c t  seeded p l a n t i n g  are summarized and p resen ted  i n  
ranked order  (Table 7). Seed y i e l d s  of i n d i v i d u a l  p l a n t s  ranged from 
6.4 t o  19.7 grams, thus bracket ing  t h e  y i e l d  of t h e  wild p l a n t  observed 
by Gentry and Barclay (1962). The r a t h e r  l a r g e  ranges i n  v a r i a b i l i t y  of 
seed weight, dry weight of p l a n t s ,  and the  r e l a t e d  measurement of har- 
v e s t  index suggest t h a t  adequate gene t i c  v a r i a b i l i t y  is p resen t  wi th in  
t h e  species  and should be amenable t o  s e l e c t i o n .  R e l a t i v e l y  less var i -  
a t i o n  appears t o  be present  f o r  1,000 seed weight  and p l a n t  he ight .  

Estimated y ie lds  of biomass, seed,  seed o i l s ,  l e s q u e r o l i c  a c i d ,  and seed 
p ro te ins  were based upon a conservat ive  p l a n t  popula t ion  of 150,000 
plants/ha.  The average f i g u r e s  f o r  L. f e n d l e r i  of 25% seed  o i l  of which 
60% is hydroxy f a t t y  ac id  (lesqueroli;: a c i d ) ,  and 23% seed p r o t e i n  were 
used t o  complete the  e s t ima t ions  (Table 7). The d a t a  show a  wide range 
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i n  seed y i e l d  from 960 t o  2,955 with a  mean of 1,564 kglha. Over two- 
t h i r d s  of the  se l ec t ions  equal or  exceed t h e  y i e l d  es t imate  of 1,120 
kglha made by Gentry and Barclay (1962). These a r e  judged t o  be respec- 
t a b l e  y i e l d s  f o r  an o i l s eed  plant  t h a t  has received l i t t l e  a t t e n t i o n  
from breeding and se l ec t ion .  

Linear co r re l a t ions  were ca lcula ted  among t h e  f i v e  y i e l d  and p lan t  
measurements (Table 8). In genera l ,  l i t t l e  r e l a t i o n s h i p  was detected 
among these  parameters. Seed y i e l d  and p l a n t  dry weight were p o s i t i -  
ve ly  co r re l a t ed  at the 5% l e v e l  of p robab i l i t y .  Tkis r e l a t i o n s h i p  may 
prove use fu l  i n  s e l e c t i o n  f o r  increased  seed y i e l d ,  but only approxi- 
mately one-third of the  v a r i a b i l i t y  i n  seed y i e l d  i s  accounted f o r  by 
t h i s  co r re l a t ion .  No apparent r e l a t i o n s h i p  was de tec ted  between seed 
y i e l d  and harves t  index. However, harves t  index was negat ive ly  corre- 
l a t e d  with dry weight of p l an t  a t  the  1% l e v e l  of p robab i l i t y .  This 
would i n d i c a t e  t h a t  s e l e c t i o n  f o r  l a r g e  p l a n t s  may inc rease  seed y i e l d  
per p lant  within l i m i t s ,  hut the  amount of seed produced on a  p l an t  
r e l a t i v e  t o  t h e  biomass would be reduced. A t  t h i s  time i t  is too e a r l y  
t o  predic t  the  i n t e r a c t i v e  e f f e c t s  of p l a n t  popula t ion ,  water manage- 
ment, and o the r  c u l t u r a l  f a c t o r s  on t h e  var ious  components of y i e l d .  
More research is  needed i n  t h i s  regard. 

Calcula t ions  were made t o  provide some es t ima te  of the  p o t e n t i a l  eco- 
nomic value of l e sque re l l a  as a  new i n d u s t r i a l  o i l  seed crop f o r  t h e  
a r i d  Southwest (Table 9). Since no a c t u a l  product ion d a t a  a r e  a v a i l a b l e  
f o r  l e s q u e r e l l a ,  production cos t s  f o r  wheat i n  Arizona were used and 
modified s l i g h t l y  t o  provide an est imate.  A s  c u r r e n t l y  v i sua l i zed .  
l e s q u e r e l l a  could he produced i n  a  cropping system very s i m i l a r  t o  wheat 
o r  t h e  o the r  small  gra ins  as a  winter  crop. Seed y i e l d s  of approxi- 
mately 2,400 kg/ha would be needed t o  meet t h e  t o t a l  c o s t  of production. 
Only 2 of the  15 s e l e c t i o n s  l i s t e d  i n  Table 7 exceeded t h e  breakeven 
y ie ld .  If y i e l d s  of 3,000 kglha were r e a l i z e d ,  which is e s s e n t i a l l y  
t h a t  obtained from t h e  bes t  s e l e c t i o n ,  a  r e t u r n  of approximately $120 
per  hec ta re  could be r ea l i zed .  

Most l o t s  of L. f e n d l e r i  seed harvested i n  May and June, 1985, ger- 
minated very y e l l ,  thus i n d i c a t i n g  t h a t  seed dormancy i s  not l i k e l y  t o  
be a  problem with t h i s  spec ies .  A one-half a c r e  p l a n t i n g  of t h e  se lec-  
t i o n s  and bulk l o t s  of L. f e n d l e r i  was made a t  t h e  Maricopa Agr i cu l tu ra l  - 
Center on October 8th. Germination was good and r e l a t i v e l y  good s t ands  
were obtained. 

SUMMARY AM) CONCLUSIONS 

Simple s e l e c t i o n  f o r  overcoming cuphea seed dormancy has not  as  y e t  
proved t o  be e f f ec t ive .  Some germination of f r e s h  seeds  of 5. w r i g h t i i  
has  been e f f ec t ed  by ac id  s c a r i f i c a t i o n ,  which may prove u s e f u l  i n  a  
breeding program with l imi t ed  q u a n t i t i e s  of seed. Addi t ional  research  
on seed physiology, was wel l  as  on breeding and s e l e c t i o n ,  w i l l  be 
needed t o  a l l e v i a t e  t h i s  problem with 2. w r i g h t i i  and o the r  p o t e n t i a l l y  
u s e f u l  spec ies .  
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The genera t ion  of unique, p o t e n t i a l l y  use fu l  g e n e t i c  v a r i a t i o n  through 
recombination following i n t e r s p e c i f i c  hybr id iza t ion  appears  t o  be f u l l y  
f e a s i b l e .  Certain combinations such a s  t h e  c ross  between t h e  morpho- 
l o g i c a l l y  divergent ,  herbaceous annual spec ies  C. procumbens and the  
semi-woody, perennial  spec ies  C. l l a v e a ,  which g i v e  rise t o  r e l a t i v e l y  
f e r t i l e  Fl 's , hold promise f  or-ready r e l e a s e  f o r  new g e n e t i c  v a r i a b i l i t y  
by recombination and segregat ion.  The success fu l  hybrid between a 
l a u r i c  a c i d  (C. laminul igera)  and a c a p r i c  a c i d  (C. leptopoda) pro- 
ducing s p e c i e s  may provide b a s i c  information on tiie g e n e t i c  c o n t r o l  of . 
f a t t y  a c i d  biosynthesis .  I n  add i t ion ,  these  2 spec ies  a r e  among the  5 
most promising species  f o r  domestication. Conceivably, i t  may be 
poss ib le  t o  i s o l a t e  and s e l e c t  p l an t  types wi th  b e t t e r  agronomic adap- 
t a t i o n  from t h i s  cross.  I n  add i t ion ,  i t  may be poss ib le  t o  t r a n s f e r  t h e  
compact p l a n t  hab i t  found i n  - C. leptopoda i n t o  o the r  g e n e t i c  back- 
grounds. 

The s t e p s  being taken t o  t r a n s f e r  t h e  germplasm c o l l e c t i o n  t o  Ames, I A  
and more f u l l y  i n t e g r a t e  i t  i n t o  t h e  n a t i o n a l  germplasm system a r e  posi- 
t i v e .  The c l ima t i c  l i m i t a t i o n s  t o  f i e l d  production of cuphea seed a t  
t h i s  l o c a t i o n  was a severe  cons t r a in t .  However, over  40% of t h e  
accessions and 54% of the  species  i n  t h e  c o l l e c t i o n  were inc reased  i n  
Phoenix over  the  p a s t  2 years .  A f u l l ,  working germplasm c o l l e c t i o n  i s  
being maintained a t  Phoenix and w i l l  se rve  a s  a  backup f o r  t h e  col lec-  
t i o n  a t  A m e s ,  IA.  

Continued e f f o r t  w i l l  be made t o  c h a r a c t e r i z e  and determine t h e  inhe r i -  
tance  of t h e  compact growth h a b i t  i n  C. leptopoda. Addi t ional  i n t e r -  
s p e c i f i c  hybrid combinations w i l l  be z t tempted  and continued e f f o r t  w i l l  
be  expended on cha rac te r i z ing  e x i s t i n g  hybrids.  F2 and backcross popu- 
l a t i o n s  of the  var ious  C. procumbens x C. l l a v e a  cross  combinations w i l l  
be grown out  and analyzzd f o r  t ransgresFive  segregat ion .  O i l  and f a t t y  
ac id  ana lys i s  w i l l  be made on var ious  p a r e n t s ,  F l l s  and progeny. Col- 
ch ic ine  methodology w i l l  be developed and u t i l i z e d  t o  produce amphi- 
d i p l o i d s  t o  r e s t o r e  f e r t i l i t y  t o  s t e r i l e  F l 8 s .  

Limited funds necess i t a t ed  terminat ion,  a t  t h e  end of FY 85, of t h e  
broadform cooperat ive agreement wi th  Purdue Unive r s i ty  t o  conduct cuphea 
t i s s u e  c u l t u r e  research.  Continued funding of coopera t ive  cy togene t i c  
research  on cuphea spec ies  and i n t e r s p e c i f i c  h y b r i d s  a t  t h e  Unive r s i ty  
of Arizona i s  highly  e s s e n t i a l  and w i l l  be continued.  This  p r o j e c t  w i l l  
continue t o  provide funding and l i a i s o n  wi th  t h e  coopera t ive  r e sea rch  
conducted a t  Oregon S t a t e  Univers i ty  under t h e  s p e c i f i c  coopera t ive  
agreement i n  combination wi th  equal  funding from indus t ry .  

Various accessions of 7 cuphea spec ies ,  which have been grown under d i f -  
f e r e n t  ecological  condi t ions ,  a r e  being prepared  f o r  o i l  and f a t t y  a c i d  
ana lys i s  a t  t he  NRRC, Peor ia ,  I L .  Each l o t  h a s  been divided on  t h e  
bas is  of seed matur i ty  t o  determine t h e  e f f e c t  of ha rves t ing  green  o r  
l e s s  mature seed on o i l  q u a n t i t y  and q u a l i t y .  Genetic  v a r i a b i l i t y  f o r  
o i l  quant i ty  and f a t t y  ac id  d i s t r i b u t i o n  among s i n g l e  p l a n t  progeny of 
var ious  accessions of C. w r i g h t i i  and C. l u t e a  w i l l  be a s sessed  - - 
following chemical ana?Sysis. 

Annual Report of the U.S. Water Conservation Laboratory



Respons ib i l i ty  f o r  reg ional  adaptat ion t e s t i n g  of Cuphea spec ie s  i n  1986 
w i l l  be assumed by Dr .  W. W. Roath a t  Ames, I A .  Dr.  C. A. Jaworski w i l l  
conduct research  on adapta t ion  of cuphea t o  t h e  Southeastern p a r t  of  the  
U. s. 

Seed y i e l d s  of s ing le  p l an t  s e l ec t ions  of Lesquere l la  f e n d l e r i  i n d i c a t e  
t h a t  t h e  economic p o t e n t i a l  of t h i s  spec ie s  i s  s u f f i c i e n t l y  high t o  
j u s t i f y  increased  breeding and agronomic research .  A s  c u r r e n t l y  
v i sua l i zed ,  l e s q u e r e l l a  could be produced i n  a  cropping system very 
s i m i l a r  t o  wheat o r  o t h e r  small g ra ins  a s  a  w i n t e r  crop i n  t h e  a r i d  
Southwest. Rela t ive ly  simple breeding and s e l e c t i o n  methods should 
s i g n i f i c a n t l y  improve production by enhancing seed y i e l d ,  o i l  percentage 
and percentage of hydroxy f a t t y  ac ids  i n  t h e  o i l ,  and q u a l i t y  and quan- 
t i t y  of the  seed meal. 

Continued evalua t ion  and f u r t h e r  s e l e c t i o n  w i l l  be made wi th in  t h e  pro- 
geny of the  Lesquerel la  f e n d l e r i  s i n g l e  p l a n t  s e l e c t i o n s  cu r ren t ly  
growing a t  t h e  Maricopa Agr icul tura l  Center.  The e f f e c t  of p l an t  popu- 
l a t i o n  d e n s i t y  w i l l  be s tudied  i n  r e p l i c a t e d  p l o t s  e s t a b l i s h e d  within 
e x i s t i n g  bulk seed plant ing.  Plant  spacings of 5, 7.5, 10, 15, and 20 
cm within rows (double rows on 40" o r  1 meter vegetable  beds) w i l l  g ive  
populat ions of 100,000 t o  400,000 p lan t s /  ha. Seed y i e l d s  w i l l  be 
determined and subsequent ana lys i s  f o r  o i l  and hydroxy f a t t y  acid con- 
t e n t s  made. Seed w i l l  be increased t o  provide f o r  es tab l i shment  of an 
experiment i n  October 1986 f o r  determinat ion of water  u s e  and c u l t u r a l  
requirements.  

A small observat ion p lant ing  of Vernonia galamensis from Kenya w i l l  be 
made a t  Phoenix and Tucson t o  eva lua te  i t s  p o t e n t i a l  adap ta t ion  a s  a  new 
crop f o r  t h e  production of vernol ic  (epoxy) ac id .  
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Table 1. Performance of progeny from "Rapid Germination" cuphea 
se lect ions .  Seed planted 2/27/85. 

Number of Number of Number of Number of Number of 
progenies seeds progenies germinating seedl ings  

Species tested planted with seedlings producing 
germinating seed 
seedl ings  

C, wright i i  - 556 27,455* 9 10 7 

C. tolucana - 29 1,450 7 24 6 

C .  paucipetala - 4 200 1 2 0 

Total 589 29,105 17 36 13 

* A t o t a l  of 17 progenies had l e s s  than 50 s e e d s f l o t .  
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Table 2. Comparison of growth and f lowering p a t t e r n  of normal and 
compact Cuphea leptopoda p lan t s .  1985, greenhouse da ta  - 
65 days a f t e r  p lan t ing .  

Normal Compact Difference 
C h a r a c t e r i s t i c  measured p l a n t s  p l a n t s  (N-c) 

(n=21) (11-17) 

Internode length (cm): Internode i'l 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Mean internode length (cm) 2.01 1.36 0.65 

Total  p l an t  he ight  (cm): 34.14 21.73 12.4 1 

~ r a n c h e s f  p l an t  : 
Number: 

Primary branches 8.43 7.18 1.25 
~econd&y branches 3.48 0.24 3.24 
Total  11.91 7.42 4.49 

Mean length (cm): 
Primary branches 9.88 7.24 2.64 
secondary branches 2.18 2.50 -0.32 
Total  12.06 9.74 2.32 

Number of f  lowers/plant  : 
Main stem 19.95 16.12 3.83 
Branches 26.57 17.47 9.10 
Total  46.52 33.59 12.93 

Number of f lowering brancheslplant :  4.19 4.18 0.01 

Annual Report of the U.S. Water Conservation Laboratory



Table 3. Cuphea reg iona l  adap ta t ion  e x p e r i w n t  - 1985. Cuphce wrightli-651. 

Plant ing date: 

Emergence: 
Date 
lfumber of seed l ings  

2-leaf s tage:  
Date 
lfumber of seed l ings  

6-Lenf stage: 
Dare 
Number of seed l ings  
P lan t  height(=*) HI 

Branching s tage:  
Date 

Flowering s t age :  
Date 
Plant height(cm) HZ 

Seed r ipen ing  s tage:  
Date 
Plant height(cm) A3 

Harveac: 
Date ( 1 s t )  
hmber  of p l a n t s  
Seed y i e l d  (gllm row) 

Date (2nd) 
Seed y i e l d  (g l lm row) 

Test  loca t ions  
:orvnl l is  Ontario Nedford Ames Jacksanv l l l c  V. Lafayecte B e l t s v i l l e  Experiment Isabela Phoenix 

OR OK OK IA I L  I N  HD GA PR AZ 

5123 
( r e p l a n t )  

614 
214 

61 10 
220 

6/20 
248 
4.7 

- 
718 

25.3 

8121 
52.5 

919 - 
3.5 

1011 
2.4 

P l o t s  disked up due t o  heavy weed popularion. 
Hinimal p lan t  growrh and f lowering - few seeds s e t .  " Seed r ipen ing  uneven and heavp r a i n s  i n  September and e a r l y  Oerober caused seed sha t t e r ing .  No harvest  mdc.  

d A t o t a l  oL 7 ha rves t s  made from 718 t o  1012185. Uinimsl seed co l l ec ted  u n t i l  around August 1. 
e Heevy m i n e  i n  J u l y  caused loas of m a t  seeds by sha t t e r ing .  

High d a i l y  temperatures prevented seed s e t .  No harvest  made. 
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Table 5. S t a t u s  and d i s t r i b u t i o n  of cuphea germplasm c o l l e c t i o n ,  January 1, 1986. 

Sec t ions  of genus - Number 

Species - Total  number 
- Number increased 

i n  Arizona 

Accessions - Tota l  number 
- Number increased 

i n  Arizona 

Seed l o t s  - Tota l  number 
- Number increased 

i n  Arizona 

R. Roath 
h e s ,  IA 

8 

48 
25 

185* 
69 

283 
89 

D i s t r i b u t i o n  1 I 
C. Jaworski 
Tif ton.  GA 

6 

25 
2 1 

64 
47 

68 
5 1 

5. Knapp 
:orva l l i s  , OR 

* Includes 7 accessions and seed l o t s  of unknown species .  
** Includes 18 accessions and 20 seed l o t s  from 6 spec ies  (Section-Heterodon) previous ly  

d i s t r i b u t e d  4/11/85 and 10/29/85. 
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Table 6. Evaluation of Lesquerello germplasm co l l ec t ion .  Survival of transplanted and d i r e c t  seeded plant ings  i n  c e n t r a l  Arizona. 
Species grouped as t o  o r ig in  and type of hydroxy f a t t y  acid produced i n  seed 0118. Secda germlnatcd i n  greenhouse 7/3/84 
for t ransplant ing i n t o  f i e l d  1011184 - 90 Days a f t e r  planting. 

Specles transplanted (lO/l/84) Spceies d l r e c t  seeded (10/1/84) 
1000 lhlnbet of 

lhlmber of sced seedl ings  Plants  s u r v i v i n g ( % ) - l J ~ ~ P ~  Ilurnber d Plants  su rv iv lnp  (%)-DAPa 
Source of acceseiona veight  obtalncd 25 150 p lan t s  

Species occessian received (g) 15 MPa - - - 25 OAW 50 150 200 - - - - - - 
Lesquerolic Acid (C20:l-011): 

L. nngus t l fo l l a  OK 3  3.24 336 93 92 85 12 0 558 77 20 I  
L. argyrncs TX ' 4 0.68 95 96 93 88 27 7 194 82 15 5 
L. engclmznnll TX 4 1.92 55 49 25 13 7 I  163 24 2 2  
L. f e n d l e r l  TX.MI,AZ 26 0.64 426 52 32 25 22 21 2.545 38 15 16 
L. globosil KY ,TN I  0.83 0 - -- -- - - - -- - - 
L. gordonii AZ,TX.OK 26 0.84 324 19 9 9  1  0  587 52 8 I  
L. g r a c l l f s  TX,HS 3 0.76 132 66 63 54 8 0  599 56 5 3  
L. g rand l f lo ra  TX 2 0.74 173 89 61 49 42 2 195 37 5 1  
L. l a s ioce rpe  TX 2 0.65 23 90 90 90 87 0 16 88 81 12 
I. Ilndhelmerl TX I  0.93 - - - - -- - -- - - - 
L. ludoviclans  WY 1 1.19 40 65 48 45 32 0 23 0 - - - - 0 0 
I. mtrnndiann hZX 1 0.93 1 - -- - - - 
L. o v e l l f o l i a  OK 1 1.30 2 50 0 0  0  0  - - - -- 
L. palmer1 A7. 2  0.92 38 13 8 8  3  3  14 29 36 0 
L. pinetarum MI I  1.11 41 37 37 37 29 29 130 12 5 5  
L. purpuren AZ 1 2.31 6 1  64 43 43 43 38 245 I3 5  5  
L. reEUrVBtB TX 1 0.47 0 - - - - - - - - - 

Tota l  80 1.14f0.17 1,747 61 49 43 19 8 5,269 45 12 9 
CV - 62.5% 

Auricol lc  Acid (C20:Z-011): 

L. s u r i e u l a t a  01( .I 0.70 127 75 69 36 0 0  486 52 2 0  

D e n s i ~ o l i c  Acid (Cta:2-OH): 

L. dens ip i l a  TN 3 0.83 71 93 48 31 0 0  149 3 I  0  
L. l e e e u r i i  TN 1 0.99 2 50 50 50 0 0 - - - - 
L. l y r a t a  AL I  0.58 36 94 61 16 0 0  0  0  0  0  
L. peefoeata TN 2 1.05 77 87 62 26 0 0  4  100 25 25 
L. s tonens i s  TN 2 0.81 64 88 75 45 0 0  50 10 0 0  

To ta l  9 '0.85i0.08 250 90 61 31 0 0  203 7 1  I 
cv - 21.52 

M e  - Day& a f t e r  planting. 
b MTP - m y s  a f t e r  t ransplant ing.  
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Table 7. Yield and p lan t  measurements of 15 s i n g l e  p l an t  s e l e c t i o n s  of Lesquerel la  f e n d l e r i  
from d i r e c t  seeded p lant ing ,  with est imated y i e l d s  of biomass, seed,  seed o i l ,  
l e s q u e r o l i c  ac id ,  and seed pro te in .  

Indiv idual  p l an t  measurements Estimated yieldsa-kilograms/hectare 

D r y  
P lan t  1000 weight Lesque- 
s e l e c t i o n  Seed seed Plant  of Harvest Seed r o l i c  Seed 
number weight weight he ight  p l an t  index Biomass Seed o i l  a c i d  p r o t e i n  

(g) (g) (em) (n) 

333-2 6.4 -50 3 1 38 -17 5,700 960 240 144 221 
Meads-  10.4+1.1 .60+.03 29f 1 71+8 .16f .01 10,680 1,564 391 235 360 

X 

CV(%) 39 17 12 44 31 v 
a Estimated y i e l d s  based upon p lan t  populat ion of 150,000 p lan t s /hec ta re  with 25% seed o i l  of 

C- 

which 60% is hydroxy o i l  ( l e sque ro l i c  a c i d ) ,  and 23X seed protein.  
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TABLE 8. Linear co r re l a t ions  between y i e l d  and o lan t  measurements of 15 
s ing le  plant s e l e c t i o n s  of ~ e s q u e r e l l a '  f e n d l e r i .  

1000 Plant  
seed Plant dry Harvest 

weight height  weight index 
(9)  (cm) (g)  

Seed y i e l d  (g /p lant )  0.204 0.280 0.612* 0.164 

1000 seed weightcg) 0.059 0.066 0.081 

Plant  he ight  (cm) 0.470 -0.278 

Plant  dry weight (g) -0.650** 

* Sign i f i can t ly  d i f f e r e n t  from zero a t  the  0.05 p r o b a b i l i t y  l e v e l .  
** Sign i f i can t ly  d i f f e r e n t  from zero a t  the  0.01 p r o b a b i l i t y  l eve l .  

Table 9. Estimated y i e lds  and economic value of l e s q u e r e l l a  grown as  an 
i n d u s t r i a l  o i l s eed  crop i n  t h e  a r i d  Southwest. 

Mean Yield Breakeven 
y i e l d  of of b e s t  y i e l d  

s e l e c t i o n s  s e l e c t i o n  
Yields (kg/ha) : 

Seed 1,564 2,955 2,393 
O i l  39 1 739 598 
Seed meal 360 680 551 

Dollar ValuelHectare: 
Seed o i l  @ $725/MTa $283 $536 $433 
Seed meal @ $ I ~ O / M T ~  47 88 72 

Total  $330 $624 $505 

Production Gost/HectareC: $505 $505 $505 

Expected ReturnlHectare: -$I75 $119 $ 0  

a Based upon 5-year (1980-84) mean p r i c e  of imported c a s t o r  o i l  of 
$964/MT. Value of o i l  reduced t o  account f o r  lower percentage of 
hydroxy f a t t y  ac id  i n  l e s q u e r e l l a  seed o i l  (60% vs. 80%). 

Based upon 9-year (1972-80) mean p r i c e  of soybean meal (44% p r o t e i n  
bas i s )  of $193/MT. Value of meal reduced t o  account f o r  lower per- 
centage of p r o t e i n  i n  l e s q u e r e l l a  seed meal (23% vs. 34%). 

C Estimate based upon and adjus ted  from comparable product ion c o s t  p e r  
hec ta re  f o r  wheat i n  Arizona (11): Seedbed p repa ra t ion  $35, c o s t  of 
seed and seeding $25, i r r i g a t i o n  $185, ha rves t ing  $50, seed c l ean ing  
$25, and f ixed  cos t s  $185. 
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TITLE: CUPHEA GERMPLASM EVALUATION, DEVELOPMENT, AND DOMESTICATION 

NRP : 20160 CRIS WORK UNIT: 5422-20160-004-01 

INTRODUCTION 

Species of cuphea have p o t e n t i a l  f o r  domest icat ion and development as a 
new crop f o r  t h e  production of l a u r i c  and o t h e r  medium-chain f a t t y  
ac ids .  The U. S. is  dependent upon imports of coconut and palm ke rne l  
o i l s  f o r  i ts  t o t a l  supply e s s e n t i a l  t o  t h e  manufacture of soaps ,  
d e t e r g e n t s ,  l ub r i can t s ,  and o the r  r e l a t e d  products.  F i e ld  and labora- 
t o r y  experiments i n  Oregon i n  1983 and 1984 i n d i c a t e  t h a t  cuphea has 
good prospects  f o r  agronomic adaptat ion.  Slow emergence and s e e d l i n g  
growth, seed dormancy, indeterminate p l a n t  growth and f lower ing ,  s t i c k y  
p lan t  h a i r s ,  and excessive seed s h a t t e r i n g  a r e  the  major c o n s t r a i n t s  t o  
domestication. A major breeding e f f o r t  i s  needed t o  develop c u l t i v a r s  
t h a t  w i l l  produce economically competi t ive y i e l d s  of t h i s  important 
i n d u s t r i a l  o i l .  

PROCEDURE 

The USDA/ARS, through a S p e c i f i c  Cooperative Agreement (SCA No. 
58-9AHZ-3-744) with the  Oregon S t a t e  A g r i c u l t u r a l  Experiment S t a t i o n ,  
provides funding f o r  research t o  develop cuphea a s  a new crop f o r  pro- 
duct ion  i n  Oregon and t h e  P a c i f i c  Northwest. This is a unique,  equal ly-  
funded, three-way e f f o r t  of USDA/ARS, Oregon S t a t e  AES, and member 
companies of the  Soap and Detergent Associat ion.  Research funded under 
t h i s  SCA is conducted under CRIS No. 5422-20160-004-01, which is keyed 
t o  the  inhouse CWU 5422-20160-004-00 at t h e  USWCL i n  Phoenix, AZ. D r .  
Anson E. Thompson serves  a s  t h e  ADODR on t h i s  SCA, and provides coor- 
d i n a t i o n  and l i a i s o n  wi th in  ARS and with s t a t e  a g r i c u l t u r a l  experiment 
s t a t i o n s  and indus t ry  f o r  a l l  a spec t s  of cuphea research. 

A t o t a l  of 6 p ro jec t s  a r e  funded by and c o n t r i b u t e  t o  t h e  r e sea rch  
program i n  Oregon. Pro jec t  t i t l e s  and i n v e s t i g a t o r s  a r e  as  fo l lows:  

1. Plant  Breeding 6 Genetics - Dr. Steven J. Knapp 
2. Agronomy - Dr. Gary D. J o l l i f f  
3. Seed lbrmancy & Technology - Dr. Donald F. Grabe 
4. Weed Control - Dr. Arnold P. Appleby 
5. Mechanical Harvesting - Prof. Dean E. Booster 
6. Climatic  Adaptation - Prof. C l in ton  C. Shock & F'rof. John A. Yungen 

RESULTS AND DISCUSSION 

I n i t i a l  USDA/ARS funding t o  t h i s  program f o r  t h e  amount of $25,000 was 
made i n  1983. This amount was matched by t h e  Proc tor  and Gamble Company 
with the  Oregon S ta t e  Agr i cu l tu ra l  Experiment S t a t i o n  providing equal  
support .  Research on t h i s  program i n  1983 was confined c h i e f l y  t o  
a spec t s  of p l an t  breeding and weed c o n t r o l .  A f u l l - s c a l e  e f f o r t  was 
launched i n  1984 with the  f i n a l i z a t i o n  of t h e  t o t a l  3-way funding  
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package. A f u l l ,  balanced, mul t id i sc ip l ina ry  r e sea rch  program was con- 
ducted i n  1985. Detai led annual r epor t s  of t h e  experiments a r e  on f i l e  
and a v a i l a b l e  on request .  

Oregon S t a t e  Universi ty was successfu l  i n  r e c r u i t i n g  Dr. Steven J. 
Knapp, a very competent s c i e n t i s t ,  t o  r ep lace  Dr .  Frank Hirs inger .  Dr .  
Knapp s t a r t e d  work on June 14,  1985, and q u i c k l y  assumed r e s p o n s i b i l i t y  
f o r  t h e  breeding  and gene t i c  program a s  w e l l  a s  o v e r a l l  l e a d e r s h i p  f o r  
t h e  whole program. It became read i ly  apparent  t h a t  t h e  germplasm base 
upon which t h i s  program was opera t ing  was extremely narrow. Recorded 
informat ion  is not c l e a r ,  but i n  a l l  p r o b a b i l i t y  a l l  of t h e  Cuphea 
w r i g h t i i  (acc. 651) ma te r i a l  t raced  back t o  a s i n g l e  germplasm col lec-  
t ion .  The germplasm f o r  t h e  o t h e r  2 most promising s p e c i e s ,  C. laminu- 
l i g e r a  and C. l u t e a  a l s o  most l i k e l y  t r a c e  back t o  s i n g l e  access ions .  - -  
To overcome the  d e f i c i t .  l i m i t e d  o u a n t i t i e s  of seed of 17 access ions  of 
6 spec ies  [C. l aminul igera  ( I ) ,  C: leptopoda (31,  - -  C. l u t e a  ( I ) ,  C. pro- - - 
cumbens (2), C. tolucana (51, an2 C, w r i g h t i i  ( 5 ) l  were s e n t  from Phoenix 
t o  Dr. Knapp; and incorpora ted  in70 t h e  working germplasm pool  at  
Corva l l i s  (See Table 1). I n i t i a l  seed i n c r e a s e s  were made dur ing  t h e  
summer under cage i s o l a t i o n  a t  Corval l i s .  Two of t h e  new access ions  of 
C. w r i g h t i i  from t h e  gennplasm c o l l e c t i o n  a t  Phoenix (A0077 o r  OSU - 
llWR-002 and A0158 o r  OSU liWR-004) appear t o  be much b e t t e r  adapted than 
t h e  e x i s t i n g  ma te r i a l  previous ly  grown. Both f lowered and matured seed 
e a r l i e r  than  t h e  o the r  accessions.  The o r i g i n a l  access ion  651 f a i l e d  t o  
produce an inc rease  of seed i n  Corval l i s .  

A t  the  end of t h e  yea r ,  42 seed l o t s  of 5 a d d i t i o n a l  s p e c i e s  were s e n t  
t o  Dr.  Knapp (Table 1). This included 36 s e e d  Lots of 27 access ions  of 
C. l a n c e o l a t a ,  which Dr. Knapp p lans  t o  e v a l u a t e  f o r  seed  product ion - 
c a p a b i l i t y  when harvested by swathing. P re l imina ry  r e s u l t s  from har- 
ves t ing  a Z-meter s e c t i o n  of t h e  C. l a n c e o l a t a  (LN-002) p l o t  i n  
Corva l l i s  by swathing on October T6th gave a s e e d  y i e l d  equ iva len t  t o  
355 kg/ha. 

Seed of C. w r i g h t i i  (acc. 651) was increased  a t  Medford, OR. Approxi- 
mately 8 7  pounds of seed were produced on 0.5 acre, and approximately 70 
pounds a r e  a v a i l a b l e  f o r  p i l o t  process ing  s t u d i e s  a t  t h e  Northern 
Regional Research Center i n  Peoria.  The NRRC prev ious ly  r ece ived  10 
pounds of t h i s  access ion  produced i n  1983 a t  Davis,  Ca. Approximately 
200 a d d i t i o n a l  pounds of 4 1983 seed l o t s  a r e  now a v a i l a b l e  f o r  pro- 
cess ing  s tud ie s .  

Crossing was i n i t i a t e d  f o r  pedigree  and backc ross / inb red  breeding  pro- 
grams among t h e  a v a i l a b l e  access ions  of C. w r i g h t i i ,  which is predomi- 
n a t e l y  s e l f  -pol l ina ted .  Seed was inc reased  f o r  r e c u r r e n t  mass and 
ha l f -s ib  family s e l e c t i o n s  wi th in  C. l a m i n u l i g e r a ,  which i s  predomi- - 
nan t ly  c ross  po l l ina t ed .  

The e f f e c t s  of p l a n t i n g  depths [ s u r f a c e  ( 2  m o r  l e s s ) ,  0.5, 1.0, and 
2.0 cm] on seed l ing  emergence and p l a n t  e s t ab l i shmen t  of 6. w r i g h t i i  was 
evaluated i n  a r e p l i c a t e d  experiment. These p l a n t i n g  depths  had no 

Annual Report of the U.S. Water Conservation Laboratory



s i g n i f i c a n t  e f f e c t  on emergence da te  o r  percent  emergence, which i s  com- 
parable  t o  r e s u l t s  obtained i n  1984 (Table 2). Vacuum ha rves t ing  was 
experimental ly compared with swathing p lan t s  of C. w r i g h t i i ,  C, l u t e a ,  - -  
and C. laminuligera.  These prel iminary r e s u l t s  z d i c a t e  t h a t  swathing 
t o  s n i m i z e  seed sha t t e r ing  may be f e a s i b l e  with some s p e c i e s  (Table 3). 

An experimental 2-row, self-propel led vacuum harves ter  was designed, 
cons t ruc ted ,  and t e s t ed  with good r e s u l t s  a t  3 loca t ions  i n  Oregon. 
Refinements i n  various components a r e  being made f o r  eva lua t ion  i n  1986. 

Herbicide screening f o r  e f f e c t i v e  weed c o n t r o l  was i n i t i a t e d  i n  1983. 
Severa l  herb ic ides  have proved t o  be c o n s i s t e n t l y  s a f e  on - C. wr igh t i i .  
However, these  a re  most e f f e c t i v e  i n  c o n t r o l l i n g  grasses ,  and con t ro l  of 
broadleaf weeds has been l e s s  cons i s t en t .  Addit ional  r e sea rch  is needed 
t o  provide r e l i a b l e  information f o r  making recommendations t o  cope wi th  
v a r i a t i o n s  i n  growing condi t ions ,  weed popula t ions ,  and d i f f e r e n t  cuphea 
spec ie s  grown f o r  research or  production. 

Considerable e f f o r t  was expended on var ious  a spec t s  of seed technology. 
Comparative s tud ie s  of branching, f lower ing  h a b i t ,  and seed production 
of 5 cuphea species  were conducted i n  t h e  greenhouse. These da ta  may 
l e a d  t o  c r i t e r i a  of s e l e c t i o n  f o r  concentrated f lowering and seed pro- 
duct ion  with l e s s  s h a t t e r i n g  and more e f f i c i e n t  harvest ing.  Seed of C. 
w r i g h t i i  is dormant a t  harves t  and d i d  not  germinate without s p e c i a l  - 
t reatment .  Considerable dormancy was found t o  be s t i l l  p resen t  i n  
1-year o ld  seed, but e s s e n t i a l l y  absent  i n  3-year old seed. Minimum and 
maximum temperatures f o r  germination of C. w r i g h t i i  seeds were 15 and 
35'C, and l i g h t  was required. Maximum germination requi red  p l a n t i n g  
seed  on b l o t t e r s ,  a t  20-30°C, i n  l i g h t ,  f o r  a period of 3 weeks. Scar- 
i f i c a t i o n  by soaking seed f o r  10 minutes i n  concentrated H2SO4 was t h e  
most successfu l  treatment f o r  breaking dormancy of f r e s h l y  harvested 
seed  (Table 4). Priming o r  osmoconditioning of p a r t i a l l y  dormant 1984 
seed with polyethylene g lycol  8000 (PEG 8000) increased t h e  speed of 
germination and r a i sed  t o t a l  germination from 19 t o  93% (Table 5). 
Priming was not e f f e c t i v e  on dormant 1985 seed. 

The r a t e s  of seed development and maturat ion of C. w r i g h t i i  and C. l u t e a  - -  
were determined i n  greenhouse s t u d i e s .  The patt=rn of seed and o i l  
development was s i m i l a r  i n  both s p e c i e s  (Table 6). Maximum o i l  and dry 
mat te r  contents  were reached a t  18 days a f t e r  an thes i s  (DAA), wi th  
moisture content about 36%. C. l u t e a  seeds  a t t a i n e d  h igher  q u a n t i t i e s  - -  
of both o i l  and dry matter.  The c a r p e l s  of C. w r i g h t i i  opened 13 DAA 
and those of - -  C. l u t e a  a t  14 DAA i n  t h e  greenFouse. Maximum dry seed 
weight of C. l u t e a  was reached i n  20 days i n  t h e  f i e l d ,  a t  which time - -  
t h e  carpe ls  a l s o  opened. Thus, seeds  of t h i s  spec ie s  developed maximum 
dry matter content by the  time t h e  c a r p e l s  opened and exposed t h e i r  
seeds  t o  s h a t t e r i n g  i n  t h e  f i e l d .  

SUMMARY AND CONCLUSIONS 

Some s l ippage  i n  t h e  program was experienced with the  change i n  person- 
n e l  i n  t h e  key pos i t i on  of p l an t  breeding and genet ics .  Dr .  Knapp, who 
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assumed t h e  pos i t ion  i n  mid-year, has given t h e  program new focus ,  and 
t h e  program i s  judged t o  be f u l l y  on t a rge t .  A major t h r u s t  of the  
program i s  t o  enlarge the  germplasm base s o  t h a t  g e n e t i c  advance i s  
poss ib le .  It is apparent t h a t  add i t iona l  germplasm c o l l e c t i o n s  w i l l  
need t o  be  made i n  both Mexico and Brazi l .  

Good progress  is being made i n  the  a rea  of seed  technology t o  b e t t e r  
understand f a c t o r s  a f f e c t i n g  seed dormancy and germination. Such in fo r -  
mation can have immediate a p p l i c a t i o n  t o  s t a n d  es tabl i shment  problems 
and a p p l i c a t i o n  t o  timing of seed harves t ing  opera t ions .  The new a c i d  
s c a r i f i c a t i o n  treatment holds promise f o r  overcoming seed dormancy on 
newly harvested seed,  which i s  very important i n  a breeding program. 

The indeterminate,  continuous f lowering of most cuphea s p e c i e s  r e s u l t s  
i n  production of seed with a continuous a r ray  of matur i ty .  In C. 
w r i g h t i i  a s  well as  some o the r  s p e c i e s ,  t h e  c o l o r  of seed changes from 
green when the  carpel  opens t o  expose the  seeds  t o  yellow and t o  brown 
a s  the  seeds  mature. The higher  quant i ty  of ch lo rophy l l  i n  t h e  seed 
coa t s  of immature seeds may cause problems wi th  o i l  e x t r a c t i o n  and 
r e q u i r e  deco lo r i za t ion  of t h e  o i l s .  The p re l imina ry  evidence t h a t  much 
of the  seed ' s  development, i n  terms of dry m a t t e r  and o i l  content ,  
occurs before  the  seeds a r e  exposed t o  s h a t t e r i n g  may have considerable 
s ign i f i cance .  This could be a f a c t o r  i n  i n c r e a s i n g  seed  y i e l d s  through 
u t i l i z a t i o n  of some harves t ing  techniques such a s  swathing. Addi t ional  
research is needed t o  determine t h e  e f f e c t s  of seed ma tu r i ty  on both o i l  
q u a n t i t y  and the  d i s t r i b u t i o n  of f a t t y  ac ids  i n  t h e  o i l .  

With the production and a v a i l a b i l i t y  of over 250 pounds of seed of C. 
w r i g h t i i ,  l abora tory  s c a l e  e x t r a c t i o n  s t u d i e s  can be i n i t i a t e d  at  t r e  
North Cent ra l  Regional Research Center i n  Peor i a .  This w i l l  provide o i l  
and meal samples f o r  u t i l i z a t i o n  research.  

Dr .  Steven J. Knapp w i l l  assume t h e  p o s i t i o n  of P r i n c i p a l  Inves t iga to r  
on the  p ro jec t .  He i s  making p lans  f o r  a c o l l e c t i o n  of a d d i t i o n a l  
accessions of seve ra l  spec ies  i n  Mexico dur ing  August-September 1986, t o  
provide a more adequate germplasm base f o r  t h e  program, Primary empha- 
sis w i l l  be on obta in ing  more ma te r i a l  of C. w r i g h t i i ,  C. laminul igera  
and C. =. A sys temat ic  e f f o r t  on germFlasm m a i n t e n s c e ,  enhance- 
mentT and breeding is underway with s p e c i a l  emphasis on t h e  3 spec ies  
l i s t e d  above. Ma;ing systems- research  needed f o r  development of e f f i -  
c i e n t  procedures f o r  germplasm handling and m u l t i p l i c a t i o n  w i l l  a l s o  be 
i n i t i a t e d  wfth these  3 species .  Twenty e i g h t  a c c e s s i o n s  of C. l an -  - -  
ceo la t a  obtained from t h e  germplasm c o l l e c t i o n  i n  Phoenix w i l l  be eval- 
uated f o r  seed production p o t e n t i a l  of p l a n t s  ha rves ted  by swathing. 

Dates of p lant ing  s t u d i e s  w i l l  be conducted t o  determine e f f e c t s  of s o i l  
temperature on stand establ ishment  and t h e  e f f e c t  of p l a n t i n g  da tes  on 
da tes  of seed harves t .  The e f f e c t s  of seed  p r iming  and dormancy- 
breaking treatments w i l l  be s tud ied  t o  improve germinat ion  of r e c e n t l y  
harvested seed and germination a t  cooler  s o i l  tempera tures .  Seed and 
environmental f a c t o r s  w i l l  be s tud ied  t o  de te rmine  t h e  n a t u r e  of dor- 
mancy and p o s s i b i l i t i e s  of i t s  modif ica t ion  and  management. Addit ional  
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research  w i l l  be conducted on development of c u l t u r a l  p r a c t i c e s  and eva- 
l u a t i o n  of germplasm f o r  adaptat ion.  Refinements w i l l  be made on t h e  
vacuum ha rves t e r  and i t  w i l l  be ex tens ive ly  t e s t e d  during t h e  cropping 
season., 

The program w i l l  continue t o  p a r t i c i p a t e  i n  t h e  reg ional  adapta t ion  
t r i a l s ,  and s p e c i a l  emphasis w i l l  be made i n  Southern Oregon a s  wel l  a s  
t h e  Willamette Valley. Plans a re  being made t o  have a f i e l d  day and 
meeting i n  l a t e  August or  e a r l y  September t o  v i s u a l i z e  and evalua te  
progress  i n  the  research program. 
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Table 1. Cuphea germplasm s e n t  t o  Oregon S t a t e  University - 1985. 

USDAJARS OSU Species Original  designat ion and Number o r  
Phoenix,AZ No. and source of seed weight of seed 

C. glosos toms 
C. i n f l a t a  *. 
C. laminuligera 
C. l anceola ta  h C. 
procumbens admixture 

C. l anceo la t a  

.. 

Original  seed - P. Hfrsinger 
0 7 2 4  Original  seed 

" 1983-84 GH Inc. 
0 8 0 3  1983 F ie ld  ti 83-84 GH Bulk 
0 7 0 4  6 6 7 0 9  Original  seed 

Robbelen 1982 GH Inc. 
1984 GH Inc. 
1982 GH Inc. 
1982 GH Inc. 

'* 1982 GH Inc. 
1982 GH Inc. 
1984 GH Inc. 
1984 F ie ld  Inc. 
1982 GH Inc. 
1982 GH Inc. 
1984 F ie ld  Inc. 

" 1982 GH Inc. 
1982 GH Inc. 
1984 Fie ld  Inc. 
1982 GH Inc. 
1984 F ie ld  Inc. 
1982 GH Inc. 
1982 GH Inc. 
1982 GH Inc. 
1984 F ie ld  Inc. 
1982 GH Inc. 
1984 F ie ld  Inc. 
1982 GH Inc. 
1982 GH Inc. 
1982 GH Inc. 
1982 GH Inc. 
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Table 1. Cuphea germplasm sen t  t o  Oregon S t a t e  Universi ty - 1985, (con'd) 

USDA/ARS OSU Species Or ig ina l  designat ion and Number o r  
Phoenix ,A2 No. and source of seed weight of  seed 

A 0226 LN-018 0 4  2 1982 GH Inc. 20 .. LN-037 1983 Fie ld  Inc. 4.12 g 
A 0227 LN-003 0 4 4  1982 GH Inc. 10 
A 0228 LN-004 G-45 1982 GH Inc. 30 
A 0229 LN-005 0 4  7 1982 GH Inc. 30 
A 0230 LN-006 0 4 8  1982 GH Inc. 30 
A 0231 LN-007 0 5 0  1982 GH Inc. 30 
A 0252 LN-028 F. Hirsinger  1981 Gottingen 2.32 g 
A 0308 LN-027 NU 42430 G. White-BARC 1970 Inc. 100 
A 0065 LE-002 C. leptopoda *. .. 0 7 1 3  1983 GH Inc. 1.20 g 

LE-003 " Compact s e l .  1983 GH Inc. 0.15 g 
A 0070 LE-004 6-7 18 1983-84 GH Inc. 0.90 g 
A 0072 LE-005 0 7 2 0  I983 GH Inc. 4.40 g 

LE-006 " Compact s e l .  1983-84 GH Inc. 0.015 g 
A 0144 LU-004 C. l u t e a  61-806 1984-85 GH Inc. 40.00 g 
A 0100 PR-001 C. procumbens 6-752 1983-84 GH Inc. 4.40 g 
A 0235 PR-002 011 G. Robbelen 1984 F ie ld  Inc. 0.20 g 
A 0263 PR-004 F. Hirsinger-nonstick7 1984 GH Inc. 50 
A 0263-2 PR-005 Pink flower-nonsticky s e l .  1984 GH Inc. 50 
A 0044 TL-007 C. tolucana 0 4 7 5  1982 GH Inc. 0.15 g 
A 0047 TL-008 0 6 2 9  1982 GH Inc. 0.21 g 
A 0048 TL-009 MhK 20570 Original  seed 0.18 g 
A 0090 TL-010 0 7 4  1 1982 GH Inc. 0.14 g 
A 0111 TL-011 *. 0 7 6 3  1982 GH Inc. 0.17 g 
A 0050 WR-001 C. w r i g h t i i  0 5 0 1  1983-84 GH Inc. 1.40 g 
A 0077 WR-002 G-725 1983-84 F ie ld  h 

GH Bulk Inc. 21.70 g 
A 0084 WR-003 0 7 3 2  1983-84 GH Inc. 3.10 g 
A 0158 WR-004 .. 0 8 2 8  1984 Fie ld  Inc. 2.40 g 
A 0243 WR-005 0 6 2  G. Robbelen 1983-84 GH Inc. 37.40 g 
A 0255 WR-006 .. F. Hirsinger  (Probably 0 6 5 1 )  

1982 Davis, CA (P lo t  30) 6.70 g 
A 0049 VS-001 C. viscosissima Balogh 912 1983 GH Inc. 100 
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Table 2. The e f f e c t  of p l an t ing  depths on s e e d l i n g  emergence of Cuphea 
w r i g h t i i .  C o r v a l l i s ,  OR - 1985. 

P l a n t i n g  depth Date of emergence Percent  emergence 

Surface  (2 mm o r  l e s s )  June 6 
0.5 cm June 6 
1.0 cm June 5 
2.0 cm June 5 

Table 3. The e f f e c t s  of harves t  d a t e  and method on seed y i e l d  (kg/ha) 
of  cuphea spec ies .  C o r v a l l i s ,  OR - 1984 and 1985. 

Harvest - C. l aminul igera  C. l u t e a  - -  C. w r i g h t i i  
Date Swathed Vacuum Swathed Vacuum ~ w z t h e d  Vacuum 

1985 1985 1985 1985 1984 1985 1985 

Sept .  3 19.8 - - - - - - 
Sept .  11 35.0 9.7 - - - - - 
Sept .  18 13 .O - - - - - - 
Sept.  25 18.4 - 23.9 - - - - 
Oct. 2 42.9 - 87.4 - 139.0 2.0 0 
Oct. 9 56.7 13.8 107.6 45.0 196.0 2.9 0 
Oct. 16 31.1 - 102.1 - 92.0 2.1 0 

Annual Report of the U.S. Water Conservation Laboratory



Table 4. E f fec t s  of seed t reatments  on germination of Cuphea w r i g h t i i  
seed.  Corva l l i s ,  OR - 1985. 

Treatments 
Germination percentage 

1982 seed  1984 seed 1985 seed 

Control  
Kinet in - 20 ppm 
GA3 - 100 ppm 
K N O ~  - 0.2% 
Thiourea - 0.1% 
Ethephon - 25 ppm 

P r e c h i l l  - 5°C 
Dry heat - 40°C - 21 days 

Sca r i f i ca t ion :  
Mechnical - chipping 
Acid - c o w .  H2SO4 - 10 min. 

Acid s c a r i f i c a t i o n  + Kinetin 
+ GA1 

Acid s c a r i f i c a t i o n  + p r e c h i l l  
+ " + Kinetin 
+ " 
+ " 

+ a 3  + KNO3 

Acid s c a r i f i c a t i o n  + dry heat 
+ " + Kinetin 
+ " 
+ " 

+ GA3 + K N O ~  

Table 5. Effec t  of priming Cuphea w r i g h t i i  seed  of d i f f e r e n t  ages i n  
PEG 8000 a t  25'C with an osmotic p o t e n t i a l  of -12.5 bars on 
percentage and r a t e  of germination a t  15 and 25'C. 
C o r v a l l i s ,  OR - 1985. 

Germination percentage 
Priming Days 1982 seed 1984 seed  1985 seed 
t reatment  germinated 15'C 25'C 15°C 25'C 15OC 25°C 

Control:  3 3 1 71 1 10 0 - 
10 7 6 77 20 12 0 - 
16 79 85 4 6 19 0 - 

Primed: 3 79 65 25 89 0 - 
10 83 68 87 9 1 0 - 
16 97 7 1 87 93 0 - 
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Table 6. Time course of seed development i n  Cuphea w r i g h t i i  and 2. - l u t e a  i n  greenhouse and 
f i e l d .  Corva l l i s ,  OR - 1985. 

Time a f t e r  Seed dry weight Dry matter  O i l  content  
a n t h e s i s  mglseed X X mglseed 

days w r i g h t i i  l u t e a  l u t e a  w r i g h t i i  l u t e a  l u t e a  w r i g h t i i  l u t e a  w r i g h t i i  l u t e a  
GK GH F ie ld  GK GK F i e l d  GH GH GH GH 

* Date when ca rpe l  opened t o  expose seeds - C, w r i g h t i i  - greenhouse. 
** Date when ca rpe l  opened t o  expose seeds - C. l u t e a  - greenhouse. *** Date when ca rpe l  opened t o  expose seeds - C. l u t e a  - f i e l d .  
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TITLE: BORDER IRRIGATION DESIGN AND CONTROLS 

NRP: 20740 CRIS WORK UNIT: 5422-20740-003 

INTRODUCTION 

Border i r r i g a t i o n  is a complex physical  process which has def ied  sc ien-  
t i f i c  descr ip t ion  and cont ro l .  Border i r r i g a t i o n  can be described a s  
gradual ly varied unsteady open channel f low over  a porous media with 
time-dependent i n f i l t r a t i o n  (outflow). Recent advances i n  mathematical 
modeling have made it poss ib le  t o  s imulate  border i r r i g a t i o n  flow under 
some f a i r l y  general  condit ions.  However, methods f o r  c o n t r o l  of such 
systems a re  s t i l l  not very well  developed. In  gene ra l ,  t h e  f a c t o r s  
which a f f e c t  border i r r i g a t i o n  performance can be broken down i n t o  t h r e e  
ca tegor ies  (S t re lkoff  , 1985) : 

1. Design parameters t ha t  a r e  phys ica l ly  f i x e d  f o r  an i r r i g a t i o n  
season,  namely: f i e l d  length ,  and s lope.  The f i e l d  end con- 
d i t i o n ,  open ended o r  blocked, i s  usua l ly  decided during des ign ,  
although i t  could be a l t e r e d  during t h e  growing season. 

2. Management parameters t ha t  the  i r r i g a t o r  has  d i r e c t  con t ro l  o f ,  
namely; i r r i g a t i o n  stream s i z e  pe r  u n i t  width of border,  length  
of i r r i g a t i o n  s e t  (cutoff  time) and management allowed d e f i c i t  
(depth of water t o  be appl ied) .  

3. S o i l  and crop f a c t o r s  which can be c o n t r o l l e d  t o  a very l i m i t e d  
degree, namely, sur face  drag o r  roughness and s o i l  i n f i l t r a t i o n  
c h a r a c t e r i s t i c s .  

The important d i f f e rences  i n  these  t h r e e  groups of v a r i a b l e s  w i l l  be 
discussed i n  l a t e r  s ec t ions .  

The purpose of the  paper i s  to  present  t h e  problems a s soc ia t ed  with the  
design of border s t r i p  i r r i g a t i o n  systems and t o  o f f e r  some use fu l  ap- 
proaches toward developing b e t t e r  design methods. This  paper a l s o  d is -  
cusses problems with t h e  operat ion of border i r r i g a t i o n  systems, and 
some new and innovat ive techniques t h a t  a r e  being used t o  so lve  t h i s  
d i f f i c u l t  conto l  problem. 

BORDER OPERATIONS 

Under border o r  border  s t r i p  i r r i g a t i o n ,  water is app l i ed  t o  one end of 
a s t r i p  of land bounded by s o i l  d ikes  or  borders.  Water advances from 
one end t o  t h e  other .  The downstream border end can be e i t h e r  open o r  
blocked. When blocked, t h e  stream must be c u t  off i n  t ime such t h a t  the  
downstream dike i s  not overtopped by t h e  water  ponded behind i t .  When 
open, the  flow is usua l ly  cut  off before t h e  advancing s t r eam reaches 
t h e  end t o  l i m i t  t h e  amount of runoff o r  t a i l w a t e r .  Having water  on one 
end of the border longer  than t h e  o t h e r  can cause d i f f e r e n c e s  i n  t h e  in- 
f i l t r a t e d  depth of water ,  usua l ly  r e s u l t i n g  i n  excess i n f i l t r a t i o n  and 
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deep pe rco la t ion .  Border i r r i g a t i o n  ope ra t ions  at tempt t o  s e l e c t  a 
s t ream s i z e  and cutoff time s o  as  t o  minimize both  deep pe rco la t ion  and 
r u n o f f ,  w h i l e  s t i l l  providing a s u f f i c i e n t  amount of water t o  most of 
t h e  f i e l d .  

The U. S. S o i l  Conservation Service (SCS) c r i t e r i o n  on des ign  and opera- 
t i o n s  is t o  provide enough opportuni ty time a t  t h e  upstream o r  head end 
of t h e  bo rde r  (USDA, 1974). This oppor tun i ty  t i m e  is simply the  appl ica-  
t i o n  time p l u s  t h e  time required t o  dewater t h e  head end a f t e r  c u t o f f ,  
t h e  l a t t e r  of which is known a s  the  r ecess ion  l a g  time. If  t h e  r e c e s s i o n  
l a g  time can  be determined and an e s t i m a t e  of p o t e n t i a l  e f f i c i e n c y  is 
a v a i l a b l e ,  then the  appropr ia te  s t ream s i z e  t o  put  on t h e  necessary 
volume can be computed. Such an approach a t t empts  t o  p l ace  a l l  of t h e  
e r r o r  i n  t h e  i r r i g a t i o n  t o  t h e  f a r  end of t h e  f i e l d .  This  can r e s u l t  i n  
l a r g e  runoff  volumes or  d e f i c i t s  i n  i n f i l t r a t e d  depth a t  the  downstream 
o r  low end. 

Several  r e sea rche r s  have proposed empi r i ca l  des ign/opera t ion  procedures 
f o r  borders  based on t h e  premise t h a t  t h e  r e c e s s i o n  curve i s  not a f f e c t -  
ed by t h e  inf lowing stream s i z e  and is only  e f f e c t e d  by s lope  and rough- 
ness  (Bowman, 1973, and Merriam, 1978). This  is probably a reasonable 
suppos i t ion ,  s ince  once water has s t a r t e d  t o  r ecede ,  t h e  su r face  s t o r a g e  
volume nea r  the  receding edge should be r e l a t i v e l y  independent of p r i o r  
condi t ions .  Fangmeier (1978) found t h a t  r e c e s s i o n  l a g  t ime was predomi- 
n a t e l y  governed by s lope  and roughness, w i th  o t h e r  v a r i a b l e  d i r e c t l y  
exp la inab le  through dimensional a n a l y s i s .  Under both Bowman's and 
Merriam's approaches, t h e  stream s i z e  is determined by matching t h e  
water  advance and recess ion  curves (i.e., making t h e  p a r a l l e l ) ,  t h e  d i f -  
f e rence  between curves a t  any l o c a t i o n  be ing  t h e  i n f i l t r a t i o n  opportun- 
i t y  time. Both approaches r equ i re  an e s t i m a t e  of t h e  r ecess ion  curve. 
Merriam proposes some genera l  r ecess ion  c u r v e s ,  which a r e  modified by 
r e l a t i v e  i n t a k e ,  s lope ,  retardance ( roughness) ,  management allowed de f i -  
c i t ,  and stream s i ze .  Taking t h e  advance cu rve  p a r a l l e l  can r e s u l t  i n  
t o o  much runoff i f  the  f i e l d  i s  too s h o r t  o r  t o o  much i n f i l t r a t i o n  i f  
t h e  f i e l d  i s  too long. These procedures are e s s e n t i a l l y  methods f o r  
making recommendations f o r  e x i s t i n g  systems,  n o t  n e c e s s a r i l y  f o r  new 
designs. Neither  method provides much i n s i g h t  i n t o  t h e  amount of reces-  
s i o n  l a g  time and its e f f e c t s  o t h e r  t han  through empi r i ca l  observat ion.  

PERFORMANCE MEASURES 

Border i r r i g a t i o n  performance i s  g e n e r a l l y  d e s c r i b e d  by some kind of 
e f f i c i e n c y  o r  uniformity term. Assuming a un i fo rm d e f i c i t  of requi red  
wa te r ,  an i d e a  i r r i g a t i o n  would i n f i l t r a t e  and s t o r e  t h e  exac t  amount of 
water  requi red  t o  r e f i l l  s o i l  moisture s t o r a g e  ( o r  some l e s s e r  d e s i r e d  
depth) .  In  p r a c t i c e ,  t h i s  is not p o s s i b l e  t o  do wi th  s u r f a c e  ( o r  any 
o t h e r  type)  i r r i g a t i o n  systems. A nonuniform d i s t r i b u t i o n  of water  w i l l  
r e s u l t  i n  some over app l i ca t ion  of water  (deep  p e r c o l a t i o n ) ,  some under 
a p p l i c a t i o n  of water ( d e f i c i t  i r r i g a t i o n ) ,  o r  both. More uniform app l i -  
c a t i o n s  of water  can usua l ly  be achieved by u s i n g  l a r g e  s tream s i z e s  
r e s u l t i n g  i n  rap id  advance and more uniform i n f i l t r a t i o n  oppor tuni ty  
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times. This of ten  r e s u l t s  i n  l a r g e  runoff volumes which must be s t o r e d  
f o r  reuse  o r  allowed t o  flow i n t o  n a t u r a l  water courses wi th  poss ib l e  
detr iments  t o  receiving water  qua l i ty .  

The most frequently used measures of border i r r i g a t i o n  performance 
(Kruse, 1978) a re  the  Applicat ion Eff ic iency ,  AE ( r a t i o  of t h e  average 
depth of water s tored  i n  t h e  root  zone t o  the  average depth of i r r i g a -  

t i o n  water appl ied) ,  the  1r . r igat ion Eff ic iency ,  I E  ( r a t i o  of the  average 
depth of water b e n e f i c i a l l y  used t o  t h e  average depth of water  appl ied) ,  
and the  low qua r t e r  D i s t r ibu t ion  Uniformity, DU ( r a t i o  of t h e  average 
low qua r t e r  depth of water i n f i l t r a t e d  t o  the  average depth of water 
appl ied) .  Some d e f i c i t  i s  f requent ly  allowed over smal l  po r t ions  of 
the  f i e l d  s o  tha t  the  deep percola t ion  and runoff a r e  kept  down t o  rea- 
sonable leve ls .  Some means of providing adequate leaching  over  t h i s  
area must be provided i f  sus ta ined  crop production i s  des i r ed .  

It should be noted t h a t  t h e  a re  th ree  ways i n  which an i r r i g a t i o n  can 
devia te  from idea l ;  1) excess i n f i l t r a t i o n  (e.g., deep p e r c o l a t i o n ) ,  2) 
runoff ,  and 3) d e f i c i t s  from the  des i red  amount. The importance of each 
of these  f a c t o r s  w i l l  be d i f f e r e n t  i n  d i f f e r e n t  geographical  a reas .  Per- 
formance measures should be se l ec t ed  which a re  reasonable f o r  t h e  f a r -  
mers values as  well  as  those  of the  community a t  la rge .  Any t h e o r e t i c a l  
ana lys i s  under one set of c r i t e r i a  may not  be t o t a l l y  a p p l i c a b l e  under 
another.  

In  genera l ,  the  v a r i a b i l i t y  of s o i l  p rope r t i e s  causes some d i f f e r e n c e s  
i n  a c t u a l  uniformity from t h a t  which may be computed t h e o r e t i c a l l y .  One 
performance measure t h a t  p a r t i a l l y  takes  t h i s  i n t o  account is t h e  low 
qua r t e r  d i s t r i b u t i o n  uniformity.  A s i m i l a r  measure, t h e  low q u a r t e r  ap- 
p l i c a t i o n  e f f i c i ency  (AELQ) defined a s  t h e  average low q u a r t e r  depth 
i n f i l t r a t e d  and s t o r e  divided by t h e  average depth app l i ed ,  is o f t e n  
usefu l .  In t h e o r e t i c a l  s t u d i e s  it is u s e f u l  t o  use  t h e  P o t e n t i a l  low 
q u a r t e r  appl ica t ion  e f f i c i e n c y  (PAELQ) where t h e  low q u a r t e r  depth in- 
f i l t r a t e d  is the  same a s  t h e  des i red  depth. This l i m i t s  e r r o r s  from 
r e l y i n g  on a s i n g l e  depth, such as  t h e  minimum depth,  f o r  a  performance 
measure. 

BORDER DESIGN CONCEPTS 

I n  designing border i r r i g a t i o n  systems, t h e  two most l i m i t i n g  con- 
s t r a i n t s  a re  usual ly  s o i l  condit ions and topography. Here w e  w i l l  con- 
s i d e r  only graded border s t r i p s  and not  l e s s  c o n t r o l l e d  i r r i g a t i o n  
methods such as contour f looding.  Shallow t o p s o i l s  can s e v e r e l y  l i m i t  
t h e  amount of land grading t h a t  can be done. My own p r e j u d i c e  i s  t o  pu t  
the  border s t r i p  on as f l a t  a  s lope  a s  is f e a s i b l e .  This  w i l l  l i m i t  
erosion po ten t i a l  and w i l l  usua l ly  provide more p o s i t i v e  c o n t r o l  (or  
more s t a b l e  values)  of uni formi ty ,  which w i l l  be demonstrated i n  s l a t e r  
s ec t ion .  For a  given s i te  and design e f f i c i e n c y ,  t h i s  w i l l  o f t e n  r e s u l t  
i n  s h o r t  border s t r i p  lengths .  Under some condi t ions  such s h o r t  borders  
s t r i p s  a re  not f eas ib l e .  On s t eepe r  s l o p e s ,  such contour ing  may r e s u l t  
i n  border s t r i p  widths than  a re  not f e a s i b l e .  Thus some compromise on 
s lope  i s  of ten  necessary. 
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The l ayou t  of border s t r i p s  must a l s o  account f o r  v a r i a t i o n s  i n  s: 
t e x t u r e  and r e s u l t i n g  changes i n  s o i l  water  ho ld ing  c a p a c i t i e s  an. e 
i n f i l t r a t i o n  p rope r t i e s .  S o i l  v a r i a t i o n  and depth of t op  s o i l  co- t- 

a t i o n s  a r e  o f t e n  more important than s lope  cons ide ra t ions .  For R, 
s i t e s ,  some reclamation of s o i l  p rope r t i e s  is necessary  where s i r  .- 
cant  mounts of top s o i l  a r e  removed. S o i l  swapping has been use? 
c e s s f u l l y  i n  some areas  t o  remove pockets of d i s s i m i l a r  s o i l s .  7 i 

more s i g n i f i c a n t  on f l a t t e r  s lopes (e.g., l e v e l  bas ins )  where acr 
ponding of water  takes place.  

Two o t h e r  l i m i t a t i o n s  of border s t r i p  l ayou t  a r e  t h e  a v a i l a b l e  L. 
supply and a v a i l a b l e  labor .  Limited supply f l o w  r a t e s  o r  s t r e a r  
can l i m i t  t h e  width of the border s t r i p s ,  s i n c e  design i s  genera 
based on s t r eam s i z e  per u n i t  width of s t r i p .  I n  gene ra l ,  s t e e p  
s lopes  and s h o r t e r  s t r i p s  r equ i re  sma l l e r  u n i t  s t r eam s i z e s .  Th: me 
t radeoff  between s t r i p  width and s t r i p  l e n g t h  (and s l o p e )  may be - 
s a r y  where s tream s i z e s  a r e  l imited.  Labor imposes a  d i f f e r e n t  t 
of c o n s t r a i n t  which is o f t e n  not considered i n  design.  I d e a l l y ,  
s t ream s i z e  and cutoff  time f o r  a  given border  s t r i p  could be the - 
c a l l y  determined and followed by t h e  i r r i g a t o r .  I n  p r a c t i c e ,  the -am 
s i z e  g e n e r a l l y  remains f i x e d  and t h e  i r r i g a t i o n  sets a r e  changed rd- 
i n g  t o  a  convenient labor  schedule (e.g., every  8 o r  12 hours) .  
p o s s i b i l i t y  of such r e a l  c o n s t r a i n t s  should be considered i n  d e s l  

For a  given f i e l d  length and s lope ,  and a  s p e c i f i c  range of s o i l  : ,il- 
t r a t i o n  and roughness condit ions,  t h e r e  i s  a  ve ry  l i m i t e d  range c: , - o i l  
moisture d e f i c i t s  which can be handed wi th  a reasonab le  efficient:. In 
t h e  des ign  process ,  t h e  f i e l d  length  an(irli ;  F Tat, b e  y l e c t p ?  r8:.:: t h a t  
t h i s  d e f i c i t  i s  reasonable. Surf ace i& &ki.. s r e r d i r e  o!pgrl c . : * -  1 1 :  
s igned f o r  r e l a t i v e l y  l a r g e  deple t ion  l e v e l  compared t&'&ri-surfacv 1 j j :  

methods. In  some cases t h i s  l imi t ed  f l e x i b i l i t y  i n  a p p l i c a t i o n  d r p t i :  
makes s u r f a c e  i r r i g a t i o n  a  less d e s i r a b l e  method. The ope ra to r  mu?;: 
s e l e c t  a  s t ream s i z e  and time t o  apply t h e  d e f i c i t  e f f i c i e n t l y ,  w h i c h  is 
usua l ly  done by t r i a l  and e r r o r .  

I n f i l t r a t i o n  poses the  b igges t  s i n g l e  problem i n  t h e  des ign  and o r e i n -  
t i o n  of border i r r i g a t i o n  systems. The major problems r e l a t e d  t o  i n f i l -  
t r a t i o n  a r e  

1. Quantifying t h e  i n f i l t r a t i o n  of wa te r  i n t o  a s o i l  which is  t o  
be su r face  i r r i g a t e d  and h a s  not  been p rev ious ly  s u r f a c e  irri- 
gated. 

2. Quantifying changes i n  i n f i l t r a t i o n  o v e r  t h e  growing season. 

3. Est imating changes i n  i n f i l t r a t i o n  f rom season t o  season as  a  
r e s u l t  of land use and farming p r a c t i c e s .  

4. Quantifying t h e  e f f e c t s  of t i l l a g e  and farm machinery t r a f f i c  
on i n f i l t r a t i o n .  

5. Quantifying the  e f f e c t s  of s p a t i a l  v a r i a t i o n s  i n  i n f i l t r a t i o n  
on t h e  measures of i r r i g a t i o n  performance. 
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Detai led ana lys is  of a l l  t h e s e  f a c t o r s  is well  beyond t h e  scope of 
e x i s t i n g  design p rac t i ce ,  i n  terms of both f e a s i b i l i t y  and c o s t  effec-  
t iveness .  Thus i n  the  design process,  values f o r  i n f i l t r a t i o n  a r e  typi-  
c a l l y  simply chosen as r ep resen ta t ive  and used as  known f i x e d  values i n  
t h e  remainder of the design. 

INFILTRATION CHARACTERISTICS 

To a id  i n  t h i s  design process ,  the SCS developed a means of c l a s s i f y i n g  
t h e  i n f i l t r a t i o n  c h a r a c t e r i s t i c s  of s o i l s  (USDA, 1974). S o i l s  a r e  
grouped i n t o  "Intake Families" by numbers which represent  i n f i l t r a t i o n  
rate (e.g., 1.0 in /hr ) .  S o i l  s e r i e s  c l a s s i f i c a t i o n s  a re  o f t e n  given 
i n t a k e  family values or  ranges to  provide r e l a t i v e  informat ion  i n  plan- 
ning. Local experience with i r r i g a t i o n  on given s o i l  types provides 
b e t t e r  information on design. Even b e t t e r  is i n f i l t r a t i o n  da ta  c o l l e c t -  
ed on t h e  s i t e  t o  be designed. 

The SCS in t ake  family funct ions  a re  of the  following form 

where Z i n  cumulative i n f i l t r a t i o n  depth, t i s  i n f i l t r a t i o n  oppor tuni ty  
t ime,  and c ,  k ,  and a a re  empir ica l  cons tants .  The va lue  of c i n  t h e  
SCS family funct ions is r e l a t i v e l y  small  (0.275 i n  o r  7 mm) and has a 
minor impact on the  funct ion.  A simple power funct ion  proposed by 
Kostiakov (1932) i s  of ten  used ins t ead  where 

The value of k is the  i n t e r c e p t  a t  u n i t  time on a log-log p l o t  of Z ver- 
s u s  t and var ies  considerably from s i t e  t o  site. The va lue  and s i g n i f i -  
cance of k depend somewhat on t h e  time u n i t  chosen. Hours is a conven- 
i e n t  time u n i t  s ince  the  value of z a t  one hour can be a s i g n i f i c a n t  
value.  

The value of the exponent, a ,  t h e o r e t i c a l l y  va r i e s  from 0.0, f o r  ins tan-  
taneous i n f i l t r a t i o n  followed by su r face  s e a l i n g  t o  1.0, f o r  a cons tant  
i n f i l t r a t i o n  r a t e .  The SCS family exponents range from 0.661 t o  0.823, 
a f a i r l y  narrow range. In  p r a c t i c e ,  t h e  exponent can vary from below 
0.1 f o r  cracking s o i l s  t o  around 0.8 f o r  w e l l  drained s o i l s ,  wi th  a 
majori ty of reported values i n  t h e  range 0.3 t o  0.6. (Clemmens. 1978). 
Simple p is ton  flow models f o r  a wide range of s o i l s  p r e d i c t  i n f i l t r a t i o n  
exponents i n  the range of 0.35 t o  0.75 depending on t h e  va lues  of s o i l  
p rope r t i e s  chosen, with exponents between 0.5 and 0.7 f o r  a ma jo r i ty  of 
condit ions (Clemmens, 1977). This i n d i c a t e s  t h a t  i n f i l t r a t i o n  i n t o  many 
s o i l s  does not fol low simple p i s ton  flow. Theore t ica l  p r e d i c t i o n  of 
s o i l  i n f i l t r a t i o n  would t h e r e f o r e  be p a r t i c u l a r l y  d i f f i c u l t  f rom both a 
modeling and a da ta  c o l l e c t i o n  s tandpoin t  which would not  be f e a s i b l e  
under cur rent  border i r r i g a t i o n  p rac t i ce .  

The i n f i l t r a t i o n  exponent, a ,  i n d i c a t e s  t h e  shape of t h e  cumulat ive in- 
f i l t r a t i o n  funct ion  versus time. Any d i f f e rences  i n  oppor tun i ty  time 
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along t h e  border  would r e s u l t  i n  d i f ferences  i n  i n f i l t r a t e d  depth. The 
amount of these  d i f ferences  (assuming uniform s o i l  i n f i l t r a t i o n  condi- 
t i o n s )  is g r e a t l y  af fec ted  by the  shape of t h e  i n f i l t r a t i o n  curve. For 
a  given range of i n f i l t r a t i o n  opportunity t imes,  t h e  smal ler  t h e  i n f i l -  
t r a t i o n  exponent,  the  l e s s  the  r e l a t i v e  d i f f e r e n c e  i n  i n f i l t r a t e d  depth. 
A t  a  = 0.0, a l l  opportunity times give t h e  same depth. A t  a  = 1.0, 
depth i s  l i n e a r l y  r e l a t ed  t o  opportunity time. To demonstrate t h e  ef- 
f e c t s  of t h i s  exponent on border i r r i g a t i o n  f low, cons ider  t h e  example 
i n f i l t r a t i o n  curves shown i n  Figure 1 ( taken from Clemmens, 1981a). 
Ring i n f i l t r a t i o n  da ta  was taken during t h e  i r r i g a t i o n .  The d a t a  were 
adjus ted  t o  give a  volume balance by a method similar t o  t h a t  proposed 
by Merriam (1971). Even with t h i s  method f o u r  d i f f e r e n t  i n f i l t r a t i o n  
funct ions  were postulated as  s a t i s f y i n g  t h e  volume balance (Clemmens, 
1981a). Note t h a t  a l l  f o u r  of these curves c r o s s  a t  roughly t h e  same 
poin t  somewhere between the  minimum and maximum i n f i l t r a t i o n  oppor tuni ty  
times on Figure 1. The SCS had c l a s s i f i e d  t h e  s o i l  a s  being i n  t h e  1.0 
t o  1.5 i n l h r  i n t a k e  category. The SCS i n t a k e  curves  a r e  shown i n  Figure 
1. The ze ro  i n e r t i a  border i r r i g a t i o n  model ( S t r e l k o f f  and Katopodes, 
1977) was used t o  s imulate i r r i g a t i o n s  with 6 d i f f e r e n t  i n f i l t r a t i o n  
funct ions  f o r  t h r e e  d i f f e r e n t  borders as shown i n  Table 1 (oppor tuni ty  
times i n  Figure 1 a r e  from Basin 7). It is s i g n i f i c a n t  t o  n o t e  t h a t  
with the h igher  i n i t i a l  i n f i l t r a t i o n ,  t h a t  t h e  p r e d i c t e d  advance d id  not 
reach the  border end f o r  bas ins  2 and 8, whi le  i t  d i d  reach t h e  f i e l d  
end f o r  t h e  o the r  i n f i l t r a t i o n  funct ions.  While t h i s  example was f o r  a  
l e v e l  border  o r  bas in ,  t he  e f f e c t  is  s t i l l  s i g n i f i c a n t  f o r  s l o p i n g  bor- 
ders. It i s  a l s o  worth not ing  the  d i f f e r e n c e s  i n  t h e  range of i n f i l -  
t r a t e d  depths as  indica ted  by the  minimum and maximum oppor tuni ty  times 
f o r  the  f o u r  i n f i l t r a t i o n  funct ions .  

The use  of a power (exponential)  funct ion  f o r  d e s c r i b i n g  i n f i l t r a t i o n  is 
admittedly approximate. Clemmens (1983) s t u d i e d  t h e  use  of a  number of 
i n f i l t r a t i o n  funct ions  and t h e i r  a b i l i t y  t o  r e p r e s e n t  a c t u a l  measured 
i n f i l t r a t i o n .  The conclusions of t h a t  s tudy  were 1) t h a t  t h e  t h e o r e t i -  
c a l  equat ions such a s  Ph i l ip ' s  and Green-Ampt equa t ion  were inadequate 
a t  f i t t i n g  r e a l  i n f i l t r a t i o n  da ta  under border  i r r i g a t i o n ,  2) t h a t  the  
SCS equation adds an  e x t r a  parameter with no improvement i n  d e s c r i b i n g  
i n f i l t r a t i o n ,  3) t h a t  t h e  Horton equation was very  poor f o r  f i t t i n g  in-  
f i l t r a t i o n  r a t e  d a t a  and should not be used,  4) t h a t  t h e  s imple 
Kostiakov func t ion  could be used f o r  most c a s e s ,  5) t h a t  where s o i l s  
exh ib i t  a  f i n a l  i n f i l t r a t i o n  r a t e ,  t h e  a d d i t i o n  of a t h i r d  parameter 
with e i t h e r  the  Kostiakov branch o r  modified f u n c t i o n  was most appro- 
p r i a t e ,  and 6) t h a t  the Collis-George equa t ion  matched i n f i l t r a t i o n  da ta  
well  but had no p a r t i c u l a r  advantage over t h e  Kost iakov formula t ions .  
The Kostiakov modified funct ion  has been used by many and i s  of t h e  form 

The Kostiakov branch funct ion  has been used by Clemmens (1981a and 1983). 
Clemmens and Dedrick (1981) and f o r  surge  f l o w  by Izono and Podmore 
(1985), and i s  of t h e  form 
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This l a t e r  funct ion gives a  cons tant  i n f i l t r a t i o n  r a t e  a f t e r  time tc, 
whi le  f o r  Eq. (3) a  f i n a l  i n f i l t r a t i o n  r a t e  is simply approached. 

INFILTRATION EFFECTS ON DESIGN 

The key t o  the use of any i n f i l t r a t i o n  func t ion  f o r  border i r r i g a t i o n  i s  
t o  know t h e  amount of time t h a t  is requi red  t o  i n f i l t r a t e  t h e  d e s i r e d  
depth of appl icat ion.  Design ( o r  opera t ion)  i s  then simply a  mat te r  of 
providing t h a t  much opportuni ty time everywhere along t h e  border.  A s  
noted i n  Figure 1 and the  p r i o r  d iscuss ions  on the  range of i n f i l t r a t i o n  
exponents,  the SCS in take  f a m i l i e s  a r e  not  very appropr ia te  f o r  descr ib-  
i n g  border i n f i l t r a t i o n .  A new s e t  of i n f i l t r a t i o n  f a m i l i e s  was pro- 
posed by Merriam and Clemmens (1985) t o  overcome these shortcomings. An 
approximate re la t ionship  was found f o r  non-crcking s o i l s  between t h e  
t ime required t o  i n f i l t r a t e  100 mm ( 4  i n )  and t h e  exponent, a. With 
t h i s ,  a  set of time-rated i n f i l t r a t i o n  curves were developed t o  more 
nea r ly  approximate the  shape of a c t u a l  i n f i l t r a t i o n  funct ions .  When 
used wi th in  a  l imi t ed  range, t h e s e  equations should be adequate f o r  many 
border designs. No curves were presented f o r  cracking and unusual  s o i l s  
s i n c e  the  poss ib le  in take  c h a r a c t e r i s t i c s  vary s o  widely. 

One p o t e n t i a l  use of border i r r i g a t i o n  models i s  i n  t h e  development of 
p o t e n t i a l  e f f i c i e n c i e s  f o r  a  given s e t  of condit ions.  However, t h e  mis- 
u s e  of such optimum e f f i c i e n c y  curves can lead  t o  problems. A s e t  of 
optimum e f f i c i ency  curves f o r  a s p e c i f i c  case a r e  shown i n  F igure  2 
(Clemmens,1979). As can be seen ,  a t  higher  s lopes  the e f f i c i e n c i e s  a r e  
s l i g h t l y  h igher ,  but t h e  range of f low r a t e s  f o r  achieving t h a t  e f f i -  
ciency a re  smaller.  Figure 3 shows t h e  same curves f o r  t h e  same con- 
d i t i o n s  with d i f f e r e n t  i n f i l t r a t i o n  condit ions.  Note t h a t  t h e  e f f i c -  
iency curves a t  the g rea t e r  s lopes  now have very narrow peaks. These 
two i n f i l t r a t i o n  condit ions were measured on t h e  same f i e l d  dur ing  t h e  
same growing season. I£ design and opera t ions  were based on a  t h e  first 
set of i n f i l t r a t i o n  condit ions (i .e. ,  g r e a t e r  s lopes) ,  a t t a i n i n g  reaso-  
nab le  e f f i c i e n c i e s  during t h e  second s e t  of i n f i l t r a t i o n  condi t ions  
would have been extremely d i f f i c u l t ,  p a r t i c u l a r l y  i f  t h e  change i n  i n -  
f i l  t r a t i o n  was not a n t i c i p a t e d  beforehand. 

One approach t o  design under t h e s e  condit ions would be t o  s e l e c t  a  s l o p e  
based on maximum e f f i c i ency  and assume t h a t  t h e  i r r i g a t o r  w i l l  be a b l e  
t o  make the  appropr ia te  adjustments  when condit ions change. This  would 
r equ i re  an assessment of both i n f i l t r a t i o n  and roughness, t h e  l a t e r  of 
which was not considered i n  t h e  foregoing example. Cur ren t ly ,  t h i s  i s  
beyond the scope of most i r r i g a t o r s ,  and w i l l  be discussed i n  more de- 
t a i l  i n  a  l a t e r  sec t ion .  A b e t t e r  approach is t o  design s o  t h a t  a  
reasonable e f f i c i ency  can be obta ined  over  a  wide range of cond i t ions .  
Then i f  the  i r r i g a t o r  develops t h e  s o p h i s t i c a t i o n  t o  modify s t ream s i z e  
and time i n  response t o  changing condi t ions  h igher  e f f i c i e n c i e s  can be 
a t t a ined .  This approach minimizes the  p o s s i b i l i t y  of poor performance 
during pa r t s  of the season which might f o r c e  t h e  i r r i g a t o r  t o  abandon, 
over most of the  season, otherwise good recommendations. 
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The SCS has published a set of a t t a i n a b l e  e f f i c i e n c y  values f o r  border 
s t r i p s  which attempt t o  give reasonable gu ide l ines  on design,  They have 
no t  s p e c i f i c a l l y  considered ranges of va r i ab les  and t h e i r  e f f e c t  on ef-  
f i c i e n c y ,  but  r a t h e r  have given some conservat ive e s t ima tes  of t h e  e f f i -  
c iency peaks. Shatanawi and St re lkoff  (1984) a s  wel l  as o t h e r s  warn 
aga ins t  t he  use of such s i n g l e  valued e f f i c i e n c y  peaks due t o  t h e  pre- 
sence of e f f i c i ency  " c l i f f s " .  Such e f f i c i ency  c l i f f s  a r e  demonstrated 
by the  f a i l u r e  of the  s tream t o  advance t o  the  end of t h e  border a s  
shown i n  Table 1, and by the  sharp decl ine  i n  e f f i c i e n c i e s  shown i n  
Figures 2 and 3. Both these  examples a r e  f o r  blocked end borders.  The 
e f f i c i e n c y  c l i f f s  f o r  open ended borders can be much s t eepe r .  

To da te ,  a  comprehensive s e t  of e f f i c i ency  contours  o r  curves has not 
been produced. The modeling techniques and dimensional ana lys i s  
theor i e s  a r e  now ava i l ab le  ( S t r e l k o f f ,  1985 and Clemmens, 1981b). It is 
simply a matter  now of determining which of t h e  many ways t o  express  
these  r e l a t i o n s  is most use fu l  and then t o  genera te  these  curves from 
s imula t ion  da ta  (with some curve f i t t i n g  and t ransformat ion  requi red  t o  
l i m i t  t he  number of runs). This has been proposed s i n c e  1981 (Clemmens, 
1981b). With the  completion of t h e  new Border Flow model and adap ta t ion  
t o  the  USWCL computer system, t h i s  work w i l l  be i n i t i a t e d  i n  1986. The 
r e s u l t s  of t h i s  work w i l l  almost c e r t a i n l y  provide cons iderable  i n s i g h t  
i n t o  the  design process. 

OPERATIONAL CONTROL 

Operational con t ro l  of border i r r i g a t i o n  systems can be d i f f i c u l t  a s  
ou t l ined  i n  the  previous sec t ions .  General ly,  t h e  s t ream s i z e  and cut- 
of f  time are determined p r i o r  t o  the  i r r i g a t i o n .  There a r e  s e v e r a l  
approaches t o  control .  F i r s t ,  i r r i g a t i o n s  can be observed and a d j u s t -  
ments made on subsequent i r r i g a t i o n s .  With i n f i l t r a t i o n  and roughness 
changing over the  season, t h i s  can prove time consuming and d i f f i c u l t ,  
o f t e n  r equ i r ing  years  of experience. One a i d  i n  t h i s  process is t h e  use  
of advance r a t i o s  (Merriam, 1980 and Clemmens and Dedrick, 1981). The 
advance r a t i o  is the  r a t i o  between advance time and t h e  oppor tuni ty  time 
a t  t he  end of the  border. When t h i s  r a t i o  is on t h e  o rde r  of 114, t h e  
water  d i s t r i b u t i o n  is probably very uniform. This is a f f e c t e d  by both 
the  i n f i l t r a t i o n  exponent and the  shape of the  advance curve. Measure- 
ment of runoff and opportunity times a r e  necessary  t o  make t h i s  method 
e f f e c t i v e .  

Often, the  s tream s i z e  i s  not changed and t h e  i r r i g a t o r  simply t u r n s  the  
water off when i t  reaches a  c e r t a i n  d i s t a n c e  down t h e  border ,  t y p i c a l l y  
213 t o  314 the  length.  If the  stream s i z e  is reasonable  t h i s  method can 
work well. On many systems with low i n f i l t r a t i o n  rates, t h i s  is not  
f e a s i b l e  s ince  t h e  water advance i s  s o  much slower than  the  r e l a t i v e  in- 
f i l t r a t i o n .  Under such systems, advance is completed l o n g  before  cut- 
o f f ,  and unless  t h e  stream i s  cutback t o  a  lower f low r a t e ,  l a r g e  
amounts of runoff w i l l  r e s u l t .  

Another approach would be t o  observe advance on one border  and determine 
appropr ia te  adjustments t o  subsequent borders.  This  can be done by 
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someone who has a l o t  of knowledge gained through experience or  who has 
good knowledge of i r r i g a t i o n  hydraul ics .  This i s  not common among irri- 
g a t o r s  who would probably need some de ta i l ed  guides on how and when t o  
make adjustments.  One problem with t h i s  is  t h a t  t h e  flow t o  a border  
may be cut  off long before t h e  i r r i g a t i o n  i s  over. Thus t h e  eva lua t ion  
i s  delayed, and probably not much use even on t h e  next  border.  S p a t i a l  
v a r i a t i o n s  i n  s o i l  p rope r t i e s  from border t o  border can make t h i s  ap- 
proach l e s s  e f f ec t ive .  

A t h i r d  approach would be t o  make some measurements of i n f i l t r a t i o n  (and 
roughness) p r io r  t o  the  i r r i g a t i o n .  With these  es t imates ,  an optimum 
stream s i z e  and cutoff  time would be determined from some procedure. 
This i s  a v iable  method except t h a t  1) no simple methods a r e  a v a i l a b l e  
f o r  accura te  assessment of i n f i l t r a t i o n  p r i o r  t o  i r r i g a t i o n ,  and 2) no 
s imple methods a r e  ava i l ab le  f o r  determining the  optimum s t ream s i z e  and 
time. Reasonable est imates  can be made with some experience o r  from 
running i r r i g a t i o n  s imulat ion computer programs. Many i r r i g a t o r s  do not  
have enough experience nor access  t o  computer models to  make t h i s  f e a s -  
i b l e ,  even i f  they did have i n t a k e  measurements. Recommendations would 
have t o  come from consul tants  ( P r i v a t e  or  Government). These optimum 
stream s i z e  and time values could be generated f o r  any given s e t  of con- 
d i t i o n s  and performance c r i t e r i a  from e x i s t i n g  computer models. Dimen- 
s i o n a l  ana lys is  would be needed f o r  a d isp lay  of a l l  p e r t i n e n t  v a r i a b l e s  
i n  a reasonable number of curves and graphs ( o r  equat ions) .  This i s  
f r equen t ly  r e fe r r ed  t o  as  t h e  opt imizaton phase of cont ro l .  

A new approach t o  con t ro l  (new i n  p r a c t i c e  but  not new i n  theory)  is t o  
use measurements made during advance t o  f i r s t  es t imate  i n f i l t r a t i o n  con- 
d i t i o n s  and roughness ( i d e n t i f i c a t i o n  phase) and then  a d j u s t  t h e  s t r eam 
s i z e  t o  achieve t h e  optimum i r r i g a t i o n  performance (opt imiza t ion  phase).  
This approach has an advantage i n  t h a t  it provides r e a l  t ime feedback 
and control .  However, t he re  a r e  a number of s i g n i f i c a n t  problems t h a t  
w i l l  have t o  be overcome. 

REAL TIME PARAMETER IDENTIFICATION 

The bas i c  idea of parameter i d e n t i f i c a t i o n  is t o  u s e  information from 
t h e  stream advance t o  es t imate  t h e  values of t h e  unknown parameters  f o r  
roughness and i n f i l t r a t i o n .  This  is analogous t o  what is r e f e r r e d  t o  as 
an inve r se  problem, where s imula t ion  model output  is compared with r e a l  
world output i n  order  t o  a r r i v e  a t  some inpu t  parameters '  va lues .  For  
t h e  border i r r i g a t i o n  problem, t h e r e  a r e  two f a c t o r s  which make t h i s  
problem p a r t i c u l a r l y  d i f f i c u l t .  F i r s t ,  t h e  border  i r r i g a t i o n  advance 
problem i s  poorly posed, t h a t  is n e a r l y  i d e n t i c a l  output  cond i t ions  
could r e s u l t  from s i g n i f i c a n t l y  d i f f e r e n t  input  condit ions.  This  is 
complicated by t h e  s p a t i a l  v a r i a t i o n s  i n  i n f i l t r a t i o n  and roughness pro- 
p e r t i e s ,  by nonuniform su r face  cond i t ions ,  and by measurement e r r o r s .  
The second problem is r e l a t e d  t o  i n f i l t r a t i o n .  Without p r i o r  knowledge 
of i n f i l t r a t i o n  p r o p e r t i e s ,  p r e d i c t i n g  an i n f i l t r a t i o n  func t ion  f o r  t h e  
e n t i r e  i r r i g a t i o n  from da ta  c o l l e c t e d  during a s h o r t  period of advance 
can be very misleading. It amounts t o  e x t r a p o l a t i o n  with an assumed 
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i n f i l t r a t i o n  equation. In genera l ,  simple i n f i l t r a t i o n  equat ions  (e.g., 
Kostiakov) do not do a good job of f i t t i n g  i n f i l t r a t i o n  at very shor t  
times . 
Several  researchers  have approached t h e  su r face  i r r i g a t i o n  inve r se  prob- 
lem. To da te ,  no s i g n i f i c a n t  progress has been made, however research  
i n  t h i s  f i e l d  has some promise. On one extreme, some resea rche r s  a r e  
explor ing  the problem with the  s implest  models poss ib le  with t h e  hope of 
being ab le  t o  develop a means of f i e l d  c a l i b r a t i n g  a parameter estima- 
t i o n  procedure. A t  t he  o t h e r  extreme, one r e sea rche r  is us ing  only 
t h e o r e t i c a l  models i n  an at tempt t o  determine how many parameters must 
be measured to p red ic t  the  co r rec t  values of roughness and i n f i l t r a t i o n .  
Some of t h i s  work is summarized below. 

In border advance, an inc rease  i n  su r face  roughness o r  d rag  from some 
assumed value w i l l  cause advance t o  slow down and t h e  s u r f a c e  water  
depth t o  r i s e  from t h a t  a t  t he  assumed value. In c o n t r a s t ,  an inc rease  
i n  i n f i l t r a t i o n  (e.g., the  constant  k )  w i l l  cause advance t o  slow and 
w i l l  cause the  water depth t o  drop. Thus roughness and i n f i l t r a t i o n  
a f f e c t  advance r a t e s  and water  depths d i f f e r e n t l y .  Prel iminary evidence 
from Katopodes (1985) i n d i c a t e s  tha t  advance measurement a lone  a r e  not 
s u f f i c i e n t  t o  sepa ra te  i n f i l t r a t i o n  and roughness e f f e c t s  f o r  borders  
under the  assumptions of t h e  ze ro - ine r t i a  model, even wi th  "perfec t"  
data.  He a l s o  concludes t h a t  measurements of t h e  upstream depth a r e  
s u f f i c i e n t  t o  determine the  value of t h e  roughness parameter  n (Manning 
n) ,  but tha t  without information on t h e  shape of t h e  s t r eam p r o f i l e  t h e  
values of k and a f o r  i n f i l t r a t i o n  cannot be uniquely determined. With 
two measurements of depth and a known roughness va lue ,  k and a could be 
uniquely determined. Using t h e  upstream depth alone t o  e s t i m a t e  t h e  
roughness value can lead  t o  erroneous r e s u l t s  f o r  a l l  parameter  va lues ,  
s i n c e  they a r e  s e n s i t i v e  t o  small  e r r o r s .  The exact  number and type  of 
measurements needed i s  not known a t  t h i s  time. 

Reddell (1981) from Texas A&M proposed a system f o r  p rov id ing  r e a l  time 
c o n t r o l  of furrow i r r i g a t i o n  systems. Furrow systems d i f f e r  from bor- 
de r s  i n  tha t  water flow is channeled and l e s s  r e s t r i c t e d  by vege ta t ion  
such t h a t  advance is considerably f a s t e r .  Under furrow i r r i g a t i o n  high 
runoff volumes a r e  more common. Cutback schemes, where t h e  in f low is 
cut  roughly i n  half  after advance, and surge  f low where t h e  inf low stream 
i s  cycled, a r e  both used t o  reduce runoff .  One scheme proposed by 
Reddell (1986) i s  t o  allow one cycle  of surged in f low t o  i n f i l t r a t e ,  
recording the  volume appl ied  and the  advance d i s t ance .  This would re- 
move t h e  problem of su r face  s to rage  and roughness e s t ima t ion .  A s i m i l a r  
p o s s i b i l i t y  was suggested by Replogle (1976). However, under Reddel l ' s  
scheme, an in termedia te  advance d i s t ance  and time a r e  recorded t o  pro- 
v ide  add i t iona l  data.  A procedure is proposed t o  s o l v e  f o r  k and a 
without any assumptions about t h e  s u r f a c e  s t o r a g e ,  but  w i l l  r e q u i r e  some 
more d e f i n i t e  mathematical v e r i f i c a t i o n .  In previous  schemes proposed 
by Reddell (1981), t he  su r face  s to rage  term was ignored completely. 
While t h i s  term i s  l e s s  s i g n i f i c a n t  f o r  furrows than borde r ,  Katopodes 
has shown tha t  t h i s  is ,  at  l e a s t  t h e o r e t i c a l l y ,  i n f e a s i b l e .  The impor- 
tance of Reddell 's  work is t h a t  he i s  t r y i n g  t h i s  on an o p e r a t i o n a l  
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bas is .  His objec t ives  a r e  s l i g h t l y  d i f f e r e n t ,  s ince  i n  theory  he w i l l  
be a d j u s t i n g  the  s tream s i z e  cont inual ly  through the  i r r i g a t i o n  process ,  
r a t h e r  than  t ry ing  t o  f i n d  a  s i n g l e  optimum stream s i ze .  One poss ib l e  
s o l u t i o n  t o  t h i s  would be t o  a t a r t  with the  maximum nonerosive s tream 
s i z e  and gradual ly cu t  back t o  a  stream s i z e  matching t h e  f i n a l  i n f i l -  
t r a t i o n .  The problem then i s  t o  determine exac t ly  how t o  change t h e  
s tream s i z e .  

Smith and Duke (1984) a t  Colorado S t a t e  Universi ty experimented with 
r e a l  time sensors  i n  furrows f o r  measuring advance times. They used t h e  
da ta  t o  est imate k and a with E l l i o t  and Walker's (1980) two po in t  
method. The major problem with t h i s  approach is the  e s t ima t ion  of su r -  
f ace  s to rage ,  which can be inaccura te .  A s  noted by Katopodes, t h i s  can 
lead  t o  s i g n i f i c a n t  e r r o r s  i n  parameter est imations.  The r e s u l t s  of 
Smith and Duke's s t u d i e s  indica ted  t h a t  s p a t i a l  v a r i a t i o n  i n  parameters 
and nonuniform advance can cause s e r i o u s  problems i n  t h e  e s t ima t ion  pro- 
cess.  Variat ions i n  su r face  s to rage  could have cont r ibuted  t o  some of 
these  est imation problems. Clear ly  t h e r e  is room f o r  much work i n  t h i s  
area. 

E l l i o t  and Eisenhauer (1983) compiled a  l ist  of methods t h a t  have been 
proposed f o r  f inding  furrow i n f i l t r a t i o n  from a volume balance. Unfor- 
t una te ly ,  many of these  methods a r e  based on p o s t - i r r i g a t i o n  a n a l y s i s ,  
while t h e  emphasis he re  i s  on r e a l  time ana lys i s .  

Weir (1984) from New Zealand has a l s o  worked on the  i n v e r s e  o r  i d e n t i -  
f i c a t i o n  problem. Hia work would apply mainly t o  c racking  s o i l  which 
e x h i b i t  high i n f i l t r a t i o n  followed by a  f i n a l  i n f i l t r a t i o n  r a t e .  His 
i n f i l t r a t i o n  funct ion  i s  of t h e  form 

which is i d e n t i c a l  t o  Eq. (4) a f t e r  tc. However, at s h o r t  t imes dur ing  
advance, t h i s  func t ion  i a  not p a r t i c u l a r l y  appl icable .  He has  repor ted  
problems associated with i r r e g u l a r  bottom s lopes  which cause advance t o  
be h ighly  nonuniform and unpredic tab le .  These problems a r e  s i m i l a r  t o  
those reported by Smich and Duke. Solu t ions  presented by Weir f o r  t h e  
inve r se  problem have some t h e o r e t i c a l  s i g n i f i c a n c e ,  but  may not  be 
general  enough f o r  p r a c t i c a l  use. 

From t h e  foregoing d iscuss ion ,  t h e r e  appear t o  be a  wide v a r i e t y  of pos- 
s i b i l i t i e s  f o r  the  es t imat ion  problem. The key t o  s o l v i n g  t h i s  problem 
may be i n  the  use of all a v a i l a b l e  information.  With information from 
previous i r r i g a t i o n ,  from previous sets f o r  t h e  c u r r e n t  i r r i g a t i o n  and 
from t h e  current  i r r i g a t i o n  on t h e  cu r ren t  s e t ,  i t  may be p o s s i b l e  t o  
make some r e a l i s t i c  p red ic t ions  on i n f i l t r a t i o n  and roughness,  from 
which good recommendations on s tream s i z e  and cutoff  t ime can be made. 
S p a t i a l  nonuniformities i n  parameters w i l l  cause some d i f f i c u l t i e s ,  bu t  
techniques a re  a v a i l a b l e  t h a t  may he lp  minimize t h e s e  problems. For 
example, Baysian s t a t i s t i c s  could be used to determine new es t ima tes  of 
parameters from da ta  on the  cu r ren t  i r r i g a t i o n  p lus  p r i o r  e s t ima tes  of 
what these  parameter values a r e  expected t o  be. Such a problem a l s o  
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suggests  t h e  use of a r t i f i c i a l  i n t e l l i g e n c e  t o  e v a l u a t e  c o n f l i c t i n g  
information and provide recommended va lues  of t h e s e  parameters  w i t h  con- 
f idence ,bands .  Optimum o p e r a t i o n a l  s e t t i n g s  could then  b e  developed f o r  
a  range of va lues  r a t h e r  t han  a  s i n g l e  s e t  of va lues  as discussed  f o r  
design. This  i s  a  d i f f i c u l t  problem t h a t  w i l l  t a k e  some innova t ive  
th inking  f o r  i t s  so lu t ion .  

PROCESS CONTROL PERSPECTIVE OF IDENTIFICATION/OPTIMIZATION 

There a r e  many t o o l s  a v a i l a b l e  i n  process c o n t r o l  which may shed some 
l i g h t  on t h i s  problem. Thus i t  may be advantageous t o  d e s c r i b e  t h e  
problem from a s t r i c t l y  c o n t r o l  system's pe r spec t ive .  The important  
f e a t u r e s  of a  con t ro l  system f o r  a  process a r e  o b s e r v a b i l i t y  and con- 
t r o l l a b i l i t y ,  t h a t  i s ,  "Is t h e  process observable?" and "Is t h e  process  
con t ro l l ab le?"  Inputs  t o  t h e  process can be c o n t r o l l a b l e  i n p u t s  o r  un- 
con t ro l l ed  inputs .  The s t r eam s i z e  and cu to f f  t ime a r e  u s u a l l y  cont ro l -  
l a b l e  inputs .  The i n f i l t r a t i o n  and roughness a r e  uncon t ro l l ed  i n p u t s  t o  
t h e  process.  The s t a t e  of  t h e  process i s  descr ibed  by f i x e d  s t a t e  para- 
meters (e.g., s lope ,  f i e l d  l e n g t h  and end cond i t ions )  and s t a t e  v a r i a b l e s  
(e.g., f low depth and d ischarge  a t  var ious  l o c a t i o n s  a long t h e  border) .  
There a r e  two types of ou tpu t ;  t h e  use fu l  ( d e s i r e d )  o u t p u t  which i n  t h i s  
case would be the  d i s t r i b u t i o n  of  water  (i .e. ,  water  s t o r e d  i n  r o o t  
zone, deep pe rco la t ion  and runof f ) ,  and o t h e r  i n c i d e n t a l  output .  In  
t h i s  problem, t h e  uncont ro l led  i n p u t s  a r e  not  known and t h e  c o n t r o l l a b l e  
p a r t  of t h e  process i s  completed p r i o r  t o  t h e  u s e f u l  ou tpu t .  

Such a process is n e i t h e r  observable nor  c o n t r o l l a b l e  as s t a t e d  above. 
The problem he re  is  t o  improve t h e  o b s e r v a b i l i t y  of t h e  p rocess  and make 
i t  con t ro l l ab le .  One scheme t o  improve c o n t r o l l a b i l i t y  i s  through t h e  
use  of mathematical r e l a t i o n s h i p s  between a l l  i n p u t  parameter  v a l u e s  and 
t h e  use fu l  output.  These r e l a t i o n s h i p s  can b e  developed on a c a s e  by 
case b a s i s  with e x i s t i n g  theory  and models, b u t  a r e  n o t  now a v a i l a b l e  i n  
general.  This r e q u i r e s ,  however t h a t  va lues  f o r  t h e  unobservable i n p u t  
be somehow estimated. Severa l  approaches t o  making t h e  sys tem observ- 
ab le  have been suggested i n  previous  s e c t i o n s .  One i s  t o  make some phy- 
s i c a l  measurements p r i o r  t o  t h e  process.  However, t h i s  i s  n o t  always 
r e l i a b l e .  Another i s  t o  e s t i m a t e  t h e s e  v a r i a b l e s  from p rev ious  obser- 
va t ions  of t h e  process.  However, t h e  unobservable,  and sometimes t h e  
observable,  i npu t  v a r i a b l e s  a r e  c o n t i n u a l l y  changing. Another would be  
t o  use  t h e  i n c i d e n t a l  i n p u t  about  t h e  state of  t h e  system (e.g., advance 
d i s t ances  and flow depths)  t o  e s t i m a t e  t h e  unobservable i n p u t .  Th i s  i s  
b a s i c a l l y  t h e  i d e n t i f i c a t i o n  o r  i n v e r s e  problem. A r t i f i c i a l  i n t e l l i -  
gence appears t o  have some a p p l i c a t i o n  i n  t h i s  i d e n t i f i c a t i o n  process.  

Another approach t o  minimizing t h e  time d e l a y  e f f e c t s  i s  t o  observe  
s i m i l a r  processes which occur  j u s t  p r i o r  t o  t h e  p rocess  t o  b e  con t ro l -  
l e d ,  where changes i n  t h e  unobservable i n p u t  v a r i a b l e s  a r e  expected  t o  
dev ia t e  s i m i l a r l y  from previous  estimates ( i .e . ,  o t h e r  b o r d e r s  i n  t h e  
same f i e l d ) .  These o t h e r  processes  would have s l i g h t l y  d i f f e r e n t  s t a t e  
parameters and d i f f e r e n t  e s t i m a t e s  of t h e  unobservable  i n p u t .  The ad- 
justments would come from observa t ions  of  o p p o r t u n i t y  times and runoff  
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volumes, not  from est imates of i n f i l t r a t i o n .  This approach would fo l low 
s i m i l a r  l i n e s  t o  t h a t  suggested by Merriam (1978). Without exact know- 
ledge  of i n f i l t r a t i o n  and roughness, some empir ica l  r u l e s  would have t o  
be developed t o  determine appropr ia te  adjustment. This sugges ts  the  use  
of an exper t  system approach. 

SUMMARY 

Border i r r i g a t i o n  is a complex physical  problem which is  d i f f i c u l t  t o  
c o n t r o l  prec ise ly .  The biggest  problems i n  con t ro l  i s  t h e  i n a b i l i t y  of 
cu r ren t  procedures t o  r e l i a b l y  est imate i n f i l t r a t i o n  p r i o r  t o  the irri- 
ga t ion  event.  Estimates of i n f i l t r a t i o n  from measurements made during 
advance a r e  complicated by unknown roughness e f f e c t s .  For con t ro l ,  t h e  
problem i s  t o  f i n d  the optimum stream s i z e  and time combination. In 
design,  the  problem is t o  design such t h a t  high e f f i c i e n c i e s  an be ob- 
t a ined  f o r  a range of i n f i l t r a t i o n  (as  well as  roughness and management 
allowed d e f i c i t )  condit ions with l i t t l e  adjustment i n  s t ream s i ze .  New 
approaches a re  presented which attempt t o  so lve  these  problems. To- 
ge the r ,  these  approaches could r e s u l t  i n  cons iderable  improvements i n  
border s t r i p  i r r i g a t i o n  e f f i c i enc ie s .  
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Table 1. Computed advance d i s t ances  f o r  var ious  i n f i l t r a t i o n  func t ions  
with zero- iner t ia  border- i r r iga t ion  model 

Condit ions Basin 7 Basin 8 Basin 2 

Observed f  inisheda t o  250 m - + 5 m t o  260 m + 5 m - 
Computed i n f i l t r a t i o n  funct ions  

Power funct ion  from 
r a t e  data f i n i s h e d  t o  252 m t o  256 m 

Branch funct ion  with 
if = 0.508 cm/h f i n i s h e d  t o  274 m t o  278 m 

Branch funct ion  with 
if = 0.762 cm/h f i n i s h e d  f i n i s h e d  f i n i s h e d  

Power funct ion from 
cumulative da ta  f i n i s h e d  f i n i s h e d  f i n i s h e d  

In take  Families 

SCS 1.0 ( i n f h )  f i n i s h e d  f i n i s h e d  f i n i s h e d  
SCS 1.5 ( in /h)  f i n i s h e d  f i n i s h e d  f i n i s h e d  

a  Ind ica te s  tha t  i r r i g a t i o n  stream advanced t o  t h e  end of t h e  basin. 
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UNIT FLOW RATE(cfs/ft)  

Figure 2. P o t e n t i a l  e f f i c i e n c i e s  f o r  f i r s t  s e t  of condi t ions ;  

f i e l d  l eng th  = 600 f t .  
Manning n  = 0.15 
Nanagement allowed d e f i c i t  = 3 i n .  
Kostiakov K = 3 i n / h r a  
Kostiakov a  = 0.6 
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Figure 3. Potential e f f i c i e n c i e s  for  second s e t  of conditions; a s  before 
but with Kostiakov K = 2 in/hra 
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TITLE: CANAL SYSTEM OPERATIONS 

NRP: 20740 CRIS WORK UNIT: 5422-20740-003 

INTRODUCTION 

The operat ion of canal systems de l ive r ing  i r r i g a t i o n  water  t o  farmers 
can s i g n i f i c a n t l y  a f f e c t  t h e  farmers '  a b i l i t y  t o  apply water  uniformly,  
e f f i c i e n t l y ,  and f l ex ib ly .  For farmers t o  e f f e c t i v e l y  respond t o  market 
adjustments ( r equ i r ing  a  change i n  cropping pa t t e rns )  o r  t h e  development 
of new a g r i c u l t u r a l  p r a c t i c e s ,  they need a water supply t h a t  is f l e x i b l e  
i n  terms of de l ivery  frequency, r a t e ,  and durat ion.  However, a c t u a l  
f requencies ,  r a t e s ,  and dura t ions  a r e  constrained by t h e  d e l i v e r y  sys- 
tem's physical  and managerial s t r u c t u r e ,  and these  c o n s t r a i n t s  o f t e n  
reduce the  farmers'  management options. Operation of e x i s t i n g  canal  
systems ind ica t e s  a  c o n f l i c t  between easy t o  manage d e l i v e r y  schemes, 
and f l e x i b i l i t y  f o r  t h e  water user.  E f fo r t s  t o  i n v e s t i g a t e  and r e so lve  
t h i s  c o n f l i c t  revea l  c e r t a i n  s p e c i f i c  problems : 

1) The re l a t ionsh ip  between a canal  system's phys ica l  and managerial 
conf igura t ion ,  and the  farmers '  de l ive ry  and management opt ions  is not 
well-understood, nor has t h e r e  been much research i n  t h i s  a rea ;  

2 )  Instrumentation f o r  monitoring canal  operat ions a t  a  d e t a i l e d  l e v e l  
has not been ava i l ab le  at reasonable cos t ;  

3) Canal capac i t i e s  (an important f a c t o r  i n  t h e  cos t  of c o n s t r u c t i n g  
canal  systems) requi red  f o r  f l e x i b l e  water use  by farmers ,  have not  been 
adequately researched; 

4 )  The response of canal  s t r u c t u r e s  (ga te s ,  wei rs ,  and t h e  l i k e )  t o  
non-steady flow condit ions has received l i t t l e  a t t e n t i o n  i n  t h e  l i t e r a -  
t u re .  Present in-canal s t r u c t u r e s  f o r  maintaining cons tant  l e v e l s  o r  
f lowra te  a r e  l imi ted  by non-adjus tabi l i ty ,  inaccuracy,  o r  power requi re-  
ments tha t  t r a n s l a t e  i n t o  h ighe r  cos t  and lower r e l i a b i l i t y .  

The objec t ives  of the cana l  system operat ions research  p r o j e c t  a r e  th ree -  
f o l d ,  with the  o v e r a l l  i n t e n t  of improving water  d e l i v e r i e s .  F i r s t ,  we 
seek a  b e t t e r  understanding of t h e  e f f e c t  of de l ive ry  system o p e r a t i n g  
condit ions and p o l i c i e s  on farm opera t ions .  System parameters  such as 
de l ive ry  schedules,  l ead  time f o r  o rde r ing  water ,  r e s t r i c t i o n s  on chang- 
i n g  flow r a t e s  and dura t ion ,  and non-uniformit ies  i n  f low may a l l  l i m i t  
a farmer 's  management op t ions ,  and these  c o n s t r a i n t s  need t o  be quanti-  
f i e d .  Second, we seek a  b e t t e r  understanding of canal  ope ra t ions  i n  
genera l ,  and t h e i r  e f f e c t  on farm d e l i v e r i e s .  This  i nvo lves  s tudy ing  
var ious  cont ro l  schemes, s t r u c t u r e s ,  and canal  c a p a c i t i e s  w i th  an eye t o  
allowing a de l ivery  agency t o  provide b e t t e r  s e r v i c e  economically and 
with ease of management. Third,  we seek t o  r e so lve  t h e  p r e s e n t  c o n f l i c t  
between easy t o  manage d e l i v e r y  schemes and f l e x i b l e  water  u s e  by farm- 
ers, through the  development of improved ope ra t iona l  schemes and asso- 
c i a t e d  cont ro l  s t r u c t u r e s .  
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S p e c i f i c  research  approaches tha t  have been i n i t i a t e d  and proposed f o r  
achieving t h e  pro jec t  objec t ives  follow. 

1) Detai led monitoring of l a t e r a l  cana l s  has begun i n  t h e  Wellton- 
Mohawk I r r i g a t i o n  and Drainage District and t h e  Imperial  I r r i g a t i o n  
D i s t r i c t .  Inflows, outf lows,  and water l e v e l s  a r e  being p r e c i s e l y  
measured t o  provide a d a t a  base from which t h e  e f f e c t s  of system manage- 
ment and s t r u c t u r e s  on flow t r a n s i e n t s  and d e l i v e r y  un i fo rmi t i e s  can be 
s tudied .  

2) Development continues on improved, a c c u r a t e  and a d j u s t a b l e  canal 
con t ro l  s t r u c t u r e s  f o r  maintaining cons tant  f low r a t e s  w i t h i n  a system. 
The Dual-Acting Controlled b a k  (DAGL) mechanism is being t e s t e d  f u r t h e r ,  
and design considerat ions a re  being evaluated.  

3) Improved canal system cont ro l  schemes a r e  being approached through 
s t u d i e s  of responses a t  flow fu rca t ions  t o  non-steady condi t ions  and 
t r a n s i e n t s ,  dynamic regula t ion  with l o c a l  c o n t r o l l e r s ,  and by canal  
modeling. 

WELLTON PROJECT 

The Wellton-Mohawk I r r i g a t i o n  and Drainage D i s t r i c t  (WMIDD), loca ted  
along t h e  Gila  River e a s t  of Yuma i n  southwestern Arizona, provides 
water  t o  about 60,000 ac res  of farmland. Water is ordered with t h r e e  
days'  n o t i c e  f o r  any dura t ion  and s t andard  d e l i v e r i e s  of 15 c f s  (with 20 
t o  25 c f s  more common), and d i t c h r i d e r s  a r e  on 24 hour call. A coopera- 
t i v e  agreement was reached with t h e  WIDD t o  s tudy canal  ope ra t ions ,  
p r i n c i p a l l y  through the  de ta i l ed  monitoring of flow a long two l a t e r a l  
canals ,  one near the  upstream end of t h e  d i s t r i c t  (WM17.0) where main 
canal  l e v e l s  and flow should be reasonably s t a b l e ,  and t h e  o t h e r  near  
t h e  downstream end (M42.9) where main canal  f lows vary widely. Our in-  
t e n t  is t o  compare a c t u a l  and ordered d e l i v e r i e s ,  i d e n t i f y  non-uniformi- 
t i e s  i n  f low and t r a c e  them t o  t h e i r  sources ,  determine t h e  contribu- 
t i o n s  of de l ivery  p o l i c i e s ,  cont ro l  s t r u c t u r e s ,  and l o c a t i o n  wi th in  t h e  
d i t r i c t  t o  non-uniformities,  and t o  draw conclusions about t h e i r  e f f e c t s  
on farmers '  management opt ions and water u s e  e f f i c i e n c i e s .  

I n  1985, instrumentat ion was i n s t a l l e d  a long a t h r e e - m i l e  length  of t h e  
upstream WM17.0 l a t e r a l ,  from t h e  main cana l  o f f t a k e  t o  t h e  p o i n t  below 
which t y p i c a l l y  only a s i n g l e  farm d e l i v e r y  occurs  at one time. 
Inflows, outflows, and water l e v e l s  a r e  measured a t  each l a t e r a l  check 
s t r u c t u r e  and farm turnout ,  which amounts t o  17 l e v e l s  and 9 f lowra tes  
measured a t  13 instrument s i t e s  ( s e e  Table 1). To economically measure 
seve ra l  water l e v e l s  i n  c l o s e  proximity,  we employed a multi-channel 
da ta  logging system (Easy Logger by Omnidata I n t e r n a t i o n a l ,  Inc.) 
coupled t o  double-bubbler/pressure t r ansduce r  mechanisms (Dedrick and 
Clemmens, 1985). A t  a cos t  of between 600 and 700 d o l l a r s  p e r  l e v e l  o r  
f lowrate  measured, t h i s  system i s  f a r  less expensive than  commercially 
ava i l ab le  devices cos t ing  more than 1000 d o l l a r s  per  l e v e l  o r  r a t e  
measured. I n s t a l l a t i o n  took place dur ing  A p r i l ,  May and June of 1985 
and consisted of: mounting hardware i n  weatherproof boxes t h a t  were 
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a t tached t o  d i s t r i c t  c o n t r o l  s t r u c t u r e s  and painted white  t o  reduce tem- 
pe ra tu res  i n s i d e  t o  nea rambien t ;  cons t ruc t ing  f o u r  concre te  measuring 
flumes a t  s i t e s  t h a t  d i d  n o t  previous ly  have them; and plumbing p l a s t i c  
tubing encased i n  PVC pipe f o r  t h e  bubbler  l i nes .  

Measurements a r e  taken every 15 minutes by the  da ta  logger  and recorded 
on a detachable EPROM device. Replacement of f i l l e d  EPROM9 and bat- 
t e r i e s  r equ i re s  a n  on-si te  v i s i t  approximately every t h r e e  weeks. A t  
t h e  U.S. Water Conservation Laboratory,  d a t a  a r e  t r a n s f e r r e d  from t h e  
EPROEls through a microcomputer t o  f i l e s  on the  Lab's minicomputer. 
EPRONs a r e  then erased  f o r  reuse ;  b a t t e r i e s  a r e  a l s o  recharged t o  be  
used again. Table 2 conta ins  a l i s t i n g  o f  the  program elements f o r  
s e t t i n g  up t h e  Easy Logger. 

Although t h e  equipment was i n s t a l l e d  i n  t h e  spr ing ,  system eva lua t ion  
continued throughout t h e  y e a r  wi th  a number of problems becoming appar- 
e n t .  I n  September, f o r  example, s e v e r a l  of  t h e  pumps supplying a i r  t o  
t h e  bubblers f a i l e d  due t o  t o o  long a p i s t o n  s t roke ,  and a l l  were re- 
placed with a d i f f e r e n t  model suppl ied  a t  no cos t  by t h e  manufacturer.  
Also i n  September, due t o  g r e a t e r  than expected power consumption, t h e  
loggers '  i n t e r n a l  b a t t e r y  conf igu ra t ion  ( 8  D-cells, non-rechargeable) 
was abandoned i n  f avor  of two e x t e r n a l ,  rechargeable 6 v o l t  b a t t e r i e s ,  
which made replacement e a s i e r  and e l iminated  t h e  c o s t  of t h e  D-cells.  
Canal cleaning opera t ions  and brush-burning along t h e  cana l  banks have 
from time t o  time requi red  r e p a i r  of bubbler  tubes,  and l i g h t e n i n g  stri- 
k e s  and o the r  unknown causes have occas iona l ly  requi red  reprogramming of  
t h e  logger  u n i t s .  Overal l ,  however, t h e  system has performed as ex- 
pected and has  provided a r igo rous  f i e l d  t e s t  of t h e  double-bubbler/ 
p re s su re  t ransducer  mechanism and t h e  remote d a t a  logging system. The 
l a t e r a l  w i l l  remain instrumented through 1986 and hopeful ly  o u r  exper- 
i e n c e  i n  opera t ing  t h e  equipment w i l l  p rovide  a more complete d a t a  set 
than  i n  1985. 

Fur ther  plans f o r  1986 a r e  t o  s i m i l a r l y  instrument  t h e  second, down- 
s tream l a t e r a l .  I n  a d d i t i o n  t o  being l o c a t e d  where l e v e l s  i n  t h e  main- 
cana l  f l u c t u a t e  more, t h i s  l a t e r a l  d i f f e r s  from t h e  f i rs t  by be ing  
longer  and having a l a r g e  s u b l a t e r a l  cana l .  This l a t e r a l  h a s  a des ign  
capaci ty  of 90 c f s  a t  t h e  o f f t a k e  from t h e  main, compared t o  60  c f s  f o r  
t h e  upstream l a t e r a l .  Approximately 23 wa te r  l e v e l s ,  14 g a t e s ,  and 24 
f lowra tes  w i l l  be monitored (see Table 3). Also i n  1986, a n a l y s i s  of  
l a t e r a l  operat ions w i l l  begin i n  e a r n e s t ,  s t a r t i n g  wi th  o r g a n i z a t i o n  of 
t h e  d a t a  i n t o  a r e l a t i o n a l  da tabase ,  development of  r u l e s  f o r  i d e n t i f y -  
i n g  and t r ac ing  non-uniformities,  and comparison t o  d i s t r i c t  d e l i v e r y  
records.  Ult imately,  t h i s  a n a l y s i s  w i l l  be  t i e d  i n t o  t h e  work be ing  
conducted on dynamic r e g u l a t i o n  and c a n a l  modeling. 

IMPERIAL PROJECT 

Located across  t h e  Colorado R ive r  from WMIDD, i n  sou theas t e rn  
Ca l i fo rn ia ,  is t h e  Imper ia l  I r r i g a t i o n  D i s t r i c t  (IID) which provides  
water  t o  500,000 a c r e s  of  farmland i n  t h e  Imper ia l  Valley. Water i s  
ordered from I I D  w i th  t h r e e  days  n o t i c e  f o r  24 hour d u r a t i o n s ,  s tandard  
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del iver ies  of 11 c f s ,  and the  di tchr iders  work 8 hour s h i f t s .  A moni- 
tor ing pro jec t  s imilar  t o  t ha t  i n  WMIDD has been i n i t i a t e d  i n  I I D ,  t o  
contrast  t h e  differences i n  s ca l e  and operating procedures. Fortun- 
a te ly ,  a u r  project  needs dovetai l  very well  with an  ongoing I I D  c o n s e r  
vation pro jec t  aimed a t  reducing ta i lwater  losses .  In f a c t ,  due t o  an 
excellent cooperative re la t ionship with I I D ,  i t  appears t ha t  our prin- 
c ipa l  respons ib i l i ty  w i l l  be data analysis,  while I I D  w i l l  i n s t a l l  the 
monitoring equipment and perform most of the  da ta  col lect ion dut ies .  

We have surveyed four eight-mile long l a t e r a l s  with offtakes from the 
East Highline main canal f o r  t h i s  project .  The l a t e r a l s  were selected 
based on t h e i r  posit ion r e l a t i v e  t o  a check s t ruc tu re  on the  main canal, 
and because two a re  f u l l y  l ined ,  and the other two only p a r t i a l l y  lined. 
As with WMIDD, inflows, outflows, and water l eve ls  w i l l  be measured a t  
each check s t ruc ture  and farm offtake. Measurements w i l l  be made every 
15 minutes using the  Easy Logger data logging system, coupled here with 
f l o a t  operated potentiometers, instead of bubblers. Data w i l l  be stored 
on detachable EPRON devices t h a t  w i l l  be col lected every few weeks, then 
transferred t o  computer. We plan then t o  physically t ransfer  the  data 
t o  U. S. Water Conservation Laboratory computer f a c i l i t i e s  v i a  streamer 
tape. It i s  expected tha t  Lab personnel w i l l  a s s i s t  i n  gathering the 
EPROM8 from the f i e ld .  The monitoring equipment w i l l  be i n s t a l l e d  i n  
ear ly  1986, and w i l l  involve constructing more than 100 measuring 
flumes, s t i l l i n g  wells t o  house the f l o a t s  a t  each measuring s i t e ,  plac- 
ing  the logging devices, and running e l e c t r i c a l  cable  from t h e  loggers 
t o  s i t e s  i n  close proximity. Data co l lec t ion  should begin sho r t ly  a f t e r  
i n s t a l l a t i on  i s  complete. Although we have met with I I D  personnel 
several  times t o  plan i n s t a l l a t i o n s  and da t a  requirements, I I D  w i l l  be 
shouldering the e n t i r e  cost  of i n s t a l l a t i on .  I n  re turn ,  w e  w i l l  be co- 
ordinating our analysis of t h e  data c losely with IID's needs. 

In  1986, the  major th rus t  of our e f f o r t s  w i l l  be  t h e  development of ana- 
l y s i s  techniques, i den t i f i ca t ion  and quan i t i f i ca t ion  of non-uniformiies 
i n  l a t e r a l  and on-farm flows, and comparison t o  conventional d i s t r i c t  
records of flow ra t e s  and volumes. In concert  wi th  t he  analysis  of 
flows i n  WMIDD, we hope t o  draw conclusions about t he  e f f e c t s  of d i f fe r -  
ent  delivery po l ic ies  and s t ruc tures  on farm operations. 

DUAL-ACTING CONTROLLED LEAK (DACL) CONTROL SCHEKE 

The basic  concept and mechanism f o r  t h e  DACL cont ro l  scheme have been 
writ ten up i n  manuscript form. The following simply provides a discus- 
sion of control variables and a design example. 

Control response: There a r e  three f ac to r s  which a f f e c t  the  control  band 
f o r  the dual-acting control ler .  F i r s t ,  t he  pressure  on the  supply valve 
causes i t s  f l o a t  t o  change buoyancy, thereby changing the  valve response 
curve. This can be controlled by the design of t he  valve f l o a t s  and 
movement arms. Second, the  f l o a t  chamber l e v e l  w i l l  cause a s l i g h t  
change i n  pressure on the  valves. This can be somewhat control led by 
la rger  diameter ga te  f l o a t s  (giving l e s s  water l e v e l  change t o  reverse 
gate  f r i c t i on )  and by reducing gate  f l o a t  t r a v e l  r e l a t i v e  t o  g a t e  t r ave l  
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(i .e. ,  providing leverage).  And t h i r d ,  some overshoot could be experi-  
enced i f  t h e  canal  t r a v e l  t ime from t h e  g a t e  t o  the  flume and t h e  r a t e  
of g a t e  opening a r e  such t h a t  t h e  g a t e  opens s l i g h t l y  too  much. For t h e  
i n s t a l l a t i o n s  t e s t ed  he re ,  t h i s  was not a s i g n i f i c a n t  f a c t o r  i n  response. 

I n  designing a dual-acting con t ro l l ed  l e a k  system, t h e  two main f a c t o r s  
a r e  response time and c o n t r o l  band width. I n  some cases, t hese  may be 
c o n f l i c t i n g  requirements. However, we have come up with t h e  fol lowing 
design c r i t e r i a  which should prove s a t i s f a c t o r y  f o r  most i n s t a l l a t i o n s .  

1 )  Channel t r a v e l  time a t  f u l l  flow should cause l e s s  than 1% change i n  
f low r a t e  (e.g., a t  equi l ibr ium leakage r a t e  from one s ide ) .  

2) Response time f o r  ha l f  t o  f u l l  channel f low computed from maximum 
leakage r a t e  (one d i r ec t ion )  should be l e s s  than 20 minutes ( e f f e c t s  
c o n t r o l  valve s i ze ) .  

3 )  Two times the  ga te  f r i c t i o n  should be  provided by t h e  g a t e  f l o a t  on 
e i t h e r  s i d e  of equilibrium f o r  s a f e t y .  

4 )  F r i c t i o n  r eve r sa l  time computed a t  t h e  maximum leakage r a t e  (one 
d i r e c t i o n )  should be less than  10  minutes. 

5) Available head and d r a i n  o u t l e t  l e v e l  a t  a l l  ga te  openings should be  
considered when loca t ing  t h e  f l o a t  p o s i t i o n s  v e r t i c a l l y .  

6)  The con t ro l  f l o a t  s i z e  and f l o a t  moment arm should a) l i m i t  e f f e c t s  
of pressure  t o  a 6 mm band, b) limit t h e  f r i c t i o n  r e v e r s a l  t ime f o r  a 3 
mm s h i f t  t o  under 30 minutes, and c )  provide adjustments f o r  3 mm s h i f t  
wi th in  10 minutes a f t e r  r e v e r s a l .  

This l i s t  of c r i t e r i a  i s  presented  s o  t h a t  the  major f a c t o r s  which 
con t ro l  design of these  systems w i l l  be considered,  not  t h a t  t h e  e x a c t .  
values given above a r e  followed. 

Design Example: The fol lowing des ign  example represents  t y p i c a l  con- 
d i t i o n s  f o r  a l a t e r a l  canal  heading. 

Given: A turnout  from a main c a n a l  i n t o  a l a t e r a l  canal  wi th  a 2.5 m 3 / s  
(88 c f s )  capacity. A r a d i a l  g a t e  2.5 m wide, 2.5 m h igh  wi th  a 
3 m r ad ius  i s  used t o  c o n t r o l  t h e  l a t e r a l  flow. The l a t e r a l  
canal  has a 0.60 m bottom width, 1.5 t o  1 s i d e  s lopes  and i s  1.2 
m deep. A broad-crested weir  i s  placed a d i s t ance  L of 30 m 
downstream from t h e  ga te .  The f low depth  a t  maximum flow is  1.0 
m,  and a t  ha l f  flow i s  0.80 m. The channel bottom drops  0.2 m 
a t  the  ga te  s t r u c t u r e .  The head on t h e  upstream s i d e  of t h e  
ga te  ranges from 1.8 t o  2.3 m. Maximum g a t e  f r i c t i o n  i s  esti- 
mated t o  be 3.0 KN (670 l b s ) .  The l i f t i n g  f o r c e  requi red  t o  
move t h e  g a t e  a f t e r  f r i c t i o n  i s  6.5 KN (1460 l b s ) .  It i s  as- 
sumed t h a t  t h e  g a t e  i s  t o  be open when t h e  f l o a t  chamber i s  
empty. 
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Problem: Design a con t ro l  mechanism t o  keep a constant  d ischarge  i n t o  
t h e  l a t e r a l  canal.  

Solut ion:  Design of t h i s  type of system does not r e q u i r e  exact  dimen- 
s i o n s  on any of the  components. The design s t e p s  a r e  given below. 

1) Compute the f l o a t  and counterweight s i z e s .  The f l o a t  volume t o  
overcome f r i c t i o n  would be 

3.0 KN * ( 1  m3 waterl9.805 KN) = 0.31 m3 of f l o a t  

The t o t a l  f l o a t  volume should be 4 times t h a t  necessary t o  overcome 
f r i c t i o n ,  s ince  f r i c t i o n  occurs i n  both d i r e c t i o n s  and a 2 t o  one f a c t o r  
of s a f e t y  i s  necessary. Thus the  f l o a t  volume i s  1.24 m3. The f l o a t  
must be heavy enough t o  s i n k  completely i n t o  t h e  water ( a t  l e a s t  12.0 
KN).  A t  equil ibr ium, with no f r i c t i o n a l  f o r c e s  app l i ed ,  t he  f l o a t  
should si t  midway i n  the  water ,  r e s u l t i n g  i n  a ne t  f o r c e  of 6.0 KN. 
Since the  ga te  l i f t i n g  f o r c e  is 6.5 KN, only an a d d i t i o n a l  0.5 KN coun- 
terweight is needed, which can be added t o  t h e  f l o a t  weight,  g iv ing  a 
combined f l o a t  and counterweight of 1.24 m3 and 12.5 KN. (Note t h a t  the  
requi red  weight t o  volume r a t i o  i s  almost t h e  same a s  water  implying 
t h a t  a tank f i l l e d  with water could serve  a s  the  f l o a t ) .  

2) Determine ga te  response. An approximate o r i f i c e  equat ion  is used t o  
es t imate  ga te  response, namely 

where C i s  a discharge c o e f f i c i e n t  (0.61), g is t h e  a c c e l e r a t i o n  of 
g rav i ty  (9.81 mfs2), h i s  t h e  d i f f e r e n t i a l  head on t h e  o r i f i c e ,  A is the  
a r e a  of ga te  opening, and 0 is discharge.  A t  maximum f low and head, O = 
2.5 m3/s, h = 2.3 + 0.2-1.0 = 1.5 m. Solving f o r  A g ives  0.755 m2. For 
a ga te  width W of 2.5 m, t he  ga te  opening a would be 0.302 m s i n c e  A = 
aW. A 1 mm change i n  ga te  opening would c&se a (1/302)*100 0.33% - 
change i n  flow. 

A t  half  flow, the  ga te  opening would be 0.142 m. Here a 1 mm change i n  
g a t e  opening would cause a 0.71% change i n  flow. A t  f u l l  f low and a low 
head, the  ga te  opening would be 0.370 m. These va lues  w i l l  be used i n  
l a t e r  design steps.  

3) Compute channel t r a v e l  times. 

Channel flow a rea  A = 1.0 * (0.6+( 1.0x1.5)) = 2.1 m2 
Channel ve loc i ty  v = QIA = 2.512.1 = 1.2 m l s  
Channel t r a v e l  time tc a Llv = 3011.2 - 25 sec. 

4)  Compute maximum r a t e  of ga te  movement t o  e l i m i n a t e  overshoot ing  of 
cont ro l .  The t r a v e l  time tc  should cause l e s s  than  1% change i n  d is -  
charge f o r  gate movement a t  equi l ibr ium leakage  r a t e  (one way). If  1 mm 
causes 0.33% change, 3 mm w i l l  cause 1% change. Three mm change i n  25 
seconds gives a maximum r a t e  of g a t e  movement of 7.2 mmlmin at t h e  one 
way equilibrium flow r a t e .  
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5) Compute minimum r a t e  of g a t e  movement t o  g e t  des i red  response times. 
I n  order  f o r  t h e  g a t e  t o  t r a v e l  from i t s  p o s i t i o n  a t  f u l l  f low (0.302 m) 
t o  i t s  p o s i t i o n  a t  ha l f  flow (0.142 m) o r  160 mm i n  20 minutes, t h e  g a t e  
would have t o  t r a v e l  a t  an  average r a t e  of 160/20 = 8 mm/min a t  roughly 
h a l f  way between t h e  one way equi l ibr ium flow rate and t h e  maximum one 
way flow r a t e .  

6)  Estimate f l o a t  dimensions from a v a i l a b l e  f l o a t  t r ave l .  A t  t h i s  po in t  
i t  w i l l  be  assumed t h a t  t h e  ava i l ab le  head a t  t h e  s i t e  i s  s u f f i c i e n t  t o  
d r i v e  t h e  system. I f  t h i s  i s  not  t h e  case,  o t h e r  arrangements would 
have t o  be  made such as disposing of d r a i n  water  t o  a lower l y i n g  drain-  
age canal  o r  t o  a sump from which i t  can be pumped out .  A t  t h e  minimum 
canal  head then, t h e  g a t e  must be  a b l e  t o  go from a closed p o s i t i o n  t o  
f u l l  open. Some d r iv ing  f o r c e  i s  necessary t o  provide flow through t h e  
con t ro l  valves.  A suggested minimum value i s  0.15 m on e i t h e r  s ide .  
Gate t r a v e l  a t  t h i s  low head i s  0.37 m. The a v a i l a b l e  head a t  t h e  s i te  
a t  f u l l  f low and low head condi t ions  i s  1.0 m. The a v a i l a b l e  head f o r  
f r i c t i o n a l  r e v e r s a l  i s  1.0 - 0.37 - Z(0.15) -;; 0.33 m. Dividing t h i s  i n  
two f o r  f r i c t i o n  i n  e i t h e r  d i r e c t i o n ,  leaves  only 0.165 m of he ight  f o r  
a 0.31 m3 volume. The required f l o a t  a r e a  i s  then  0.31/0.165 = 1.88 m2. 
A round f l o a t  with a 1.55 m (5.08 f t )  diameter would be  l a r g e  enough. 
I f  more than ample head i s  a v a i l a b l e ,  t h e  f l o a t  diameter can b e  made a 
more convenient s i z e  than computed h e r e  (i .e. ,  l a r g e r ) .  

7)  Se lec t  f l o a t  chamber s i z e  and compute leakage r a t e  limits. A 1.6 m 
diameter f l o a t  chamber could provide about  25 mm c learance  around t h e  
f l o a t .  If t h e  g a t e  and f l o a t  a r e  on a one-to-one b a s i s  f o r  both f o r c e  
and t r a v e l  distance, then t h e  g a t e  t r a v e l  speed l i m i t a t i o n s  computed 
above can b e  converted t o  leakage r a t e  l i m i t a t i o n s .  The l i m i t  f o r  over- 
shooting was 7.2 mm/min, which f o r  a 1.6 n d ia .  f l o a t  chamber would 
correspond t o  a maximum equi l ibr ium leakage r a t e  of 14.5 l/min. The 
l i m i t  f o r  response r a t e  was 8 mm/min, which corresponds t o  a minimum 
average leakage r a t e  of 16.1 l /min (i .e. ,  ha l f  way between one way maxi- 
mum and equil ibr ium leakage r a t e s ) .  

A reasonable one way equil ibr ium leakage r a t e  f o r  t h i s  system would be  
5 l/min. To meet t h e  response time c r i t e r i a  f o r  t h i s  system would 
r equ i re  a maximum leakage r a t e  of roughly SfZ(16) a 37 l/min. A t  one 
meter ava i l ab le  head, t h e  maximum va lve  f low r a t e  f o r  a 25.4 mm d ia .  
valve should be  on t h e  o rde r  of 8 0  l /min  (from o r i f i c e  ca lcu la t ions ) .  
Due t o  l a r g e  head los ses ,  t h e  a v a i l a b l e  head was reduced f o r  t h e  t e s t s  
we ran  and t h e  maximum leakage r a t e  of 14 l /min a t  a 0.30 m head was re- 
corded (it would c a l c u l a t e  o u t  t o  be  about  43 l /min f o r  t h e  f u l l  ava i l -  
a b l e  head). Thus some time a f t e r  des ign  of t h e  e n t i r e  system, t h e s e  
responses should be  reviewed wi th  t h e  l i n e  head l o s s e s  included. The 25 
mm d ia .  valves a r e  chosen h e r e  f o r  design. I n  a s i m i l a r  s i zed  i n s t a l l a -  
t i o n ,  those 25 mm d i a .  va lves  were used with good success  and reasonable 
response times. The r e v e r s a l  t ime i s  r e l a t e d  t o  t h e  annular  a r e a  be- 
tween t h e  f l o a t  and t h e  f l o a t  chamber walls. A t  5 l/min leakage r a t e ,  a 
chanse of 0.33 m required,  and a n  annular  a r e a  of 0.124 m2,  t h e  r e v e r s a l  
time would be 8.2 min, which looks  reasonable.  

Annual Report of the U.S. Water Conservation Laboratory



8) Select  control f l o a t  s ize .  A 6 mm control  bsnd i s  desired f o r  a 0.5 
m upstream head change. Half the band i s  allowed from t h i s  head change, 
and the  control  i s  sh i f ted  by one half of the pressure change, thus 6 mm 
i s  used i n  the calculations. The f l o a t  area  can be found from 

where h i s  the head of water o r  f l o a t  submergence, A i s  the  area,  R i s  
the r e l a t i ve  moment arm of the f l o a t  and valve piston t o  t he  pivot 
point, and the subscripts v and f r e f e r  t o  the  valve and f l o a t ,  respec- 
t ive ly .  A t  maximum head and flow, the head on the valve would be 
roughly 1.117 m (0.5+0.15+0.165+0.302). A t  minimum upstream head and 
maximum flow, the head would be 0.685 m (0.15+0.165+0.370). Solving the  
above equation f o r  hf f o r  the  two upstream heads (min and max) and tak- 
ing the difference gives 

dhf = dh, A"/ (AfR) or  

For our example, dhv = 1.117-0.685 = 0.432 m,  dhf = 0.006 m, Av = 
0.00049 m2, and R 10 a s  an i n i t i a l  guess. This gives Af = 0.0035 m2 
o r  a 67 mm (2.6 i n )  dia .  f l oa t .  

The t o t a l  f l oa t  volume must be capable of r e s i s t i n g  the maximum pressure 
o r  

A 67 mm dia .  spherical  f l o a t  has a volume of 0.000157 m3 which i s  not 
enough. While s 76 mm dia ,  f l o a t  would be l a rge  enough, some margin of 
sa fe ty  i s  needed and the  response c r i t e r i a  require  a given diameter a t  
the  water level.  An 87 mm dia .  spher ical  f l o a t  would be needed t o  re- 
sist maximum force a t  2/3 the volume. The 93 mm dia .  f l o a t s  used i n  
pr ior  t e s t s  proved sat isfactory.  

9) Check moment arm response. The moment arm response i s  determined by 
computing the  changes i n  control  valve opening f o r  changes i n  upstream 
pressure. Thus estimates of control  valve posi t ions  and opening areas  
a r e  needed. It is  assumed tha t  t he  valve plunger represent6 a s i t ua t ion  
s imilar  t o  a rectangular s lu i ce  ga te  on a c i r cu l a r  pipe opening. Tables 
f o r  area  i n  a c i rcu la r  sect ion a s  a function of depth a r e  avai lable  5rom 
several  sources. 

Using an o r i f i ce  equation with Q = 5 l/min, and h = 1.117 m, gives A = 
29.2 mm2. For a diameter of d = 25 mm, ~ / d ~  = 0.047. From c i r cu l a r  
area  tab le ,  the r e l a t i ve  opening a/d would be about 0.110 making a = 
2.75 mm. If the l e v e l  were t o  chynge 3 mm, t he  valve would shift-0.3 mm 
(10: 1 moment arm), making the  opening 3.05 mm, a/d = 0.122, ~ / d ~  = 
0.0547, A =  34.2 mm2, and Q = 5.86 i/min. The y the r  valve would reduce 
flow a similar amount with Q = 4.25 l/min. The net  change i n  Q i s  5.86 
-4.25 = 1.61 l/min. Reversal requires  a t o t a l  volume of 0.124 m2 times 
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0.33 m, which a t  1.61 l fmin  would t ake  25.4 min, which looks  reasonable. 
A s h o r t e r  moment arm would reduce t h i s  r e v e r s a l  time requirement,  but  
.would i n c r e a s e  the  f l o a t  s i z e  necessary t o  l i m i t  t h e  c o n t r o l  band. 

A 3 mm e r r o r  i n  l e v e l  would represent  about 1% change i n  flow. A t  maxi- 
mum head and flow, t h i s  would r equ i re  a 3 a m  change i n  g a t e  s e t t i n g .  At 
one h a l f  o f  t h e  1.61 l /min change i n  n e t  leakage r a t e ,  a 3 mm change i n  
f l o a t  chamber volume (A = 2.01 m2) would r e q u i r e  7.5 min, again a rea- 
s onable time . 
A t  lower heads and lower discharges,  t hese  response times and con t ro l  
bands w i l l  vary. Fur ther  checking of these  responses f o r  d i f f e r e n t  con- 
d i t i o n s  i s  advisable. 

Future plans: For 1986, we plan on i n s t a l l i n g  a DACL system on the  out- 
le t  of two re se rvo i r s ,  one a t  t he  )LAC farm f o r  a y ie ldfuni formi ty  re- 
search  s tudy ,  and one on Ralph Wong's farm nea r  Tucson. These two 
systems w i l l  u t i l i z e  a r ecen t ly  developed n e u t r a l  a c t i n g ,  c log  f r e e  
va lve  f o r  pipe o u t l e t s ,  which has not  been reported elsewhere. It i s  
hoped t h a t  a f t e r  s tudying the  l a t e r a l  canals  i n  t h e  I I D  system t h a t  a , 
DACL system w i l l  be i n s t a l l e d  on one of these  l a t e r a l  headings. We have 
a l s o  discussed convert ing t h e  Danaidean system a t  t h e  Wellton canal  
heading t o  a DACL c o n t r o l l e r  with t h e  IJMIDD. Future i n s t a l l a t i o n s  de- 
pend on cooperators.  

Summary: The DACL system has proven t o  be an e x c e l l e n t  c o n t r o l  device 
f o r  maintaining canal  water  l e v e l  downstream from a c o n t r o l  s t ruc tu re .  
For t h e  configurat ions s tudied  t h e  l e v e l  was con t ro l l ed  t o  wi th in  a 6 a m  
band o r  roughly f 3 mm. This l e v e l  o f  con t ro l ,  which has  not  been ava i l -  
a b l e  on previous-control devices, i s  poss ib le  under t h e  worst  opera t ing  
condi t ions  e.g. high d e b r i s  and sediment l o a d s ,  and f l u c t u a t i n g  upstream 
l e v e l s .  Since the  c o n t r o l  of flow r a t e s  r e q u i r e s  more p r e c i s e  c o n t r o l  
than c o n t r o l  of j u s t  water  l e v e l s ,  t h e  DACL system i s  p a r t i c u l a r l y  s u i t -  
a b l e  f o r  constant  f low r a t e  control .  The DACL system is  a l s o  usable  f o r  
upstream con t ro l  and h a s  more conf igura t ion  opt ions  than  previous con- 
t r o l l e d  l e a k  systems. It a l s o  has advantages over e l e c t r i c a l l y  control-  
l e d  motorized ga tes  which r equ i re  power. The major f a c t o r s  which a f f e c t  
t h e  response times and c o n t r o l  bands have been i d e n t i f i e d  and b a s i c  de- 
s i g n  c r i t e r i a  have been presented. The DACL system h a s  no t  been t e s t e d  
under a c t u a l  opera t ing  condit ions.  

CANAL CONTROL SCHEMES 

Furcat ion F l e x i b i l i t y :  C r i t i c a l  t o  t h e  ope ra t ion  and modeling of cana l  
systems is  the  accura te  measurement of f low r a t e s  and t h e  hydraul ic  
heads t h a t  d r ive  a system. Inaccura te  e s t ima tes  of f low may r e s u l t  from 
measurement e r r o r s  o r  from t h e  presence of t r a n s i e n t s  o r  a c t u a l  changes 
i n  flow r a t e  a t  t h e  s t r u c t u r e  where measurements are made. One measure- 
ment of t h i s  e r r o r  i s  t h e  s e n s i t i v i t y ,  S ,  of a s t r u c t u r e  t o  inaccura te  
measurement, thus 
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where u  i s  ind ica t ive  of the  s t r u c t u r e  type,  and Ah may r e f e r  t o  head 
reading e r r o r ,  misplaced gauging s t a t i o n ,  an a c t u a l  unnoticed change i n  
water  l e v e l ,  e tc .  Accurate measurement of head becomes more c r i t i c a l  
f o r  a  given s t r u c t u r e  a t  low heads, and is more c r i t i c a l  f o r  s t r u c t u r e s  
with r e l a t i v e l y  l a rge  s e n s i t i v i t i e s .  

S t r u c t u r e  s e n s i t i v i t i e s  a r e  e s p e c i a l l y  important q u a n t i t i e s  when looking 
at  what happens a t  a  canal  branching, o r  f u r c a t i o n ,  when changes i n  in- 
coming f lowra te  a r e  introduced. How an e r r o r  i n  flow measurement of an 
a c t u a l  change i n  f lowra te  i s  divided among t h e  branching cana l s  depends 
on the  s e n s i t i v i t i e s  of t h e  s t r u c t u r e s  t h a t  d iv ide  t h e  flow. A common 
s i t u a t i o n  involves a  b i fu rca t ion  with an o f f t a k e  canal  s t r u c t u r e  and a  
check s t r u c t u r e  i n  the  continuing supply canal.  To desc r ibe  t h e  d iv is -  
i o n  of a  change i n  flow, A Q ,  a t  a  b i f u r c a t i o n  t h e  term f l e x i b i l i t y ,  F, 
i s  defined a s  the r a t i o  of the  o f f t a k e  s t r u c t u r e  s e n s i t i v i t y  t o  the  con- 
t i n u i n g  supply check s t r u c t u r e  s e n s i t i v i t y  

Furca t ion  f l e x i b i l i t y  can be important i n  c a n a l  system management f o r  
d i s t r i b u t i n g  flow e r r o r s  and t r a n s i e n t s  throughout a  system i n  s p e c i f i c  
ways. For ins tance ,  a  b i f u r c a t i o n  with F = 1 w i l l  d iv ide  A Q  i n t o  equal  
propor t ions  of Q, and Qsr and e r r o r  w i l l  be evenly  d i s t r i b u t e d  through 
t h e  system. I f  F < 1, 4Q0 w i l l  be p r o p o r t i o n a l l y  sma l l e r  t han  AQS and 
most of A Q  w i l l  remain i n  t h e  continuing supply  channel,  a s i t u a t i o n  
t h a t  may be des i r ab le  where very a c c u r a t e  o f f t a k e  d e l i v e r i e s  a r e  re- 
quired. Consequently, however, e r r o r s  i n  f low w i l l  accumulate toward 
t h e  end of t h e  supply canal  which may r e s u l t  i n  wasting water.  A b i fu r -  
ca t ion  with F  > 1, with flow e r r o r  most ly shunted through t h e  o f f t a k e  
s t r u c t u r e  may be d e s i r a b l e  where t h e r e  is r i s k  of overtopping t h e  supply 
canal ,  o r  toward the  end of a system where v a r i a b l e  o f f t a k e  f lows can be 
t o l e r a t e d  and/or excess supply cannot be wasted o r  drained away. 

Analysis of f l e x i b i l i t y  has the  p o t e n t i a l  t o  be an important  t o o l  i n  
examining t h e  operat ion of e x i s t i n g  c a n a l  systems,  and i n  t h e  planning 
and design of new con t ro l  schemes and s t r u c t u r a l  conf igura t ions .  To 
t h i s  end we a r e  developing a  computer program t o  c a l c u l a t e  f l e x i b i l i t i e s  
f o r  a l l  combinations of flow con t ro l  s t r u c t u r e s  common t o  i r r i g a t i o n  
canal  systems, and various flow types (e.g., o r i f i c e  o u t l e t s  submerged 
o r  free-flowing). The program w i l l  a l l o w  t h e  u s e r  t o  s e e  t h e  response 
a t  an e x i s t i n g  fu rca t ion  t o  flow e r r o r s  o r  t r a n s i e n t s  in t roduced by pre- 
s e n t  opera t ing  condi t ions ,  t o  s imula te  t h e  e f f e c t s  of a l t e r n a t e  opera- 
t i o n s ,  o r  t o  experiment with t h e  s e l e c t i o n  of s t r u c t u r e s  and condi t ions  
f o r  the  design of new o r  renovated system. It is expected t h a t  t h i s  
program w i l l  a l so  have use a s  a  component of la rge-sca le  c a n a l  network 
models. 
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In 1986 we plan t o  complete the  wr i t ing  of the  computer program. One 
foreseen d i f f i c u l t y  is  expressing " f l e x i b i l i t y "  where a  f u r c a t i o n  divi-  
des flow i n t o  more than two port ions,  f o r  in s t ance ,  two farm o f f t akes  
and a  continuing supply canal. Because f l e x i b i l i t y  as  c u r r e n t l y  defined 
app l i e s  only t o  b i furca t ions ,  we a re  attempting t o  develop a  more gener- 
a l  term, coined the  responsiveness of a  s i n g l e  s t r u c t u r e ,  t o  describe 
the  d iv i s ion  of incremental flow changes introduced i n t o  fu rca t ions  of 
two o r  more s t ruc tures .  Responsiveness, R ,  is defined f o r  a  given 
s t r u c t u r e  a t  a  furca t ion  a s  the r a t i o  of the  change i n  flow a t  tha t  
s t r u c t u r e  divided by i t s  o r i g i n a l  flow, t o  the  t o t a l  change i n  flow 
divided by the  t o t a l  o r i g i n a l  flow incoming t o  the  fu rca t ion ,  

The physical  s igni f icance  of various values of R (e.g., Rk equal  to ,  
l e s s  than, o r  g rea te r  than one) has yet t o  be determined. It may be 
t h a t  an a l t e r n a t i v e  der iva t ion  would be p re fe rab le ,  such a s  

a t  a  fu rca t ion  with n  s t r u c t u r e s ,  which f o r  two s t r u c t u r e s  is i d e n t i c a l  
t o  b i fu rca t ion  f l e x i b i l i t y .  

Canal modeling: I n  order t o  study the  impact of canal  c o n t r o l s  on the  
f low of water i n  canals ,  i t  w i l l  be necessary t o  model canal  hydraulics.  
Several canal hydraulic  models a r e  a v a i l a b l e ,  however from secondhand 
knowledge, they appear t o  be very complex and c o s t l y  t o  run. Such a  
model was developed by Amorocho and S t re lkof f  i n  the  1960's and was used 
by Zimbelman i n  the  l a t e  1970's. This model uses the  method of charac- 
t e r i s t i c s  and the  f u l l  hydrodynamic equations of con t inu i ty  and momen- 
tum. Research on i r r i g a t i o n  flow has produced models t h a t  a r e  based on 
zero  i n e r t i a  and may be adaptable t o  canals.  Such models a r e  much more 
e f f i c i e n t  f o r  canal reaches. I n  the  e a r l i e r  models, flow through gates  
was modeled exact ly.  For our use, we could use simple head discharge 
r e l a t i o n s  f o r  these  gates.  

Another model is ava i l ab le  through the  U. S. Bureau of Reclamation. One 
computer program, GSM (Gate Stroking Model), is used t o  develop steady 
s t a t e  conditions. A second program, USM (Unsteady Model), is used t o  
model unsteady flow i n  the  canal. We have not looked i n t o  t h i s  model 
and so we do not know how t h e  computations of f low through t h e  reach a r e  
made, how the  in-l ine ga te  discharges a r e  determined, and how the  off-  
t ake  heads are determined. For our research ,  it is important t h a t  the  
o f f t ake  discharges can be modeled i n  some way a s  w e l l  a s  i n  l i n e  flows. 
We may even want t o  be ab le  t o  express t h i s  s t r i c t l y  i n  terms of s truc-  
t u r e  f l e x i b i l i t y  t o  flow changes, r a t h e r  than exact  hydraulics .  The 
USER model is f a i r l y  c o s t l y  t o  run, so  we suspect  i t  i s  based on e a r l i e r  
canal modeling work. 
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We have discussed the development of a canal network model. A network 
model was developed a t  the U. of I l l i n o i s  f o r  open channel sewers. We 
suspect t ha t  t h i s  model would not be capable of handling the control  
s t ruc tures  i n  the  way we need them handled, i f  they have any s t ructures  
a t  a l l .  We might be able t o  learn a considerable amount from t h e i r  ap- 
proach. Other work on canal sewer models was done a t  Colorado S ta te  U. 
by Dennis Morrow, but we're not sure  how t h i s  appl ies  t o  our needs. 

It i s  l i k e l y  tha t  we w i l l  be forced t o  do some model development i n  
order t o  study the nature of control  and the e f f e c t s  of t r ave l  l a g  time. 
Some work on response curves f o r  t rave l  l ag  time were developed by Tamai 
and Iwasaki from the University of Tokyo, Japan. They attempted t o  use 
dimensionless variables t o  develop response time curves which could be 
used f o r  any canal. This has a l o t  of promise and should be pursued. 

Local Controllers for  Dynamic Regulation: Dynamic regulation i s  a con- 
cept f o r  allowing demand operation f o r  a l a rge  canal,  tha t  i s  users  
could take water from t h i s  canal on demand. A f ea s ib l e  scenario would 
be f o r  demand a t  the l a t e r a l  heading and arranged systems within the 
l a t e r a l  canals themselves. The schemes proposed here would probably not 
be capable of handling large diurnal f luc tua t ions  i n  flow (e.g., no 
night time i r r iga t ions) .  Dynamic regulation a s  current ly  defined re- 
quires extensive engineering analysis of canal and s t ruc ture  hydraulics 
s o  tha t  accurate flow ra t e s  and responses can be modelled. 

Two examples of dynamic regulation a r e  t he  Canal de Provance i n  Prance 
which is  predominately predictable M & I and r e s iden t i a l  use, and the 
scheme proposed by Clemmens i n  1979. The bas ic  premise of dynamic regu- 
l a t i on  i s  t ha t  some canal storage i s  ava i lab le  t o  handle shor t  fluctua- 
t ions  i n  demand. Under the Canal de Provance system, the cen t r a l  con- 
t r o l  system responds t o  changes i n  demand and ad jus t s  in-line canal 
gates t o  adjust  flow continuously. The approach by Clemmens assumes 
more storage and l e s s  r e a l  time adjustments (e.g., dai ly) .  

A major consideration f o r  t h i s  approach i s  the e f f e c t  of these changes 
i n  storage and water l eve ls  on flow f luc tua t ions  t o  the  l a t e r a l  canals. 
Of course, automatic flow r a t e  cont ro l le rs  ( l o c a l  o r  remote) could be 
implemented t o  minimize t h i s  consideration. I assume tha t  t he  Canal de 
Provance regulates offtake flow remotely from a cen t r a l  location.  Under 
Clemmens' scheme, part  of the  control  algorithm attempted t o  l i m i t  off- 
take flow var ia t ions  t o  l e s s  then 10%. 

A new approach i s  needed t o  implement t h i s  type of scheme without exten- 
s i v e  remote monitoring and without l a rge  amounts of canal storage. I f  
dynamic regulation could be implemented pr imari ly  with l o c a l  control- 
lers, i t  may have a poss ib i l i ty  of more widespread use. In some ways, 
dynamic regulation attempts t o  s t a r t  with flow r a t e  control  a t  t he  canal 
heading, which reverts t o  upstream cont ro l  immediately downstream, and 
progresses t o  complete downstream cont ro l  a t  t he  lower end of the canal. 
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Current approaches use remote monitoring t o  feed  back downstream con- 
d i t i o n s  t o  a d j u s t  what a r e  e f f e c t i v e l y  upstream cont ro ls .  Now, how can 
t h i s  be done pr imar i ly  wi th  l o c a l  c o n t r o l l e r s ?  

Burt a t  Cal. Poly. i s  a t tempting t o  develop a  f e e d  back system f o r  down- 
stream con t ro l  on s t eep ly  s lop ing  canals  w i th  l o c a l  c o n t r o l l e r s ,  when 
con t ro l  of t h e  supply i s  ava i l ab le .  This has some s t rong  p o s s i b i l i t i e s .  
Under dynamic regula t ion  as used here,  l e s s  con t ro l  of t h e  supply i s  
ava i l ab le  than assumed by Burt.  His scheme uses  a  s e r i e s  of water  l e v e l  
measurements t o  p ro jec t  condi t ions  of the  downstream pool,  similar t o  
o the r  schemes presented e a r l i e r .  

In t h i s  new con t ro l  scheme, l o c a l  c o n t r o l l e r s  would l i t e r a l l y  s t a r t  a s  
upstream c o n t r o l l e r s  a t  t h e  head of t h e  canal  and progress  t o  downstream 
c o n t r o l l e r s  a t  t h e  downstream end. The concept i s  t o  spread t h e  d i f f e r -  
ence between outflows and inf lows ( e r r o r )  over t h e  e n t i r e  canal.  Each 
l o c a l  c o n t r o l l e r  would monitor l e v e l s  both upstream and downstream. The 
g a t e  would be  ad jus ted  according t h e  how f a r  t h e s e  l e v e l s  were from some 
t a r g e t  l eve l s .  For t h e  upstream end of t h e  canal ,  more weight  would be  
given t o  e r r o r s  i n  t h e  upstream water  l e v e l  than  t h a t  g iven  t o  e r r o r s  i n  
t h e  downstream l e v e l .  This  weighting would gradual ly  change s u c h . t h a t  
a t  t h e  downstream end of  t h e  canal ,  almost a l l  weight would be  g iven  t o  
downstream l e v e l  e r ro r s .  Since both upstream and downstream l e v e l s  can 
vary from t h e  t a r g e t  l e v e l s  (e.g., both l e v e l s  above t a r g e t  l e v e l s ) ,  
some means of monitoring t h e s e  e r r o r s  p e r i o d i c a l l y  and a d j u s t i n g  t h e  in -  
f low r a t e  would be necessary. This  i s  meant t o  be  a  much l o o s e r  c o n t r o l  
of canal  inf low t h a t  downstream cont ro l .  

None of t h e  d e t a i l s  on how t o  e s t a b l i s h  e r r o r  weights and where t o  moni- 
t o r  water l e v e l s  has  been evaluated.  It may a l s o  be necessary t o  have 
remote s e t t i n g  of t h e  t a r g e t  water  l e v e l s  t o  account f o r  changes i n  flow 
condit ions and s e t t i n g s .  It i s  hoped t h a t  methods could b e  developed t o  
e s t a b l i s h  t h i s  scheme without  ex tens ive  cana l  hydraul ics  s t u d i e s .  The 
research  on modeling of  c a n a l  hydrau l i c  c o n t r o l s  and t r a v e l  l a g  t r an -  
s i e n t s  may a i d  i n  t h i s  development. 

Select ing canal  con t ro l  s t u c t u r e s :  Some of t h e  b a s i c  c o n t r o l  schemes 
and philosophy of c o n t r o l  a r e  repor ted  i n  published papers.  Table 4 i s  . . 
provided a s  a  guide t o  t h e  type  bf con t ro l -dev ices  whiih can  be app l i ed  
t o  s t r u c t u r e s  i n  d i f f e r e n t  p a r t s  of  t h e  cana l  network. 
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Table 1. Summary of loca t ions  wi th in  t h e  Wellton Mohawk 17.0 l a t e r a l  
where water su r face  monitoring i s  required.  S i t e s  a r e  i d e n t i -  
f i e d  according t o  farm d e l i v e r i e s  o r  check gates .  

Farm Delivery F i e l d  
o r  Canal Check Upstream Canal Downstream Delivery 
Gate I d e n t i f i -  Water Check Water Surface Flume o r  
a t i o n  Surface . Gates o r  Weir Weir Tota l  

Wellton heading 
0.6 CK 
0.9 R 
0.1 L 
1.2 L 
1.4 L 
1.9 L 
2.1 CK 
2.4 L 
2.6 CK 
2.9 
3.0 CK 
3.0 L 

TOTAL 

a One of t h r e e  bubblers recording water  l e v e l  f o r  constant  head o r i f i c e .  
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Table 2. Lis t ing  of program element values f o r  Easy Logger da t a  logging 
u n i t .  

Setup Number Descript ion Value 

Set Location Instrument S i t e  Name 
Set Operator Optional 
Set  Sensors 
Sensor MSW 
F u l l  Scale Range lOOmV DC 
Sensor Formula V 
Set Wiring 
Channel Number 26 
Sensor MSW 
Channel Name ATM 
Channel Number 26 
Sensor MSW 
Channel Name V 1  
Channel Number 26 
Sensor MSW 
Channel Name V2 

... up t o  V8, depending on number 
of measurements pe r  site. 

Set  Scan Time 
Scan I n t e r v a l  15 
Set  Reports 
Report Number 1 
S t a r t  When? blank 
Stop When? blank 
Report I n t e r v a l  15 
R l C l  1st Heading Slope 
R l C l  2nd Heading blank 
RlCl Units mV/f t 
RiCl Source B 
R l C l  Type Ins  t 
R l C l  Decimal 2 
R1C2 1st Heading Off s e t  
R1C2 2nd Heading blank 
R1C2 Units mV 
R1C2 Source A t m  
R1C2 Type I n s t  
R1C2 Decimal 2 
Remaining r e p o r t  columns (up t o  a t o t a l  of 10) head- 
i n g s ,  u n i t s ,  sou rces ,  t ypes ,  and decimal p laces  
expressed depend on s p e c i f i c  information f o r  a given 
s i t e  (e.g., l e v e l  o r  f lowra te  measured, bubbler  
c o r r e c t i o n s ,  flume formulas,  e tc . ) .  
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Table 2. (Continued) 

Set Functions 
Function 1 

Function 2 
Function 3 

Set Delays 
Relay D i g i t a l  
Relay Warm-up 
ATM D i g i t a l  
ATM Delay 
ATM Avg Time 
V1 D i g i t a l  
V 1  Delay 
V 1  Avg Time 
V2 D i g i t a l  
V2 Delay 
V2 Avg Time 
V3 D i g i t a l  
V3 Delay 
V3 Avg %me 
All o t h e r  delays 
r e spec t ive ly .  
V5 D i g i t a l  
V6 D i g i t a l  
V7 D i g i t a l  
V8 D i g i t a l  
Set  Comm Prot  
Baud Rate 
P a r i t y  
Duplex 
Data B i t s  
Lines Per Page 
Character  Delay 
Line Delay 
Abort Character  
Pause Character  
Forward Space 
Line Width 
EOF Sequence 1st 
EOF Sequence 2nd 
EOL Sequence 1st 
EOL Sequence 2nd 
EOP Sequence 1 s t  
EOP Sequence 2nd 
Auto P r i n t  
Set Var Exci t  
Variable Excit  

B=(VI-VZ)/AH 
AH i s  s i t e  s p e c i f i c  
Head(V,O)=(V-ATM)/B+O 
Q(V,O,I,C,E)= 
I* ( ((V-ATM)/B+o)+C)E 

blank 
30 
blank 
300 
5000 
A 
30 
5000 
B 
30 
5000 
AB 
30 
5000 

and average  t imes a r e  30 and 5000, 

AC 
BC 
ABC 
D 

4800 
Even 
Half 
8 
0 
0 
0 
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Table 3. Summary of l oca t ions  within the  Mohawk 42.9 l a t e r a l  where 
water su r face  monitoring is required.  S i t e s  a r e  i d e n t i f i e d  
according t o  farm d e l i v e r i e s  o r  check gates .  

Farm Delivery Upstream Canal Downstream F i e l d  
Canal Check Water Check Water Delivery 
Gate Ident i f  i- Surface Gates Surf ace Flume or  
ca t ion  o r  Weir Weir Total  

Heading 
0.3 
1.2 
1.3R 
1.5L 
1.6L 
1.8 
2.112.2 
2.1Lat-0.7 
2.1Lat-0.9 
2.1Lat-1.2 
2.7R 
2.9Lat 
3.4 
TOTAL 

Table 4.  Control schemes which a re  appropr ia te  f o r  d i f f e r e n t  s t r u c t u r e s  
i n  a canal network. 

Manual Automatic I Heading In- l ine  
I 

con t ro l  I L  R L R 

L - l o c a l  
R - remote 
M - main canal 
L - l a t e r a l  and t e r t i a r y  canals  

M L M L 

upstream 
downstream 
flow r a t e  
con t ro l l ed  volume 
dynamic regula t ion  

I I 
X X X 

X X 
X X X 

X 
X 

X X 
X X X X 
X X 
M x F 

X 
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TITLE: LONGTHROATED FLUEIES AND BROAD-CRESTED WEIRS 

NRP: 20740 CRIS WORK UNIT: 5422-20740-003 

INTRODUCTION 

The t h e o r e t i c a l l y  r e l a t e d  long-throated flumes and broad-crested wei rs ,  
which d i f f e r  only i n  t h e  l o c a t i o n  of t h e  con t rac t ion  i n  t h e  flume 
t h r o a t ,  a r e  experiencing inc reas ing  acceptance and use. The book, - Flow 
Measuring Plumes f o r  Open Channel Systems. (Bos, Replogle,  and Clemmens, 
1984). was a v a i l a b l e  i n  l a t e  1984 and throuehout 1985 and w i l l  soon be  , , - 
a v a i l a b l e  i n  Spanish ed i t ion .  Many consu l t ing  f i rms  and most water- 
i n t e r e s t e d  s t a t e  and f e d e r a l  agencies  now a r e  us ing  i t  t o  des ign  flumes 
f o r  open-channel measurements. The we i r  s t y l e  i s  t h e  most e a s i l y  ap- 
p l i ed  t o  e x i s t i n g  l i n e d  i r r i g a t i o n  canals .  

PROGRESS 

Design 

Two papers on design e n t i t l e d  "Contraction Rat ios  f o r  Weir and FLume 
Designs" (Clemmens, Bos, Replogle) and "Design of Flumes and Weirs f o r  
Flow Measurement" (Bos, Clemmens, Replogle) were prepared. Most flume 
designs inc luding  those  i n  t h e  book mentioned above have had t o  depend 
on choosing amoung a l i m i t e d ,  though l a r g e ,  s e l e c t i o n  o f  previous ly  
c a l i b r a t e d  o r  compute r ra t ed  flumes w i t h  a p p l i c a t i o n s  under  a p a r t i c u l a r  
range of  condit ions.  Flume des igns  o u t s i d e  of t h e s e  ranges  and se lec-  
t i o n s  were b e s t  developed by those  w i t h  ex tens ive  exper ience  and t r a i n -  
ing. Frequently t h e  a p p r o p r i a t e  range of a p p l i c a t i o n  f o r  a p a r t i c u l a r  
flume was not  w e l l  understood b y  t h e  des igne r  and s e l e c t i o n s  were made 
with inadequate regard t o  t h e  channel cond i t ions  i n  which they  were 
placed. This has r e s u l t e d  i n  s e v e r a l  m i s i n s t a l l a t i o n s  of  measuring 
devices and hinders  t h e  acceptance of  f low measurement as a management 
t o o l  i n  i r r i g a t i o n  and o t h e r  water  r e sources  app l i ca t ions .  

The papers  at tempt t o  s impl i fy  proper  des ign  s e l e c t i o n s  and g i v e  due 
regard t o  channel condi t ions .  The p rev ious ly  developed computer model 
t h a t  served t o  genera te  t h e  s e l e c t i o n  des igns  i n  t h e  book was aga in  used 
t o  develop a b a s i c  s e l e c t i o n  c h a r t  where a n  a r e a  r a t i o  i s  used t o  pre- 
s c r i b e  o r  determine t h e  approach channel Froude Number. The c h a r t  i s  
app l i cab le  f o r  rap id  s e l e c t i o n  of  r ec t angu la r  and t r i a n g u l a r  flumes o r  
broad-crested weirs f o r  any channel. The f i r s t  paper concen t ra t e s  on 
development of  t h e  method and t h e  second on i t s  a p p l i c a t i o n .  

In  genera l  t h e  design procedure i s  a n  i t e r a t i v e  p rocess ,  w i th  a number 
of t r i a l s  before a f i n a l  des ign  i s  s e l e c t e d .  The procedure may appear 
complex, but  t h e  va r ious  i t e r a t i o n s  converge r a p i d l y .  The on ly  d i f f i -  
c u l t  p a r t  of t h e  process i s  e s t i m a t i n g  f low cond i t ions  p r i o r  t o  place- 
ment of  t h e  s t r u c t u r e .  In e x i s t i n g  systems,  good f i e l d  obse rva t ions  
w i l l  e l imina te  t h i s .  
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Large Flumes 

Corrections t o  the Sa l t  River Project Flume reported i n  t he  paper a t  
Wyoming, Replogle, 1983 have functioned s a t i s f a c t o r i l y  f o r  another 
season. Immediately a f t e r  t he  corrections were ins ta l led ,  which in- 
volved r a i s ing  the flume c re s t  by about one-half foo t ,  a l a rge  storm 
f i l l e d  the  upstream canal with sediment t o  an  unmeasured leve l .  After- 
wards the flume discharged with a d i s to r t ed  downstream wake t h a t  even- 
t ua l ly  went away. The November canal dryup of 1983 had disclosed a 
large sandbar a hundred yards upstream and near t he  north bank. The 
flume apparently had been swamped with sediment and then had eventually 
cleared i t s e l f  over the season. The remaining deposits  were out of 
range of causing flume problems. 

Streamflow measurements during t h i s  time, spring and summer of 83 had 
shown a s l i g h t  s h i f t  i n  ca l ib ra t ion  compared t o  t h e  or ig ina l  computer 
predictions. These seem t o  be explained by rerunning the computer model 
assuming an average sediment depth of 2 f e e t .  

Further observation during the  dryup of 1984 and 85 have shown tha t  the  
major sediment now entering t h e  channel i s  from s i d e  inflows due t o  
l oca l  rainstorms. These a r e  ins ignif icant .  

A s t ruc tu ra l  problem occurred with t he  l a rge  flume on the  Sa l t  River 
Project  South Canal. m e  designers added some ex t r a  over fa l l  depth 
a f t e r  t he  experience with inadequate o v e r f a l l  (due t o  f i e l d  charge i n  
channel grade tha t  f a i l ed  t o  be carr ied over t o  t h e  or ig ina l  flume 
design) on the f i r s t  large flume described above. The canal l i n i n g  was 
poor and the extra  energy from the excess o v e r f a l l  eventually loosened 
some downstream s l a b  parts.  These were repaired i n  the  f a l l  of 1984, 
but i n  1985 more extensive repa i r s  were made including new s i d e  walls.  
A revised cal ibrat ion was computed f o r  t h e  s l i g h t l y  changed dimensions. 

Errors Due t o  Non-Level Flumes 

A manuscript with a s imilar  name was prepared i n  1985. It is back f o r  
revis ion and changes i n  presentation. 

Sediment-Carrying Flumes 

A flume design f o r  sediment t ransport  capab i l i t y  was b u i l t  but not 
tes ted due t o  diversion of e f f o r t s  t o  i n s t a l l  t h e  new weigh tank system 
f o r  the  Hydraulics Laboratory. A method f o r  accurately  metering sedi- 
ments i n t o  the flow i s  ready but a recovery tank i s  desirable  t o  protect  
the  system pumps. The t e s t  i s  t o  evaluate  a t h roa t  shaped s o  t h a t  the  
veloci t ies  remain high a t  low flows. The f i r s t  t e s t  is  t o  be on a sill  
tha t  i s  lower than usually encountered, and which would ordinar i ly  go t o  
unstable Froude Number flow except t h a t  t he  s idewal ls  slope inward and 
thus provide a changing (decreasing a rea  r a t i o  a t  higher flows). 

Flume Standards 

A t  the request of an ASAE (American Society of Agricul tural  Engineers) 
committee, standards based on our recommendations i n  t he  book a r e  
planned. Only the  basic ou t l ine  and scope have been defined. 
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Handbooks 

A chapter  on flumes was prepared f o r  a C i v i l  Engineering Handbook. It 
conta ins  a shortened ve r s ion  of t h e  o r i g i n a l  book p lus  an  a d d i t i o n  f o r  
c i r c u l a r  flumes . 
A second handbook f o r  t h e  American Society of C i v i l  Engineers ,  AXE, i s  
under way. It w i l l  i nc lude  a general  survey of  a l l  meters  f o r  i r r i g a -  
t i o n  and drainage app l i ca t ions  and concent ra te  on channel  f lows.  Con- 
t r o l  systems f o r  cana l s  may be  added. 

SUMMARY 

Three manuscripts and a handbook chapter  were prepared r e l a t i n g  t o  flume 
design. I k o  papers at tempt t o  s impl i fy  des ign  s e l e c t i o n s  and g ive  due 
regard t o  channel condi t ions .  The previously developed computer model 
t h a t  served t o  genera te  t h e  s e l e c t i o n  designs i n  t h e  book was aga in  used 
t o  develop a b a s i c  s e l e c t i o n  cha r t  where a n  a r e a  r a t i o  i s  used  t o  pre- 
s c r i b e  o r  determine t h e  approach channel Froude Number. The c h a r t  i s  
app l i cab le  f o r  rap id  s e l e c t i o n  of rec tangular  and t r i a n g u l a r  flumes o r  
broad c r e s t e d  weirs  f o r  any channel shape. One paper concen t ra t e s  on 
development of t h e  method and t h e  second on its app l i ca t ion .  

On t h e  l a r g e  flumes (1500-2000 c f s )  i n  t h e  main canals  o f  t h e  S a l t  River  
Pro jec t  I r r i g a t i o n  D i s t r i c t ,  one has  operated ve ry  s a t i s f a c t o r i l y  s i n c e  
changes t o  c o r r e c t  i n s t a l l a t i o n  mistakes were cor rec ted .  A s torm t h a t  
moved heavy sediments i n t o  t h e  canal  caused a small ,  b a r e l y  d e t e c t a b l e ,  
temporary s h i f t  i n  c a l i b r a t i o n s ,  bu t  t h e  sediments c l e a r e d  a f t e r  t h e  
storm f lows ceased. A s t r u c t u r a l  problem r e l a t e d  t o  downstream cana l  
l i n i n g  s t r e n g t h  on t h e  second flume was co r rec t ed  i n  t h e  fall of 1985. 

The t h i r d  manuscript,  dea l ing  wi th  non-level f lumes,  was prepared i n  
1985. It is  back f o r  r e v i s i o n  and changes i n  p resen ta t ion .  A h igh  
sediment car ry ing  flume des ign  was cons t ruc ted  b u t  awa i t s  t e s t i n g .  A 
handbook chapter  on flumes was prepared which inc luded a summary of  pre- 
vious work and a d d i t i o n s  f o r  c i r c u l a r  flumes. Other handbook chapters  
and s tandards  on flumes a r e  under way. 

Future problems t o  cons ider  

1. Use of  flumes wi th  control ,  systems. 
2. Wide-r ange flumes . 
3. Minimum s t r u c t u r e  po r t ab le  furrow flumes. 
4 .  Head de tec t ion  improvements f o r  i n t e r f a c i n g  wi th  c o n t r o l  systems. 
5. Sediment r e s i s t ance .  
6. Flumes used wi th  sediment sampling systems. 
7. Eddy-loss determinat ions f o r  va r ious  o u t l e t  conf igu ra t ions .  

PERSONNEL 

Replogle, J.A., Clemmens, A.J. 
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TITLE: PHOTOSYNTHESIS AND PLANT WATER STATUS OF COTTON UNDER TRICKLE 
AND LEVEL-BASIN IRRIGATION 

NRP : 20740 CRIS WORK UNIT: 5542-20740-003 

INTRODUCTION 

Conservation of i r r i g a t i o n  water i s  of c r i t i c a l  importance f o r  t h e  a r i d  
southwest. New technologies f o r  water conservat ion,  such as  d r i p  irri- 
ga t ion  and new crop c u l t i v a r s  a re  cu r ren t ly  being developed. T r i ck le  
i r r i g a t i o n  has a l ready been shown t o  be economically f e a s i b l e  f o r  south- 
west cot ton production (Wilson and Ayer, 1984, and Ayer e t  a l . ,  1984). 
Cotton l i n t  y i e lds  of as  m c h  as  2250 kg/ha have been achieved us ing  
t r i c k l e  i r r i g a t i o n  i n  c e n t r a l  Arizona (Taylor e t  a l . ,  1983). T r i ck le  
i r r i g a t i o n  has a l s o  been reported t o  be e f f e c t i v e  when t h e  amount of 
water appl ied  is as l i t t l e  as  60% of consumptive u s e  (Hofmann e t  a l . ,  
1985). Less is known about the  e f f e c t s  of f r equen t ly  app l i ed  t r i c k l e  
i r r i g a t i o n  on the physiology of cot ton.  The o b j e c t i v e  of t h i s  experi- 
ment was t o  monitor s e l e c t e d  phys io logica l  c h a r a c t e r i s t i c s  of a s h o r t  
s t a p l e  co t ton  under d a i l y  t r i c k l e  and weekly and bi-monthly leve l -bas in  
i r r i g a t i o n  regimes. 

MATERIALS AND METHODS 

This s tudy was conducted us ing  a subset  of t h e  t rea tments  i n  a l a r g e r  
f i e l d  experiment. For a d e t a i l e d  account of f i e l d  procedures s e e  
French et a l .  (1985) and Bucks et a l .  (1986). P l an t ing  occurred on 11 
Apr i l  1985 a t  the  Universi ty of Arizona Maricopa A g r i c u l t u r a l  Center 
fol lowing a pre-plant i r r i g a t i o n .  An ind iv idua l  p l o t  cons i s t ed  of s ix  
10 m beds, with 1.0 m bed spacing. A neutron probe access  tube  was 
loca ted  i n  t h e  center  of one of t h e  middle beds i n  each p l o t .  The 
c u l t i v a r  used i n  t h i s  experiment was Deltapine 90. The experimental  
design was a randomized complete block with t h r e e  r e p l i c a t i o n s .  

The th ree  i r r i g a t i o n  t reatments  were a s  fol lows:  (1)  a s i n g l e  s u r f a c e  
t r i c k l e  i r r i g a t i o n  l i n e  pe r  two rows i r r i g a t e d  d a i l y ;  (2 )  leve l -bas in  
i r r i g a t e d  weekly; and (3) level-basin i r r i g a t e d  bi-monthly (every o t h e r  
week). Volumetric s o i l  water  content was measured t h e  day of and two 
days a f t e r  each i r r i g a t i o n  of t h e  leve l -bas in  i r r i g a t e d  p l o t s  and once 
every two weeks f o r  t h e  t r i c k l e  i r r i g a t e d  p l o t s .  

A Li-Cor 6000 por tab le  photosynthesis  instrument was used t o  measure n e t  
photosynthesis (Pn), t r a n s p i r a t i o n  (Tr ) ,  s tomata1 conductance (Cs),  l e a f  
temperature (TI),  and ambient temperature (Ta). Measurements were taken 
on a s i n g l e  f u l l y  s u n l i t  l eaf  near  t h e  top of t h e  canopy from t h r e e  
p l an t s  i n  each p lo t .  A l l  t h r e e  p l a n t s  were l o c a t e d  i n  t h e  rows i n  which 
t h e  neutron probe access  tubes were loca ted .  The same l e a v e s  were imme- 
d i a t e l y  removed from t h e  p l an t  a t  t h e  p e t i o l e  and placed i n  sea l ed  ther -  
mocouple psychrometer chambers. The chambers were placed i n  a coo le r  
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and r e tu rned  t o  the  laboratory.  Leaf water p o t e n t i a l s  (WP) were mea- 
sured us ing  the  dew point  method a f t e r  12 t o  16 h r  of e q u i l i b r a t i o n  a t  
approximately 23'C. 

Measurements were made, whenever poss ib le ,  t h e  day before  and the  day 
a f t e r  a level-basin i r r i g a t i o n  between 1100 and 1200 hr .  Measurements 
were made on a t o t a l  of 8 days between June 13 (day 164) and Ju ly  9 (day 
190), t h e  period of peak water use during t h e  growing season.  

RESULTS AND DISCUSSION 

S o i l  moisture content tended t o  decrease over  t h e  l eng th  of t h e  experi-  
ment f o r  a l l  t h ree  i r r i g a t i o n  t reatments  (F igure  1). The two leve l -  
bas in  t rea tments ,  of course,  showed sharp  i n c r e a s e s  i n  s o i l  moisture 
fol lowing i r r i g a t i o n s ,  but the  average r a t e  of decrease  i n  s o i l  moisture 
was s i m i l a r  f o r  a l l  t h ree  t reatments  and i n d i c a t e d  t h a t  t h e  i r r i g a t i o n s  
were not s u f f i c i e n t  t o  rep lace  water l o s t  t o  evapo t ransp i r a t ion  during 
t h e  s tudy.  The da i ly  t r i c k l e  i r r i g a t i o n  t r ea tmen t  appears  t o  have lower 
average s o i l  moisture content than e i t h e r  l eve l -bas in  i r r i g a t i o n  t r e a t -  
ment, y e t  t h e  amount of water appl ied was c a l c u l a t e d  s o  t h a t  a l l  t h r e e  
t rea tments  received approximately t h e  same amount of i r r i g a t i o n  water 
over t h e  coarse of t h e  growing season. The d a i l y ,  weekly, and bi- 
monthly t rea tments  received 876, 994, and 977 mm of water ,  r e spec t ive ly ,  
over t h e  course of t h e  growing season. The t r i c k l e  system, however, 
de l ive red  water t o  t h e  bottom of t h e  furrow s o  t h a t  s o i l  water  content  
was probably underestimated by t h e  neutron measurements which were taken 
from the  cen te r  of t h e  bed. 

WP measurements (Figure 2) i n d i c a t e  t h a t  t h e  d a i l y  t r i c k l e  i r r i g a t e d  
p l a n t s  maintained a f a i r l y  constant  WP with  a l l  measurements between 
about -1.25 and -1.50 MPa. Leaf water potent . ia1 of both leve l -bas in  
i r r i g a t e d  p l o t s  dropped t o  s i g n i f i c a n t l y  lower l e v e l s  on days preceding 
an i r r i g a t i o n ,  days 176 and 190, f o r  example. On t h e s e  two days t h e  
leaves  of t h e  bi-monthly i r r i g a t e d  p l a n t s  were v i s i b l y  w i l t e d .  

Pn (Figure 3) of t h e  d a i l y  i r r i g a t e d  p l a n t s  was a l s o  s i g n i f i c a n t l y  
h igher  than the  leve l -bas in  i r r i g a t e d  p l a n t s  on days 176 and 190, 
i n d i c a t i n g  t h a t  the  level-basin i r r i g a t e d  p l a n t s  experienced a water  
s t ress- induced drop i n  p roduc t iv i ty  p r i o r  t o  i r r i g a t i o n .  WP and Pn 
were l e s s  dependent on c l ima t i c  condi t ions  t h a n  Tr (F igure  4 ) ,  C s  
(Figure 51, o r  t h e  temperature d i f f e r e n t i a l  (TD) between air and l ea f  
temperature (Figure 6),  a l l  of which showed a s t r o n g  dependence upon a i r  
temperature and vapor p res su re  d e f i c i t  (F igure  7). Tr ,  C s ,  and TD 
measurements a l s o  i n d i c a t e  t h a t  t h e  l eve l -bas in  i r r i g a t e d  p l a n t s  were 
under g r e a t e r  s t r e s s  than t h e  d a i l y  i r r i g a t e d  p l a n t s  j u s t  p r i o r  t o  irri- 
gat ion.  

It is i n t e r e s t i n g  t o  note  t h a t  t h e  d a i l y  i r r i g a t e d  p l a n t s  used more 
water than e i t h e r  of t h e  level-basin i r r i g a t i o n  t r e a t m e n t s ,  a s  i nd ica t ed  
by t h e i r  cons i s t en t ly  h igher  Tr and Cs r a t e s ,  y e t  they  were under l e s s  
s t r e s s  and were more product ive,  even though a l l  p l o t s  r ece ived  t h e  same 
amount of i r r i g a t i o n  water .  
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SUMMARY AND CONCLUSION 

The period during which these  measurements were taken coincided with t h e  
per iod  of peak water use during the growing season. Later  dur ing  the  
growing season the  s o i l  moisture content increased and t h e  p l a n t s  were 
under l e s s  s t r e s s .  These measurements a l s o  coincided with t h e  f i r s t  
month of flowering, a  c r i t i c a l  period of development f o r  co t ton .  The 
d e f i c i t  i r r i g a t i o n  during t h i s  c r i t i c a l  period and the  r e s u l t i n g  s t r e s s  
experienced by the  level-basin i r r i g a t e d  p l an t s  caused a  reduct ion  i n  
p roduc t iv i ty  tha t  r e su l t ed  i n  s i g n i f i c a n t l y  lower y i e lds .  Cotton l i n t  
y i e l d s  of t h e  da i ly ,  weekly, and bi-monthly i r r i g a t e d  p l o t s  were 1602, 
1179, and 1260 kg per ha ,  respec t ive ly .  

When cot ton i s  i r r i g a t e d  with l e s s  than t h e  optimum amount of water i t  
appears t h a t  a  da i ly  t r i c k l e  i r r i g a t i o n  regime r e s u l t s  i n  l e s s  s t r e s s  
and g rea t e r  product iv i ty  than less f r equen t ly  appl ied  leve l -bas in  irri- 
ga t ions .  
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DAY OF YEAR 
Figure 1. Volumetric s o i l  moisture content of daily t r i ck le ,  and weekly and bi- 

monthly irrigated plots .  Each point represents mean of three measurements. 
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DAY OF YEAR 
Ire 2. Leaf water potential  of daily t r i ck le ,  and weekly and bi-monthly i rr igat  

cotton. Each point represents mean of 9 measurements. 
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DAY OF YEAR 
Figure 3. Net photosynthesis of daily trickle, and weekly and bi-monthly irrigated 

cotton. Each point represents mean of 9 measurements. 

Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



DAY OF YEAR 
Figure 6 .  Temperature d i f f erent ia l  (a ir- leaf ,  O C )  of daily t r i c k l e ,  and weekly and 

bi-monthly irrigated cotton. Each point represents mean of 9 measurements 
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DAY OF YEAR 

Figure 7. Vapor pressure d e f i c i t  (top) and a i r  temperature (bottom) a t  1200 
hr MST for  days on which physiological measurements were taken. 
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TITLE: TRICKLE AND LEVEL BASIN IRRIGATION OF COTTON ON A SANDY LOAM 
SOIL 

NRP : 20160 CRIS WORK UNIT: 5510-20740-003 

INTRODUCTION 

The t r i c k l e  and level-basin i r r i g a t i o n  management research  on cot ton  be- 
gan i n  1983. The ob jec t ive  of t h e  1985 experiment was t o  determine t h e  
e f f e c t s  of i r r i g a t i o n  water  placement and frequency f o r  t r i c k l e  and 
level-basin i r r i g a t i o n  methods under optimum moisture condi t ions  f o r  
conventional and narrow-row plant ings  using t h e  newer shor t - s t ab le  cot- 
ton v a r i e t i e s .  

Field Procedures 

Cotton v a r i e t i e s  of  DPL-775, DPL-90, DPL-41, and S tonev i l l e  825 were 
planted on t h e  conventional 1.0 m (40 inch)  row spacing on A p r i l  5, 1985 
a t  t h e  Maricopa Agr i cu l tu ra l  Center ,  Univers i ty  of Arizona, on a sandy 
loam s o i l .  A t  t h e  same time DPL-775, DPL-90, DPL-30, and DPL-70 were 
planted on t h e  narrow-row, 0.75 m (30 inch)  row spacing. A Stanhay pre- 
c i s i o n  p l a n t e r  was used wi th  t h e  same p lan t ing  r a t e  on both  row spacings.  
To give each row spacing equal  opportuni ty f o r  g e m i n a t i o n  both  row spac- 
ings  were i r r i g a t e d  up. An exce l l en t  s t and  was obtained on both  row 
spacings wi th  p l a n t  d e n s i t i e s  of 81,500 and 108,700 p l a n t s  pe r  hec ta re  
on t h e  conventional  and narrow row p lan t ings ,  r e spec t ive ly .  Each t r e a t -  
ment p l o t  was 10 m (33 f e e t )  long  and cons is ted  of  24 rows w i t h  6 rows 
of each of  t h e  f o u r  v a r i e t i e s ,  as shown i n  F igure  1. The v a r i e t i e s  were 
randomized wi th in  t h e  f i v e  i r r i g a t i o n  t rea tments  which were r e p l i c a t e d  
s ix  times. 

The f i v e  i r r i g a t i o n  t rea tments  f o r  1985 were a s  fol lows:  (1) a s i n g l e  
t r i c k l e  i r r i g a t i o n  l i n e  p e r  two rows i r r i g a t e d  d a i l y ;  (2)  a s i n g l e  
t r i c W e  l i n e  per  two rows i r r i g a t e d  twice weekly; (3 )  a s i n g l e  t r i c k l e  
l i n e  pe r  t h r e e  rows i r r i g a t e d  da i ly ;  (4)  leve l -bas in  every  furrow irri- 
gated weekly; and (5) level-basin,  every furrow i r r i g a t e d  biweekly 
(every two weeks). I r r i g a t i o n  scheduling was based on h i s t o r i c a l  ( E r i e  
e t  a l . ,  1982) and meteorological  es t imates  of evapo t ransp i r a t ion  wi th  - 
conventional and narrow-row co t ton  rece iv ing  t h e  same water applica-  
t ions .  Regular i r r i g a t i o n  t rea tments  commenced on May 29 and continued 
through September 23. S o i l  water  was measured weekly on t h r e e  r ep l i ca -  
t e s  t o  a depth of  1.8 m (6  f t )  with neutron moisture meters  on t r e a t -  
ments 1, 4, and 5 f o r  DPL-775 and DPL-90 v a r i e t i e s .  Treatment 1 was 
monitored t o  show placement and uniformity of s o i l  water  con ten t s ,  
whereas t reatments  4 and 5 and were used f o r  e s t i m a t i n g  t h e  water  con- 
sumed by t h e  co t ton  crop. 
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11 The t r i c k l e  l i n e  used was the l r r i de l co -  system with in- l ine  2L/h (0.5 
gal /h)  emit ters  placed 1 m (40 i n )  apart along the l ine .  The water sup- 
ply was from two farm wells and was f i l t e r e d  through sand f i l t e r s  fol-  
lowed by a screen f i l t e r  with 74 micron (200 mesh) openings. The elec- 
t r i c a l  conductivit ies of the two wells were about l.ldS/M (690 mg/l) and 
3.2dS/M (2070 mg/l), respectively. Approximately two th i rds  of the  
water applied was from the good qual i ty  well. The i r r i g a t i o n  water ap- 
plied was measured through household, 2 cm (0.75 inch) diameter, propel- 
ler-type water meters. The furrow p lo ts  were i r r i ga t ed  by del iver ing 
water through a 15 cm (6 i n )  main l i n e  followed by 5 cm (2 i n )  l a t e r a l  
l i ne s  t o  t h e  individual plots.  Water applied was measured through a 10 
cm (4 i n )  diameter, p rope l le r type  water meter f o r  a l l  furrow i r r i ga -  
t ions . 
F e r t i l i z e r  applications were made through both i r r i ga t ion  systems i n  the  
form of l i qu id  UN32. A t o t a l  of 297 kg/ha (265 l b s  N/AC) was applied a t  
a r a t e  of 34 kg(30 l b )  of N per week over a nine-week period beginning 
on June 3 and f inishing on August 4 on a l l  treatments. Cotton leaf  
pe t io le  samples were taken beginning on June 12, continued every two 
weelcs through September, and analyzed f o r  n i t r a t e a i t r o g e n .  In addi- 
t ion,  t he  s o i l  was sampled i n  October t o  a 120 c m  (4 f t )  depth and anal- 
yzed f o r  n i t r a t e s  and t o t a l  dissolved s a l t s .  

The cotton f i e l d  was defoliated i n  ear ly  and l a t e  October. On November 
4, two rows 9.1 m (30 f t )  long were harvested from the 6 row p lo t s  f o r  
a l l  va r i e t i e s  and row spacings on treatments 1, 2, 4, and 5 except three 
rows were harvested f o r  treatment 3 (a  s ing le  t r i c k l e  l i n e  per th ree  
cotton rows i r r iga ted  daily).  

RESULTS AND DISCUSSION: 

The t o t a l  amount of water applied plus r a i n f a l l  on t r i c k l e  and level-  
basin i s  shown i n  Table 1. More water was applied t o  the level-basin 
p lo t s  ear ly  i n  the  season t o  get adequate coverage over t he  p lo t s ,  which 
accounted f o r  the higher t o t a l s  on the level-basin plots .  Some of t h i s  
extra  water applied may have been l o s t  t o  deep percolation. The nunber 
of i r r i ga t ions  ranged from 102 on the da i ly  t r i c k l e  (treatments 1 and 3) 
t o  9 on the  biweekly level-basin prac t ice  (treatment 5). The 1965 con- 
sumptive water use f o r  cotton was 1002 mm (39.5 i n )  on t h e  level-basin 
i r r i ga t ion  treatments (Figure 2). 

Leaf pe t io le  samples taken throughout the growing season (Table 2) 
indicate  that  an adequate nitrogen supply was ava i lab le  t o  the  cotton 
plants and tha t  a s imilar  nitrogen use pa t te rn  with time resul ted f o r  
the  two row spacings, d i f fe ren t  va r i e t i e s ,  and various i r r i g a t i o n  t r ea t -  
ments. Nitrate-nitrogen leve ls  were s u f f i c i e n t  a t  t he  beginning of sam- 
pling and decreased gradually through the growing season u n t i l  l eve l s  
were very minimal a t  seasons end. Soi l  s a l i n i t y  was low considering 
water qual i ty  and residual s o i l  nitrogen was a l s o  low a t  the end of the  
growing season (Table 3).  

.L/ Trade names and company names are  included f o r  t h e  benef i t  of the 
reader and do nc t  imply any endorsement o r  p re fe ren t i a l  treatment of 
the  product l i s t e d  by the U. S. Department of Agriculture. 
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A maximum l i n t  y i e l d  of  2135 kglha(1906 l b f a c ,  3.8 b a l e s l a c )  was 
achieved by t h e  DPL-90 v a r i e t y  with t h e  s i n g l e  t r i c k l e  i r r i g a t i o n  l i n e  
pe r  every two rows i r r i g a t e d  d a i l y  ( t reatment  1) on t h e  narrow-row spac- 
i n g ,  a s  shown i n  Table 4. L in t  y i e l d s  from t h e  s i n g l e  t r i c k l e  l i n e  pe r  
two co t ton  rows ( t rea tment  1) i r r i g a t e d  d a i l y  produced 20% and 10% more 
l i n t  than  t h e  leve l -bas in  i r r i g a t i o n  method ( t rea tment  4) i r r i g a t e d  
weekly on t h e  conventional  and narrow-row spacings,  r e s p e c t i v e l y .  
Cotton l i n t  y i e l d s  were reduced by 13% and 24% on t h e  s i n g l e  t r i c k l e  
l i n e  pe r  t h r e e  co t ton  rows ( t reatment  3) as compared wi th  a s i n g l e  
t r i c k l e  l i n e  pe r  two c o t t o n  rows ( t reatment  1 )  i r r i g a t e d  d a i l y  on t h e  
conventional  and narrow-row spacings,  r e spec t ive ly .  The d a i l y  versus  
twice weekly t r i c k l e  i r r i g a t i o n s  ( t reatment  1 and 2) i n d i c a t e d  a 6% and 
13% i n c r e a s e  f o r  t h e  conventional  and narrow-row p l a n t i n g s ,  respec- 
t i v e l y ,  i n  f avor  of t h e  more f requent  t r i c k l e  i r r i g a t i o n  f o r  t h e  con- 
d i t i o n s  of  t h i s  experiment. 

The weekly level-basin i r r i g a t i o n  t reatment  outy ie lded  t h e  biweekly 
schedule by 10% on t h e  conventional spacing bu t  by 33% on t h e  narrow-row 
spacing. This may have r e s u l t e d  from more i r r i g a t i o n  water  app l i ed  t o  
t h e  weekly t reatment  e a r l y  i n  t h e  growing season i n  o r d e r  t o  g e t  ade- 
quate coverage over  t h e  p l o t s .  Also, temperatures were unseasonably hot  
i n  l a t e  June and e a r l y  J u l y ,  which may have had a b e n e f i c i a l  e f f e c t  on 
t h e  weekly t reatments  and t h e  narrow-row spacing. V a r i e t a l  response 
i n d i c a t e s  t h a t  t h e  new DPL-775 v a r i e t y  was b e s t  f o r  bo th  row spac ings  
f o r  t h i s  p a r t i c u l a r  year .  Overal l  t h e  narrow-row spac ing  outy ie lded  t h e  
conventional row spacing by 15%, which could be a t t r i b u t e d  i n  p a r t  t o  
t h e  33% higher  p l a n t  popula t ion  on t h e  narrow-row compared w i t h  conven- 
t i o n a l  p l an t ings  . 
SUMMARY AND CONCLUSIONS 

Both t r i c k l e  and leve l -bas in  i r r i g a t i o n  methods, when p rope r ly  managed 
and operated,  achieved h igh  co t ton  y i e l d s  and water  u s e  e f f i c i e n c i e s  
on a low water  hold ing  capac i ty  s o i l  i n  1985. A maximum l i n t  y i e l d  of  
2135 kg/ha (3.8 b a l e s l a c )  was achieved f o r  t h e  DPL-90 v a r i e t y  wi th  a 
s i n g l e  t r i c k l e  i r r i g a t i o n  l i n e  pe r  every two rows i r r i g a t e d  d a i l y  on 
t h e  narrow-row spacing a l though t h e  new DPL-775 was b e s t  o v e r a l l .  The 
s i n g l e  t r i c k l e  l i n e  p e r  every  two rows i r r i g a t e d  d a i l y  averaged 10% 
more l i n t  co t ton  than  t h e  level-basin,  every furrow i r r i g a t e d  weekly 
f o r  both row spacings. The narrow-row p lan t ings  (0.75 m between rows) 
outyielded t h e  conventional  p l an t ing  (1.0 m between rows) by 15X, p a r t l y  
because of h igher  p l a n t  populat ions.  Daily t r i c k l e  i r r i g a t i o n s  averaged 
about 10% more y i e l d  t h a n  t h e  twice weekly t r i c k l e  i r r i g a t i o n s ,  and t h e  
weekly level-basin i r r i g a t i o n s  averaged over  20% i n c r e a s e  i n  y i e l d  over  
t h e  biweekly (every two weeks) level-basin i r r i g a t i o n s .  Light-frequent  
i r r i g a t i o n s  can be  advantageous f o r  nonhomgenous s o i l s  i n  t h e  semiar id  
southwestern United S t a t e s  and t h e  newer s h o r t - s t a b l e  c o t t o n  v a r i e t i e s  
appear t o  have a lower water  requirement than  those  p l a n t e d  i n  t h e  
1970's. 
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PERSONNEL: 

D. A. Bucks and 0. F. French (U. S. Water Conservation Laboratory);  D. 
E. Powers and W. L. Alexander (Universi ty of  Arizona, Maricopa 
A g r i c u l t u r a l  Center).  

Table 1. Water appl ied  a s  i r r i g a t i o n  water  p l u s  r a i n f a l l  w i th  t r i c k l e  
and level-basin i r r i g a t i o n  systems,  1985.11 

I r r i g a t i o n  No, of To ta l  Water T o t a l  Water 
~ r e a t m e n a  I r r i g a t i o n s  Applied (mm) Applied (mm) 

1.0 m Furrows 0.75 m Furrows 

R a i n f a l l  t o t a l e d  30 mm (1.2 i n )  throughout t h e  growing season. 
2/ I r r i g a t i o n  t rea tments  a r e  l i s t e d  i n  procedures.  

Table 2. Average co t ton  p e t i  le  ana lyses  f o r  Nitrate-Nitrogen (mg/l) 
I? w i t h  time i n  1985.- 

Sampling Dates 

Spacing Var ie ty  6/12 6/26 7/9 7/27 8/16 911 9/16 

DPL-775 13900 10200 8100 6700 6000 4850 2400 
1.0 m DPL-90 13000 9600 7400 6100 4900 3100 1500 

DPL-41 16700 12200 8400 7300 5600 4000 2600 
Stone. 825 12900 8900 7000 6000 4850 3550 2200 

Each number r ep resen t s  mean of  5 i r r i g a t i o n  t r ea tmen t s  and 3 r ep l i ca -  
t i o n s .  
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Table 3. S o i l  ana lys i s  f o r  t h e  1985 Cotton Experiment. 

S o i l  Depths (cm) 

0-5 0-30 30-60 60-0 90-120 

Total  Dissolved 1021 1052 1083 753 676 
S a l t s  (g/m3) 

N i t r a t e  (mg/l) 16 13 14 10 11 
Nitrogen 

Table 4. Average l i n t  c o t t o n  y i e lds  f o r  t r i c k l e  and level-basin i r r i g a -  
t i o n  methods from machine picked p l o t s  on November 4, 1985. 

Row Cotton I r r i g a t i o n  Treatment-  11 
Spacing Variety 1 2 3 4 5 Me an 

L i n t  Yield (kg/ha)z/ 

Stone. 825 1513 1318 1418 
Mean 1676a 1574ab 1487bc 

DPL-775 1833 1748 1662 
0.75 m DPL-90 2135 1704 1541 

DPL-30 1904 1829 1560 
DPL-70 2027 1725 1585 
Mean 1975a 1752b 1587c 

11 I r r i g a t i o n  t reatments  a r e  l i s t e d  i n  procedures; each number repre-  
s e n t s  a mean of 6 r e p l i c a t i o n s .  

.?./ 560 kglha = 1.0 ba le l ac ;  l i n t  percentage averaged 37.7%. 

3/ Means wi th in  column and rows wi th  t h e  same l e t t e r  a r e  not  s i g n i f i -  
cant ly  d i f f e r e n t  a t  t h e  .05 l e v e l .  
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1985 COTTON EXPERIMENT-MARICOPA AGRICULTURAL CENTER 

* A l l  measurements i n  meters 

I r r i g a t i o n  Treatments 

1. A s i n g l e  t r i c k l e  l i n e  per  two cot ton  rows i r r i g a t e d  da i ly .  V a r i e t i e s  
2. A s i n g l e  t r i c k l e  l i n e  per  two cot ton  rows i r r i g a t e d  twice weekly. 1. DPL-775 1. DPL-775 
3. A s i n g l e  t r i c k l e  l i n e  per  t h r e e  co t ton  rows i r r i g a t e d  da i ly .  2. DPL-90 2. DPL-90 
4. Every furrow wi th  t h e  level-basin method i r r i g a t e d  weekly. 3. DPL-41 3. DPL-30 
5. Every furrow wi th  t h e  level-basin method i r r i g a t e d  bi-weekly. 4. STONE.825 4. DPL-70 

1.0 m rows 0.75 m rows m 
Figure 1. P lan t ing  diagram f o r  1985 cot ton  experiment a t  the  Maricopa .c- 

Agr icu l tu ra l  Center,  Maricopa, AZ. 
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DPL-775 AND DPL-90 
COTTON VARIETIES 

Figure 2. Mean S o i l  Water Depletion Curve for Cotton Irrigated by the  Level-Basin 
Method a t  the Maricopa Agricultural Center, Maricopa AZ, 1985. 
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TITLE: CROP YIELD VARIABILITY I N  IRRIGATED LEVEL BASINS 

CRIS WORK UNIT: 5422-20740-004 

INTRODUCTION 

S p a t i a l  v a r i a b i l i t y  i n  i r r i g a t e d  a g r i c u l t u r e  has been recognized f o r  
many years.  However, as l imited water supp l i e s ,  expensive energy, and 
inc reas ing  c a p i t a l  cos ts  force  producers t o  manage resources more e f f i -  
c i e n t l y ,  t h e  e f f e c t s  and l i m i t a t i o n s  imposed by v a r i a t i o n s  i n  s o i l  para- 
meters and i r r i g a t i o n  system behavior become more s i g n i f i c a n t .  One 
s e r i o u s  l i m i t a t i o n  t o  optimum design and management of i r r i g a t i o n  sy?- 
tems is the s c a r c i t y  of information on t h e  e f f e c t s  which s o i l  var iab i -  
l i t y  and water app l i ca t ion  uniformity have on crop y i e l d ,  p a r t i c u l a r l y  
under reduced water use. An understanding of the expected v a r i a b i l i t y  
i n  i r r i g a t e d  crops should not only be used t o  improve i r r i g a t i o n  des igns ,  
but a l t e r  i r r i g a t i o n  water management scheduling p rac t i ces .  

V a r i a b i l i t y  i n  crop production can be a t t r i b u t e d  t o  any number of fac- 
t o r s ,  such as  cl imate,  s o i l ,  f e r t i l i t y ,  c u l t u r a l  p r a c t i c e s ,  and i r r i g a -  
t i on .  However, wi th in  an i r r i g a t e d  f i e l d ,  c l ima t i c  and c u l t u r a l  f a c t o r s  
a r e  more or  l e s s  uniform and the s p a t i a l  d i s t r i b u t i o n  of crop y i e l d  w i l l  
be l a r g e l y  inf luenced by va r i a t ions  i n  s o i l  and i r r i g a t i o n  (Warrick and 
Gardner, 1983). I f  the  water appl ied  through an i r r i g a t i o n  system is 
d i s t r i b u t e d  unevenly within the  f i e l d ,  crop y i e l d  may be reduced i n  some 
a reas  due t o  the  e f f e c t s  of i n s u f f i c i e n t  water. Excessive water ing may 
a l s o  occur i n  some por t ions  of t h e  f i e l d .  Although t h i s  can have a  
n e g l i g i b l e  e f f e c t  on y i e ld ,  excessive moisture is o f t e n  a s soc ia t ed  wi th  
o t h e r  f a c t o r s  cont r ibut ing  t o  y i e l d  l o s s e s  such a s ,  p l an t  lodging,  re- 
duced ae ra t ion  i n  t h e  root  zone, n u t r i e n t  leaching ,  and d isease .  I n  
e i t h e r  case, the d i s t r i b u t i o n  of s o i l  water i n  an i r r i g a t e d  a rea  i s  
c lose ly  linked with the e f f i c i e n t  use of water ,  f e r t i l i z e r ,  and o t h e r  
production inputs.  

Recent research (Seginer ,  1978; S t e m  and Bres l e r ,  1983; Warrick and 
Gardner, 1983: Feinerman, et&., 1983; Russo, 1984) i n d i c a t e s  an in- 
creased i n t e r e s t  i n  s p a t i a l  v a r i a b i l i t y  as  i t  a f f e c t s  crop production. 
It i s  genera l ly  accepted tha t  v a r i a b i l i t y  i n  s o i l  p r o p e r t i e s  and i r r i g a -  
t i o n  uniformity is responsible  f o r  some of t h e  v a r i a b i l i t y  i n  crop y i e l d .  
However, information on how much these  f a c t o r s  a f f e c t  y i e l d  is q u i t e  
l imi t ed ,  p a r t i c u l a r l y  under su r face  f i e l d  i r r i g a t i o n .  The o b j e c t i v e  of 
t h i s  study was t o  determine the  r e l a t i o n s h i p  between t h e  uni formi ty  of 
water  appl ied by t h e  level-basin i r r i g a t i o n  method, s o i l  moisture va r i -  
a b i l i t y  and i t s  e f f e c t  on y i e l d  under d i f f e r e n t  l e v e l s  of i r r i g a t i o n  and 
bas in  lengths.  

FIELD PROCEDURES 

The 1985 study was conducted on a  v a r i a b l e  sandy loam t o  sandy c l ay  loam 
f i e l d ,  168 by 151 m (551 by 825 f t ) ,  l oca ted  on t h e  Maricopa Agricul- 
t u r a l  Center, Universi ty of Arizona, near  Maricopa, AZ. Durum wheat 
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(Tri t icum d u r n  - 
a c )  on t h e  f l a t  
f t ) ,  on January 

cv. Aldura) was planted a t  a rate of 129 kg/ha (115 l b /  
i n  12 l e v e l  borders ,  1 4  m wide by 244 m long  (46 by 800 
3, 1985. The 12 borders  were separa ted  i n t o  s i x  d i f f e r -  

e n t i a l  t rea tments  r e p l i c a t e d  twice,  i n  a randomized block des ign  (Figure 
1).  Treatments cons is ted  of  t h r e e  i r r i g a t i o n  l e v e l s  and two border  
lengths .  The t h r e e  seasona l  i r r i g a t i o n  t rea tments  were des ignated  Wet 
( I l ) ,  Medium ( I2 ) ,  and Dry ( I3)  and designed t o  r e p l a c e  100, 75  and 50 
percent  of  the  expected evapot ranspi ra t ion  (ET), r e s p e c t i v e l y .  I r r i g a -  
t i o n  scheduling was based on h i s t o r i c a l  ( E r i e  e t  a l . ,  1981) e s t i m a t e s  of 
evapot ranspi ra t ion  and measured s o i l  moisture Z p E t i o n ,  a s  we l l  as ad- 
ju s t ed  f o r  the  p l an t ing  d a t e  and c l i m a t i c  condi t ions .  Border l eng ths ,  
des ignated  long and s h o r t  were 244 and 183 m (800 and 600 f t ) ,  respec- 
t i v e l y  . 
Before p l an t ing ,  t h e  e n t i r e  f i e l d  was plowed, laser - leve led  and top- 
dressed wi th  n i t rogen a t  a r a t e  of 90 kg/ha (80 lb / ac ) .  Neutron access  
tubes were i n s t a l l e d  t o  a depth of 2.1 m ( 7  f t )  and placed a t  15 m (50  
f t )  spac ings  down t h e  c e n t e r  of each border  f o r  a t o t a l  of  1 5  access  
tubes i n  long orders ,  and 11 access tubes  i n  s h o r t  borders  (52  tubes  i n  
each i r r i g a t i o n  t rea tment ) .  In  one of t h e  borders ,  t h r e e  a d d i t i o n a l  
access  tubes  were i n s t a l l e d  a t  each 15 m spac ing  f o r  a t o t a l  of  44 access  
tubes i n  t h a t  border. (The a d d i t i o n a l  tubes  were used i n  a companion 
s tudy on i n f i l t r a t i o n ) .  Figure 1 shows t h e  l o c a t i o n  of each access  tube  
i n  t h e  s tudy  s i t e .  S o i l  samples were c o l l e c t e d  i n  25 c m  (9.8 i n )  i nc re -  
ments t o  a depth of  100 cm (3.3 f t )  be fo re  p l a n t i n g  and aga in  fo l lowing 
ha rves t  a t  each neutron access  tube  loca t ion .  I n  a d d i t i o n ,  s o i l  samples 
were taken  pe r iod ica l ly  throughout t h e  i r r i g a t i o n  season a t  t h e  t h i r d ,  
seventh and t e n t h  access  tube  of  each border.  These samples are cur- 
r e n t l y  be ing  analyzed f o r  s o i l  t e x t u r e ,  bulk d e n s i t y ,  and chemical pro- 
p e r t i e s .  

The i r r i g a t i o n  system w a s  l a s e r c o n t r o l l e d  l e v e l  bas ins .  Rectangular  
cana l  g a t e s ,  0.61 by 0.71 m (24 by 28 i n ) ,  were i n s t a l l e d  i n  t h e  water  
supply d i t c h  a t  t h e  head of each border.  The wa te r  d e l i v e r y  r a t e  was 
measured during each i r r i g a t i o n  by a flume l o c a t e d  i n  t h e  supply d i t c h  
which was connected t o  a n  automatic  water  l e v e l  r e c o r d e r  (Bos, Replogle,  
and Clemmens, 1984). The water  supply came from two farm w e l l s  having 
e l e c t r i c  conduc t iv i t i e s  of about 1.1 dSlm (690 mg/L) and a combined de- 
l i v e r y  r a t e  which ranged between 153 and 164 L/s (5.4 and 5.8 c f s ) .  
A l l  borders  were,given a pre-plant i r r i g a t i o n  of approximately 127 mm 
(5.0 i n )  f o r  p l a n t  establ ishment  on December 22 and 23, 1984. I n  addi- 
t i o n ,  38 mm (1.5 i n )  of r a i n f a l l  occurred on December 27 and 28, 1984. 
S o i l  wa te r  contents  were measured a t  a 20 and 30 cm dep th ,  and a t  each 
subsequent 20 c m i n t e r v a l  t o  a depth of 190 cm at a l l  access  tube  loca-  
t i o n s .  The neutron moisture meters were c a l i b r a t e d  f o r  a t y p i c a l  s o i l  i n  
t h e  f i e l d .  S o i l  water  content  measurements began a f t e r  p l a n t  emergence 
on February 13. Regular i r r i g a t i o n  t r ea tmen t s  began March 1 5  and con- 
t inued  through May 7. The average i r r i g a t i o n  amounts and i r r i g a t i o n  
d a t e s  f o r  the  fou r  borders  i n  t h e  Wet (I1) t r ea tmen t  ( f i v e  i r r i g a t i o n s )  
were 129.6 mm (5.1 i n )  on March 15, 113.9 mm (4.48 i n )  on A p r i l  3,  103.0 
mm (4.05 i n )  on A p r i l  12, 125.8 mm (4.95 i n )  on A p r i l  26, and 102.6 am 
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(4.04 in) on May 7. The Medium (12) treatment (four irrigations) re- 
ceived average amounts of 140.3 m (5.52 in) on March 21, 113.8 mm (4.48 
in) on April 9, 101.1 mm (3.98 in) on April 18, and 104.4 mm (4.11 in) 
on May 7. The Dry (13) treatment (two irrigations) received average 
amounts of 133.2 m (5.24 in) on April 3, and 117.7 m (4.63 in) on 
April 18. Fertilizer applications were made through the irrigation 
water in the form of liquid UN32 to all treatments at the early heading 
stage of crop development. A total of 90 kg/ha (80 lb/ac) was applied 
on April 3 to the Wet (I1) and Dry (13) treatments, and on April 9 to 
the Medium (12) treatment. Soil water measurements were made at all 52 
access tube sites within a treatment, one day prior to irrigation and 
three days after irrigation. Figures 2-4 show the average soil moisture 
contents to a depth of 1.6 m (5.3 ft) for the 52 locations within an 
irrigation treatment and the dates and amounts of irrigation water added 
for the three treatments. Figures 2-4 also show the estimated field 
capacity, permanent wilting point, and average soil moisture depletion 
one day prior to irrigation. 

The amount of water applied during each irrigation at a particular ac- 
cess tube site was estimated with the assumption that drainage (if any) 
and evapotranspiration occurred uniformly throughout the border during 
the time period between irrigation and the soil moisture measurements 
taken three days later. The average change between pre-and post-irriga- 
tion soil water contents to a depth of 2.0 m (6.6 ft) from all tube 
sites within a border was subtracted from the average irrigation depth 
measured at the flume. This difference was then added to the change in 
soil water contents at the individual sites to obtain the estimated 
water application depths. The cumulative soil moisture depletion (esti- 
mated evapotranspiration) at an access tube site included the sum total 
of the measured change in soil water contents at an assumed crop rooting 
depth of 1.0 m (3.3 ft) during drying cycles of the growing season. 
Added to this was the estimated soil moisture depletion that occurred 
over the five day interval when an irrigation took place between soil 
moisture measurements. The total water expense (gross water applied) at 
each access tube site included all water received by irrigation and 
rainfall (8.0 m during the growing season) plus the amount of water 
consumed prior to irrigation from stored soil moisture. 

Meteorological factors were monitored by two portable weather stations 
equipped with CR21 microloggers. One station was placed near the center 
of a Wet (11) treatment border and the other on a nearby alfalfa field. 
Advance, recession, and infiltration rates were monitored for all irri- 
gations on one border of the Medium (12) treatment. Plant canopy tem- 
perature measurements were made periodically using an infrared thermome- 
ter (IRT) at each access tube site of four borders (two Dry, one Medium, 
and one Wet). Plant nitrogen uptake and nutrient levels were obtained 
periodically at the third, seventh and tenth access tube site location 
of each border. 

Individual grain yield samples were machine and hand harvested between 
June 10 and June 20. Three transects, 1.27 m (50 in) in width, were es- 
tablished down the length of each border. The row of access tubes with- 
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i n  each border served a s  t h e  center  l i n e  of t h e  d d d l e  t r a n s e c t .  The 
two o u t e r  t r a n s e c t s  were centered a  d i s t ance  of 2.3 m (7.5 f t )  from t h e  
row of access  tubes. Samples ranging between 5.8 and 7.0 m (19 and 23 
f t )  i n  length  were harvested by a  combine a long t h e  length  of each t ran-  
s e c t  separa ted  by a  0.9 m (3.0 f t )  bu f fe r  between adjacent  samples. The 
sampling scheme was such t h a t  each access  tube s i t e  was loca ted  i n  t h e  
approximate center  of a  harvested a rea  with an average h a r v e s t  a rea  of 
8.0 m2 (88.0 f t2 ) .  The borders were harvested i n  t h i s  manner except a t  
t h e  t h i r d ,  seventh and t en th  access tube sites. These s i t e s  were hand 
harvested i n  f i v e  or  s i x  ind iv idua l  1.0 m2 (10.8 f t 2 )  a r e a s  along the  
middle t r ansec t .  A l l  harvested p l o t s  were measured and t h e  g r a i n  was 
cleaned and weighed f o r  y i e l d  determination. From each y i e l d  sample 
centered about an access  tube site, g r a i n  bushel  weight,  and p r o t e i n ,  
n i t rogen ,  and yellowberry percentages were determined. 

RESULTS AND DISCUSSION 

Grain y i e l d  (Y) and t h e  following soi l -water  v a r i a b l e s  were est imated by 
f i e l d  measurements made a t  each neutron access  tube l o c a t i o n  (subplo ts ) .  
The soi l -water  va r i ab le s  include the  t o t a l  s easona l  i r r i g a t i o n  water 
appl ied (Q) ; t o t a l  seasonal  gross  water  app l i ed  (GWA) ; cumulat ive seaso- 
n a l  s o i l  moisture dep le t ion  (SMD); and average volumetr ic  s o i l  moisture 
contents  i n  1.0 m (3.3' f t )  of s o i l ,  during t h e  growing season (TI, one 
day p r i o r  t o  i r r i g a t i o n  (Bp), and t h r e e  days a f t e r  i r r i g a t i o n  

A two f a c t o r ,  randomized block, a n a l y s i s  of va r i ance  (Table 1 )  was per- 
formed sepa ra t e ly  on each v a r i a b l e  by t r e a t i n g  t h e  v a r i a b l e  averages,  
ca l cu la t ed  from subplo ts  wi th in  a  border ,  a s  t h e  independent,  random ob- 
serva t ions .  The a n a l y s i s  i nd ica t ed  s i g n i f i c a n t  d i f f e r e n c e s  ( p  <0.05) 
due t o  i r r i g a t i o n  between a11 v a r i a b l e s  except  8,. However, t h e  analy- 
s is  f a i l e d  t o  de tec t  s i g n i f i c a n t  e f f e c t s  of border  l eng th ,  o r  border 
l eng th - i r r iga t ion  l e v e l  i n t e r a c t i o n  f o r  any va r i ab le .  Table 1 presen t s  
t h e  means of each v a r i a b l e  by i r r i g a t i o n  t rea tment  and by border  length .  
The r e s u l t s  of the  Student-Neuman-Keuls m u l t i p l e  comparison procedure 
f o r  t e s t i n g  treatment means a r e  a l s o  i n d i c a t e d  i n  Table 1. Means 
followed by a  d i f f e r e n t  letter a r e  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  95 
percent l e v e l  of confidence. The r e s u l t s  i n d i c a t e  t h a t  t h e  i r r i g a t i o n  
t reatments  produced s i g n i f i c a n t l y  d i f f e r e n t  evapo t ransp i r a t ion  (SMD) and 
y i e l d  between a l l  t h r e e  l e v e l s  of i r r i g a t i o n .  Seasonal  average s o i l  
moisture contents  (F) and the  average s o i l  mois ture  contents  one day 
p r i o r  t o  i r r i g a t i o n  (Bp) were s i g n i f i c a n t l y  lower i n  only t h e  Dry (13) 
i r r i g a t i o n  treatment compared with t h e  Wet (11) and Medium (12)  treat- 
ments. 

Tables 2 - 5 present  t h e  means, a s  we l l  a s ,  t h e  ranges,  s tandard  devia- 
t i o n s ,  and c o e f f i c i e n t  of v a r i a t i o n s  f o r  g r a i n  y i e l d  (Y) and t h e  s o i l -  
water  parameters. The da ta  of Table 2 were de r ived  from a l l  subp lo t s  
wi th in  a l l  t h r e e  t reatments  (n=156). The d a t a  of Tables 3, 4 ,  and 5 
were derived from the  subplo ts  w i th in  t h e  Wet ( I 1 ) ,  Medium ( I 2 ) ,  and Dry 
(13) t rea tments ,  r e spec t ive ly ;  where p a r t  ( a )  i n c l u d e s  a l l  52 subp lo t s  
(both long and shor t  borders ) ,  p a r t  (b)  i n c l u d e s  t h e  two long borders  
only (30 subp lo t s ) ,  and p a r t  (c )  i nc ludes  t h e  two s h o r t  bo rde r s  only (22 
subplo ts )  wi th in  an i r r i g a t i o n  t reatment .  

Annual Report of the U.S. Water Conservation Laboratory



An i n d i c a t o r  of v a r i a b i l i t y  t h a t  i s  commonly used i n  i r r i g a t i o n  unifor-  
mity s t u d i e s  i s  t h e  c o e f f i c i e n t  of v a r i a t i o n  (CV). When cons ider ing  a l l  
156 subp lo t s ,  the  d a t a  of Table 2 i n d i c a t e  t h a t  t h e  g r e a t e s t  v a r i a b i l i t y  
occurred i n  y i e l d  (47.6 percent )  followed by t h e  v a r i a b i l i t y  i n  seasonal  
i r r i g a t i o n  water appl ied,  Q (31.9 percent ) .  The v a r i a b i l i t y  i n  t h e  
est imated evapot ranspi ra t ion  (25.6 percent )  was considerably more than  
t h a t  of  t h e  average seasonal  s o i l  moisture content (15.3 percent) .  Thus 
over  t h i s  wide range i n  water  app l i ca t ion ,  much of t h e  v a r i a b i l i t y  i n  
y i e l d  appears t o  be pr imar i ly  assoc ia ted  wi th  d i f f e rences  i n  Q. 

F igure  5 shows t h e  combined g r a i n  yield-water app l i ca t ion  d a t a  and t h e  
l i n e a r  regress ion  fynct ion  derived from a l l  156 subplot observa t ions  i n  
1985. The regress ion  i n d i c a t e s  t h a t  about 82 percent of  t h e  v a r i a b i l i t y  
i n  y i e l d  can be explained by t h e  v a r i a b i l i t y  i n  Q, while  t h e  r e s t  stems 
from t h e  combined e f f e c t s  of  v a r i a t i o n s  i n  a l l  o the r  f a c t o r s  ( s o i l ,  
p l a n t ,  sampling e r r o r ,  e tc . )  Figure 6 ,  which shows t h e  l i n e a r  r e l a t i o n -  
s h i p  between g ra in  y i e l d  and evapot ranspi ra t ion ,  i n d i c a t e s  t h a t  y i e l d  i s  
a l s o  s i g n i f i c a n t l y  co r re l a t ed  wi th  ET ( R ~  = 0.81), which i n  t u r n  i s  
dependent upon Q. 

The d a t a  of  Tables 3 ,  4, and 5, however, suggest  t h a t  s o i l ,  c rop ,  o r  
o t h e r  f a c t o r s  were respons ib le  f o r  a  considerably l a r g e  amount of  t h e  
var iance  i n  y i e l d  within t reatments .  P a r t  ( a )  of t hese  t a b l e s  ( a l l  
subp lo t s  w i th in  a l l  borders  of a  t rea tment )  show t h a t  t h e  c o e f f i c i e n t  of 
v a r i a t i o n  i n  seasonal  water  appl ied ,  Q,  was only 6.3, 6.8, and 11.7 per- 
cen t  f o r  t h e  Wet ( I1) ,  Medium ( I 2 )  and Dry ( I3)  t rea tments ,  respec- 
t i v e l y .  However, the  c o e f f i c i e n t  of  v a r i a t i o n  f o r  g r a i n  y i e l d  was 
nea r ly  twice (12.2 percent)  t h a t  of 0 i n  t h e  Wet (I1) t rea tment  and 
about t h r e e  times (20.1 and 34.3 percent )  g r e a t e r  t han  t h a t  of Q i n  t h e  
Medium ( I Z )  and Dry (I3) t rea tments ,  r e spec t ive ly .  The d a t a  a l s o  indi -  
c a t e  t h a t  t h e  v a r i a b i l i t y  i n  y i e l d  inc reased  somewhat p ropor t iona te ly  
wi th  t h e  l e v e l  of water d e f i c i t  sugges t ing  t h a t  t h e  combined i n t e r a c t i o n  
between i r r i g a t i o n  amount and t h e  v a r i a b i l i t y  i n  o t h e r  f a c t o r s  which 
limit y i e l d  have a  g r e a t e r  impact on y i e l d  uniformity a t  reduced l e v e l s  
of  water  use. This  t rend  was s i m i l a r  i n  t h e  r e l a t i o n s h i p  between irri- 
g a t i o n  l e v e l  and t h e  v a r i a b i l i t y  i n  evapo t ransp i r a t ion  (SMD) which was 
8.0, 11.8, and 13.2 percent  f o r  t h e  Wet ( I1 ) ,  Medium ( I 2 ) ,  and  Dry ( I3)  
t rea tments ,  respec t ive ly .  The c o e f f i c i e n t  of v a r i a t i o n s  f o r  8 i n d i c a t e  
only  s l i g h t  d i f f e rences  i n  t h e  v a r i a b i l i t y  of  t h e  seasona l  average s o i l  
moisture contents  between treatments .  However, t h e  v a r i a b i l i t y  i n  s o i l  
moisture contents ,  which i s  inf luenced by v a r i a t i o n s  i n  s o i l ,  c rop ,  and 
o t h e r  f a c t o r s ,  a s  wel l  a s  by nonuniformity i n  water  a p p l i c a t i o n ,  was 
considerably g r e a t e r  than  t h a t  of  Q w i t h i n  t h e  t h r e e  i r r i g a t i o n  t r e a t -  
ments. Variat ion i n  t h e  average s o i l  mois ture  contents  due t o  o t h e r  
f a c t o r s  besides i r r i g a t i o n  uni formi ty  was approximately 5.8 percent  (CVe - CVQ) f o r  a l l  t reatments ,  which could be  i n t e r p r e t e d  i n  a  p r a c t i c a l  
s ense  a s  t h e  amount of v a r i a t i o n  i n  s o i l  moisture s t o r a g e  c a p a c i t y  
throughout t h e  f i e l d .  

Rela t ionships  between g r a i n  y i e l d  (Y), seasona l  waLer a p p l i e d  (Q),  g r o s s  
water  appl ied (GWA), and s o i l  wa te r  con ten t s  ( B p ,  6, Ba) were obta ined  
by ca l cu la t ing  t h e  c o r r e l a t i o n  c o e f f i c i e n t s  ( r )  between each p a i r  of 
var iab les .  The r e s u l t s ,  summarized i n  Table 6 ,  show t h e  c o r r e l a t i o n  
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coeff ic ients  for  the 52 subplots within each treatment. The correla t ion 
coeff ic ients  between yield and the three s o i l  moisture content averages 
ranged between 0.36 and 0.52 with the lowest correlation (0.36) obtained 
between Y and Bp i n  the Medium (12) treatment. Generally, t he  data  of 
Table 6 indicate tha t  differences i n  s o i l  moisture contents were respon- 
s i b l e  f o r  about 22 percent of the  var iab i l i ty  (average R~ value) i n  
yie ld ,  regardless of i r r i g a t i o n  treatment. On the  other hand, however, 
the relationship between the s o i l  moisture contents and water applica- 
t ion  were uniquely d i f fe ren t  between the three i r r i g a t i o n  treatments. 
For the Wet (11) treatment, there  was a s ign i f ican t ,  but negative corre- 
l a t i on  between Q and a l l  three  s o i l  moisture content averages (Bps Ba, 
and Ti) .  Within the Medium ( I2 )  treatment, there  was e s sen t i a l l y  no cor- 
re la t ion  between Q and s o i l  moisture contents averages (Bp, Ba, and 7). 
For the Dry (I3)  treatment, there  was a s ign i f ican t ,  pos i t ive  correla- 
t ion between Q and Oa ( s o i l  moisture contents a f t e r  i r r i g a t i o n )  but only 
a s l i gh t ly  posit ive correlation between 3 and e i t h e r  Bp o r  0. It can 
also be seen i n  Table 6 tha t  the  correlation coef f ic ien ts  between Y and 
Q i n  the Wet (11) and Dry (13) treatments a r e  generally r e f l ec t ed  i n  the 
relationship found between the  s o i l  moisture contents and Q i n  those 
treatments. However with the Medium ( I2 )  treatment, Y and Q a r e  signi-  
f ican t ly  correlated,  but 0 and Q are  uncorrelated. In a l l  t h r ee  t rea t -  
ments, however, the  seasonal evapotranspiration (SMD) was r e l a t e d  
posit ively t o  Q, and i n  turn yield  was re la ted posi t ively t o  SMD. 

Spring wheat, planted i n  January 1985 and i r r i ga t ed  by laser-leveled 
basin systems, was studied i n  central  Arizona t o  determine t h e  e f f ec t  on 
grain yield and i t s  va r i ab i l i t y  a s  influenced by the amount of applied 
i r r i ga t ion  water, the s i z e  of the  i r r i ga t ed  border, and t h e  uniformity 
of water application. An understanding of the  expected v a r i a b i l i t y  i n  
i r r iga ted  crops should improve i r r i ga t ion  designs and water management 
scheduling practices.  

The 1985 f i e l d  study involved three leve ls  of i r r i g a t i o n  amount and two 
lengths of i r r iga ted  border. Grain yield ,  harvested i n  June 1985, was 
found t o  increase s ign i f ican t ly  with the amount of water appl icat ion.  
However, the va r i ab i l i t y  i n  grain  yield  increased as the l e v e l  of water 
use was reduced. No s ign i f ican t  difference i n  grain  y ie ld  was detected 
between borders of d i f fe r ing  length. The uniformity of water applica- 
t ion  and the va r i ab i l i t y  i n  s o i l  moisture contents were s imi l a r  under 
the  three i r r i ga t ion  levels .  It was determined t h a t  the  v a r i a b i l i t y  i n  
s o i l  moisture contents was responsible f o r  approximately 22 percent of 
t he  var iab i l i ty  i n  grain  y i e ld  indicat ing t h a t  other s o i l  and crop- 
related factors  had a s ign i f ican t  influence on yield .  Further analysis  
i s  i n  progress t o  evaluate the  va r i ab i l i t y  of s o i l  physical and chemical 
properties, i n f i l t r a t i o n  r a t e s ,  plant nu t r ien t  uptake, and p lan t  canopy 
temperatures. A general recommendation f o r  t he  i r r i g a t i o n  farmer with a 
nonhomogenous s o i l  and an e f f i c i e n t  i r r i g a t i o n  system i s  t o  schedule 
i r r iga t ions  f o r  maximum yields  with a corresponding seasonal evapotrans- 
piration r a t e  i n  order t o  minimize s p a t i a l  v a r i a b i l i t i e s .  
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Plans are to conduct a second study at the same field site in 1986. 
That study will include spring wheat planted in December 1985, followed 
by cotton planted in July 1986. In addition to irrigation amount and 
uniformity, the 1986 field study will also investigate the effects of 
irrigation water quality on yield. However, there will be no differen- 
ces in border size during the second study. 
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Table 1. I r r i g a t i o n  and border  l e n g t h  treatment means* f o r  g r a i n  y i e l d  
(Y), seasonal  i r r i g a t i o n  water  appl ied (9)  , seasona l  g r o s s  
water  appl ied  (GWA), seasonal  s o i l  moisture d e p l e t i o n  (SMD), 
and t h e  average volumetr ic  s o i l  moisture con ten t s ,  1 day p r i o r  
t o  i r r i g a t i o n  (Bp), 3 days a f t e r  i r r i g a t i o n  (Ba), and dur ing  
t h e  growing season (7). 

Variable 

I r r i g a t i o n  Treatment Border 
Length 

Wet Medium Dry Mean 

Long 5292 3772 1527 3530a 
Grain Yield, Y (kglha) Short 5057 4161 1391 353ba 

Mean 5175a 3 ~ 6 7 ~  145gC 

T o t a l  Seasonal I r r i g a t i o n  Long 567.2 455.4 269.4 430.7a 
Water Applied, Q-(mm) ~ h o &  582.5 463.8 232.4 426.Za 

Mean 574.ga 4 ~ 9 . 6 ~  250.gC 

T o t a l  Seasonal Gross Long 638.0 545.8 380.1 514.ba 
Water Applied, GWA (mm) Short 653.4 546.2 334.2 511.3a 

Mean 645.7a 5 4 6 . 0 ~  357.ZC 

Measured Seasonal S o i l  Long 567.3 447.4 326.8 447.Za 
Moisture Deplet ion,  SMD (mm) Short 562.7 455.3 295.2 437.7a 

Mean 565.0a 451.4~ 311.0C 

Average Volumetric S o i l  Long 0.179 0.160 0.143 0.16la 
Moisture Contents,  1 Day P r i o r  Short  0.176 0.161 0.137 0.158a 
t o  I r r i g a t i o n ,  Bp ( d m )  Mean 0.17Ea 0.161a 0 . 1 4 0 ~  

Average Volumetric S o i l  Long 0.254 0.237 0.240 0.244a 
Moisture Contents, 3 Days Short  0.252 0.240 0.226 O.23ga 
A f t e r  I r r i g a t i o n ,  Ba (m/m) Mean 0.253a 0.23ga 0.233a 

Seasonal Average Long 0.218 0.205 0.187 0.203a 
Volumetric - S o i l  Moisture Short  0.216 0.208 0.183 0.20Za 
Contents,  8 (m/m) Mean 0.217a 0.207a 0 . 1 8 5 ~  

* Means followed by d i f f e r e n t  l e t t e r s  a r e  s i g n i f i c a n t l y  d i f f e r e n t  a t  
t h e  95 percent l e v e l  o f  confidence. 
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Table 2. Means, ranges, s tandard devia t ions  (SD), and c o e f f i c i e n t  of v a r i a t i o n s  (CV) of g r a i n  
y i e l d ,  t o t a l  seasonal  i r r i g a t i o n  water applied,  t o t a l  seasonal  gross  water appl ied ,  
seasonal  s o i l  moisture deple t ion ,  average s o i l  moisture contents  1 day p r i o r  t o  irri- 
ga t ion ,  average s o i l  moisture contents  3 days a f t e r  i r r i g a t i o n ,  and seasonal  average 
s o i l  moisture f o r  a l l  t reatments  combined (N=156). 

Variable  Symbol Units Range Mean SD CV 
( X )  

Grain Yield Y kg/ha 638.8 t o  6508.8 3533.0 1682.0 47.6 

T o t a l  Seasonal I r r i g a t i o n  Q mm 188.5 t o  700.7 428.8 136.6 31.9 
Water Applied 

T o t a l  Seasonal GWA mm 273.3 t o  772.1 517.1 124.7 24.1 
Cross Water Applied 

Measured Seasonal S o i l  SMD mm 208.6 t o  667.0 443.2 113.3 25.6 
Moisture Depletion 

Average Volumetric S o i l  OP m/m 0.091 t o  0.219 0.159 0.031 19.5 
Moisture Contents,  1 Day 
P r i o r  t o  I r r i g a t i o n  

Average Volumetric S o i l  @a m/m 0.140 t o  0.289 0.242 0.029 12.0 
Moisture Contents, 3 Days 
A f t e r  I r r i g a t i o n  

Seasonal Volumetric Average tl m/m 0.115 t o  0.254 0.203 0.031 15.3 
S o i l  Moisture Contents 
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Table 4. Heans, ranges ,  standard deviat ions  (SD), and c o e f f i c i e n t  of va r i a t ions  (CV) of gra in  
y i e l d ,  t o t a l  seasonal  i r r i g a t i o n  water appl ied,  t o t a l  seasonal  gross water appl ied 
seasonal  s o i l  m i s t o r e  deple t ion,  average s o i l  l m i s t u r e  concents 1 day p r i o r  t o  irri- 
ga t ion ,  average s o i l  m i s t a r e  contents  I day p r i o r  t o  i r r i g a t i o n ,  and seasonal  
average s o i l  moisture contents 3 days a f t e r  irrigation, and seasonal  average s o i l  
mois ture  f o r  the  Medium (12) i r r i g a t i o n  treatment.  

Variable Symbol Units Range Meen SD CV 
(Z) 

( 8 )  Grain Yield Y kglha 2026.1 t o  5657.1 3936.5 789.8 20.1 

Total  Seasonal I r r i g a t i o n  0 nn 403.1 t o  534.1 459.0 31.2 6.8 
Water Applied 

Total  Seasonal GWA m 465.0 t o  636.0 546.0 41.1 7.5 
Gross Water Applied 

Measured Seasonal Soi l  SMD m 350.4 t o  591.9 450.7 53.2 11.8 
Hoisture Depletion 

Average Voluee r r i c  So i l  Bp  m/m 0.093 t o  0.206 0.161 0.09 18.0 
Hoisture Contents,  1 Day 
Pr io r  t o  I r r i g a t i o n  

Average Volumetric So i l  0, */In 0.140 t o  0.279 0.238 0.030 12.6 
Haisture  Contents,  3 Days 
After  I r r i g a t i o n  - 

Seasonal Average Volumetric 0 m l m  0.115 t o  0.250 0.206 0.030 14.6 
S o i l  Moisture Contents 

(b) Grain Yield 

Total  Seasonal 
Water Applied 

Total  Seasonal 
Gross Water Applied 

Heasured Seaaanal Soi l  
Moisture Depletion 

Average Volumetric So i l  
H o i s t u r e c m t e n t s ,  1 Day 
Pr io r  t o  I r r i g a t i o n  

Average Volumecric Soi l  
H o i s t u ~ e  Contents ,  3 Days 
After  I r r i g a t i o n  

Seasonal Average Volumetric 
So i l  Haiscure Contente 

Y kglha 2026.1 t o  5657.1 

Q mu 404.6 t o  508.5 

CWA mn 465.0 t o  618.2 

SHD m 356.0 t o  517.5 

m/m 0.093 t o  0.204 

( c )  Grain Yield Y kglha 2828.5 t o  5466.6 4161.1 726.3 17.5 

Tota l  Seasonal 9 m 403.1 t o  534.1 463.8 38.7 8.3 
Water Applied 

To ta l  Seasonal CWA m 468.4 t o  636.6 546.2 49.0 9.0 
Gross Water Applied 

Heasured Seasonal So i l  SHD m 350.4 t o  591.9 455.3 68.0 14.9 
Moisture Depletion 

Average Volumetric S a i l  ep m h  0.115 t o  0.206 0.161 0.027 16.8 
Hoisture Contents,  1 Day 
Pr io r  t o  I r r i g a t i o n  

Average Volumetric S a i l  0, m l m  0.197 t o  0.279 0.240 0.023 9.6 
Moisture Contents,  3 Days 
After  I r r i g a t i o n  - 

Seasonal Average Volumetric 0 mln 0.164 t o  0.250 0.208 0.025 12.0 
Soi l  Hois ture  Contents 
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Table 5. Means, ranges,  s tandard dev ia t ions  (SD), and c o e f f i c i e n t  of v a r i a t i o n s  (CV) of g r a i n  
y i e l d ,  t o t a l  seasonal  i r r i g a t i o n  water  app l i ed ,  t o t a l  seasonal  g ross  water appl ied 
seasona l  s o i l  m i s t u r e  dep le t ion ,  average s o i l  uu i scure  contents  1 day p r i o r  co i rr i-  

' g e t i o n ,  average s o i l  moisture con ten t s  I day p r i o r  t o  i r r i g a t i o n ,  and sessonal  
average s o i l  a o i s t u r e  contents  3 days a f t e r  i r r i g e t i o n ,  and seasonal  average s o i l  
mois ture  f o r  the  Dry (13) i r r i g a t i o n  t reatment .  

Var iable  Symbol Units Range Mean SD CV 
(Z) 

f a )  Grain Yield Y kglha 638.8 t o  3514.4 1469.7 504.4 34.3 

Total  Seasonal I r r i g a t i o n  0 mm 188.5 t o  312.4 253.8 29.6 11.7 
Water Applied 

Total  Seasonal GVA m 273.3 t o  447.1 360.7 42.1 11.7 
Gross Hater Applied 

Measured Seasonal So i l  SMD mm 208.6 to 391.7 313.4 41.3 13.2 
Moisture Depletion 

Average Volumetric So i l  B p  m l m  0.091 t o  0.187 0.140 0.023 16.4 
Hoisture  Contents,  1 Day 
Pr io r  t o  I r r i g a t i o n  

Average Volumetric Soi l  0, m l m  0.161 t o  0.281 0.234 0.028 12.0 
Heisture  Contents,  3 Daye 
A f t e r  I r r i g a t i o n  - 

Seasonal Average Volumetric B m l m  0.120 t o  0.235 0.185 0.028 15.1 
S o i l  M o i S t ~ r e  Contents 

(b) Grain Yield Y kglha 786.7 t o  3514.4 1527.5 579.3 37.9 

Total  Seasonal 0 cnn 188.5 t o  312.4 269.4 28.0 10.4 
Water Applied 

Tote1 Seasonal GUA m 285.7 t o  447.1 380.1 40.6 11.3 
Gross Water Applied 

Heasured Seasonal So i l  SHD m 249.6 t o  391.7 326.8 37.4 11.4 
Moisture Depletion 

Average Volumetric S o i l  B p  m l m  0.097 t o  0.183 0.143 0.022 15.4 
MoistureContents. 1 Pay 
Pr io r  t o  I r r i g a t i o n  

Average Volumetric S o i l  8, m/m 0.616 t o  0.281 0.240 0.026 10.8 
Moisture Contents,  3 Daya 

- 
A f t e r  I r r i g a t i o n  - 

Seasonal Average Volumetric 8 m/m 0.127 t o  0.232 0.187 0.024 12.8 
S o i l  Hois ture  Contents 

- 

(c)  Grain Yield 

Totel  Seasonal 
Water Applied 

Total  Seasonal 
Gross Water Applied 

Measured Seasonal S o i l  
Moisture Depletion 

Average Volumetric S o i l  
Moiscure Contents,  1 Day 
Pr io r  t o  I r r i g a t i o n  

Average Volumetric S o i l  
Moisture Contencs, 3 Days 
A f t e r  I r r i g a t i o n  

Seaaonel Average Volumetric 
S o i l  Moisture Contents 

Y kg lha  

0 ma 

GWA mm 

SHD m 

B p  m l m  

0, m l m  

- 
B m l m  
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Table 6. Corre la t ion  c o e f f i c i e n t s  ( r )  of seasonal  i r r i g a t i o n  water  
appl ied (Q) ,  seasonal  gross  water app l i ed  (GWA) , seasonal  s o i l  
moisture dep le t ion  (SMD), seasonal  average s o i l  moisture con- 
t e n t s  (@), seasonal  average s o i l  moisture contents  f o r  1 day 
p r i o r  t o  i r r i g a t i o n  (BPI, and 3 days a f t e r  i r r i g a t i o n  ( Ba), 
and g r a i n  y i e l d  (Y) f o r  a l l  subp lo t s  w i t h i n  t h e  Wet, Medium, 
and Dry i r r i g a t i o n  t reatments  (11-52). 

- 
I r r i g a t i o n  Treatment Q GWA SMD @P @a 0 

Wet ( I l )  Y -0.29* -0.20 
0 0.91* 
GWA 
S MD 

Medium (12) Y 0.44" 0.49* 
0 0.96" 
GWA 
S MD 

Dry (13 Y 0.25 0.46* 
Q 0.90* 
GWA 
SMD 

* Sign i f i can t  c o r r e l a t i o n  a t  P <0.05 
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Figure 2. The average irrigation water applied and soil water contents for the Wet (I1) irrigation o v 

treatment at the Maricopa Agricultural Center, near Maricopa, AZ, 1985. (Five irrigations 
were given after 48.5% of the available soil water was depleted in the 0-160-cm depth). 
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Figure 3. The average irrigation water applied and s o i l  water contents for , the  Medium (I2) irrigation 

treatment a t  the Maricopa Agricultural center, near Maricopa, AZ, 1985. (Four irrigations 
were given after  60.0% of the available s o i l  water was depleted in the 0-160-cm depth). 
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Figure 4. The average irrigation water applied and soil water contents for the Dry (I3) irrigation 
treatment at the Maricopa Agricultural Center, near Maricopa, AZ, 1985. (Two irrigations 
were given after 72.0% of the available soil water was depleted in the 0-160-cm depth). 

Annual Report of the U.S. Water Conservation Laboratory



0 
0 
cO 

n 

O E 
E 
w 

0 0 
0 
c o n  s 
0 .- + 

0 
0 0 
L o t =  
a 
a 

0 
-a 

0 1 
(I] + 

0 P 
s 
0 
V) 

0 
hl 0 

C/) 

0 
0 

Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



TITLE: MECHANIZATION OF LEVEL-BASIN SYSTEMS 

NRP : 20740 CRIS WORK UNIT: 5510-20740-004 

INTRODUCTION 

Work on the the mechanization of level-Basin systems continued during 
1985. At the request of the Soil Conservation Service (SCS) we deve- 
loped two mechanized level-basin systems for farms in the Wellton-Mohawk 
Irrigation and Drainage District (WMIDD). Both were part of the on-farm 
irrigation improvement program administered by the SCS in the Wellton- 
-Mohawk project, Table 1. This brings to eight the number of systems 
that have been designed and installed in the project since 1975. The 
first two systems were research and demonstration type systems installed 
at the request of the Agricultural Research Service. The last six, in- 
cluding one installed late in 1985 and one installed in early 1986, were 
operational systems used on-farm and cost-shared by the Soil Conservation 
Service. The latest systems included the largest acreages (231 and 169 
acres) of any yet. The 231 acre system was installed in October-November 
1985, while the 169 acre field was completed in January 1986. Design 
and installation information for these systems is included in this report. 

Electrical/mechanical controllers originally used on the McElhaney- 
McDonnell #1 mechnaized system were replaced with electronic controllers 
in 1982. The electronic controllers provided a digital display of time 
remaining on a particular station, exact timing of an irrigation, and a 
means of interfacing equipment for volumetric control of water applied. 
Some damage to the electronic controllers in 1984 along with the con- 
trollers not being particularly user friendly resulted in our converting 
this control center back to something near the original, again featuring 
the original electrical/mechanical controlling device. 

RESULTS AND DISCUSSION 

The mechanized systems designed during 1985 required that the systems be 
reliable from the operators standpoint. In an effort to achieve this 
reliability electrical/mechanical controllers were used that have a 
history of operating successfully in the field for extended periods. 
Further, these controllers are inherently simpler to program than most 
electronic controllers, thereby more easily used by the irrigatorlopera- 
tor. Although the electrical/mechanical controllers are more reliable 
they are however, not as accurate or precise as electronic controllers. 
Each station time on the mechanical controller is controlled by the 
setting of a station timing knob. The resultant accuracy is dependent 
on both proper calibration/adjustment of the knob and the ability of the 
user to set the knob properly. The average standard deviation of 17 
stations repeating from irrigation to irrigation (knobs not reset) was 
2.8 minutes, when the stations were set at about 75 minutes. Initial 
station timing knob calibration (how accurately the controller reprodu- 
ces the time setting indicated) requires four or five repetitions in ad- 
justing and testing. 
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To t e s t  the  a b i l i t y  of a  u s e r  t o  s e t  a  s t a t i o n  t imer and r epea t  t h e  re- 
s u l t s  of previous runs was done by having t h r e e  persons s e t  a  c o n t r o l l e r  
independently three  d i f f e r e n t  times. Af t e r  each s e t t i n g  t h e  c o n t r o l l e r  
was allowed t o  run through i ts  cycle. Time was recorded f o r  each con- 
t r o l l e r  s t a t ion .  Again 17 s t a t i o n s  were used. I n t e r e s t i n g l y  t h e  
v a r i a t i o n  from s e t t i n g  t o  s e t t i n g  (knobs r e s e t )  f o r  t h e  t h r e e  ope ra to r s  
was e i t h e r  about the same o r  l e s s  than when the  knobs were not  r e s e t  
(average s tandard devia t ions  were 3.2, 1.7, and 1.7 f o r  t h e  t h r e e  oper- 
a t o r s ) .  This r e p e a t a b i l i t y  is acceptable ,  e s p e c i a l l y  s i n c e  t h e  average 
s t a t i o n  s e t t i n g  on the  231 acre  farm w i l l  be four  hours o r  more and over  
two hours on the  169 acre  farm. 

New Hoffman Enterpr i se  Systems: The 231 ac re  f i e l d  (HE i/3) is divided 
i n t o  18 basins with water supplied i n  a  concre te  l i ned  c a n a l  a s  shown i n  
F igure  1. The 169 acre  f i e l d  (HE il4) is divided i n t o  14 bas ins  suppl ied  
from one d i s t r i c t  turnout and 2 bas ins  from another  d i s t r i c t  t u rnou t ,  
Figure 2. Shallow s o i l s  prevented c u t t i n g  bas ins  15 and 16 s o  they 
could be i r r i g a t e d  from t h e  same water supply. The engineer ing  des ign  
of t h e  level-basin systems was done by t h e  SCS. Flow r a t e  from t h e  
Wellton-Mohawk Irri a t i o n  and Drainage D i s t r i c t  averages about  16 f t 3 / s  

115 VAC power. 
li f o r  HE 1/3 and 20 f t  /s f o r  HE @i. The con t ro l  cen te r s  a r e  l o c a t e d  near  

Gate Modification 

Procedures f o r  adapting a i r  cy l inde r s  t o  l i f t  ga t e s  were s t anda rd ized  a  
number of years ago. The modif icat ion f e a t u r e s  b o l t i n g  t h e  c y l i n d e r  t o  
an angle i r o n  welded t o  t h e  g a t e  and a connector between t h e  c y l i n d e r  
rod and rod normally used t o  manually open t h e  gate.  Four and one h a l f  
i nch  bore cy l inders  were used. A l l  g a t e s ,  except checks 1 and 2 and 
bas ins  13, 14, and 15 of HE 1/3 were equipped with 18 i n c h  s t r o k e  cyl in-  
ders.  Longer cy l inders  were used on these  f i v e  g a t e s  t o  minimize head 
l o s s e s  i n t o  basins 13, 14, and 15 and e l imina te  any r e s t r i c t i o n  i n  f low 
from the i r r i g a t i o n  d i s t r i c t  canal. The longe r  c y l i n d e r s  were those  
o r i g i n a l l y  i n s t a l l e d  on t h e  Woodhouse mechanized system i n  1976 and 
removed i n  1984. These 41/2 inch  bore cy l inde r s  have a 33  i n c h  s t roke .  
They were mounted on t h e  g a t e s  t o  provide 28 inch  g a t e  t r a v e l .  As a 
precaut ionary measure t h e  U-cup s e a l s  were rep laced ,  even though t h e  a i r  
operated cyl inders  were e s s e n t i a l l y  a i r  t i g h t .  

On-farm con t ro l  of the  water  supply from t h e  I r r i g a t i o n  District is in- 
s t i t u t i o n a l l y  impossible a t  t h e  present  time. Hence, i n  case  of a  power 
f a i l u r e  ( e l e c t r i c a l  o r  pneumatic) t h e  incoming water must be c o n t r o l l e d  
on-farm. This is done by rou t ing  t h e  incoming water  t o  a  des igna ted  
bas in  (genera l ly  lowest l y i n g  basin) .  This  path is produced by having 
c e r t a i n  ga tes  opera t ing  a s  normally open ( s i g n a l  and va lv ing  adapted t o  
provide open g a t e  when not  s igna l l ed ) .  F i e l d  g a t e s  are normally closed.  
I n  both systems the  path was c rea t ed  by having checks 1, 2, 3 ,  and 4 
normally open (ga te  t o  bas in  18 f o r  HE 83 and t o  bas in  14 f o r  HE 84). 
The ga te  t o  basin 16 of HE i/4 was operated a s  a  normally open ga te .  
Hel ica l  sp r ings  a r e  added t o  the  c y l i n d e r / g a t e  modif ica t ion  package t o  
e f f e c t  the normally open mode i n  cases of a i r  loss .  The h e l i c a l  s p r i n g s  
were the same design as those used on e a r l i e r  Hoffman systems i n  1979. 
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However, they were mounted ex te rna l ly  r a t h e r  than i n t e r n a l l y  a s  had been 
done i n  t h e  e a r l i e r  systems. A bracket ,  p ipe ,  and threaded s tock  were 
used t o  adapt  the  spr ing  t o  t h e  gate.  Closure force  developed by t h e  
cy l inde r  and operated a t  50 p s i  i s  about 800 lbs .  L i f t i n g  f o r c e  of t h e  
sp r ing  a t  18 inch displacement is about 500 lbs .  The s p r i n g s  open t h e  
g a t e  about 12 t o  13 inches. Spec i f i ca t ions  f o r  the  s p r i n g s  a re :  

SPRING FACTOR (K): 28 l b s / i n  
MATERIAL : 17-7 s t a i n l e s s  s t e e l  
WIRE DIAEIETER: 0.225 in .  
SPRING I D :  1.300 i n  
COILS: t o t a l  35 

a c t i v e  33 
FREE LENGTH: 27 t o  28 in .  
MAXIMUM SOLID LENGTH: 7.88 i n  

Cylinders a re  purchased with 8 inches of rod extending ou t s ide  t h e  
cy l inde r  t o  accommodate canvas s leeves.  Two inch nominal diameter can- 
vas  s l eeves  a re  used to  pro tec t  the  cy l inder  rods from foul ing.  The 
procedure was f i r s t  used on cyl inders  i n  t h e  Wellton-Mohawk p ro jec t  i n  
1979 and has provided the  pro tec t ion  needed. 

Gate S ignal l ing  and Actuat ion 

We have opt ions of using e i t h e r  e l e c t r i c  o r  pneumatic s i g n a l s  from t h e  
c o n t r o l l e r  t o  the  gates.  Three of t h e  e a r l i e r  mechanized systems i n  t h e  
WMIDD u t i l i z e d  pneumatic s i g n a l s  and performed very w e l l .  Pneumatic 
s i g n a l s  do, however, cause delays i n  g a t e  ac tua t ion .  The amount of 
delay,  both i n  opening ( tube  p r e s s u r i z a t i o n )  and c los ing  ( tube  depres- 
s u r i z a t i o n ) ,  depends on the  tubing diameter ,  c h a r a c t e r i s t i c s  of t h e  
four-way valve, p i l o t  l i n e  opera t ing  p res su re ,  and d i s t a n c e  t o  the 
valve. The time f o r  ga t e s  t o  open and c l o s e  f o r  d i s t a n c e s  up t o  4,000 
f e e t  f o r  t h ree  a i r  pressures  is shown i n  F igure  3. The fol lowing can be 
seen from t h e  i l l u s t r a t i o n  a )  h igher  s i g n a l  p re s su res ,  cause ga te s  t o  
open quicker ,  but c lose  slower, b) whether a g a t e s  opens before a g a t e  
a t  t h e  same d is tance  from the  con t ro l  c e n t e r  c loses  depends on t h e  s ig -  
n a l  pressure  ( a t  40 p s i  t h e  g a t e  would c l o s e  before  another  would open 
but  a t  45 p s i  it would open f i r s t ) ,  c )  t h e  de lay  i n  c losu re  can be con- 
t r o l l e d  by the  i n l e t  pressure and d) g a t e  a c t u a t i o n  de lay  f o r  a 45 p s i  
s i g n a l  pressure  exceeds th ree  minutes a t  a d i s t a n c e  of 3,300 f t  from t h e  
con t ro l  cen te r  (d i s t ance  t o  f a r t h e s t  g a t e  i n  HE 83 system) and would 
approach 4 minutes a t  3,700 f t  ( f a r t h e s t  d i s t a n c e  at HE 14).  These de- 
l a y  periods a re  inconvenient when ope ra t ing  t h e  system, hence e l e c t r i c  
s i g n a l s  were se l ec t ed  over pneumatic mainly t o  e l imina te  these  de lay  
problems. I n  add i t ion ,  mul t ip l e  conductor cable  (22 gauge conductors) 
was e a s i e r  t o  i n s t a l l  than mul t ip le  polyethylene tubes and 22 gauge wire  
i s  l e s s  c o s t l y  than polyethylene tubing. 
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Relays (3PDT) were located a t  each g a t e  t o  switch 24 VDC power t o  so le-  
noid  ac tua ted  three-way va lves ;  t o  provide check ga te  s i g n a l s ;  and 
overf low gate  ac tua t ion ,  Figures 4 and 5. Three-way va lves  served  as a 
p i l o t  f o r  a l a r g e r  four-way va lve  used t o  d i v e r t  compressed a i r  t o  
e i t h e r  t h e  bottom of the  a i r  cy l inde r  t o  open the  ga te  o r  t op  of t h e  
cy l inde r  f o r  closure. Twenty-four VDC power was suppl ied  by a p a i r  of 
14 gauge wires  daisychained t o  a l l  gates .  Twenty-two gauge wi re ,  wired 
d i r e c t l y  from the  cont ro l  cen te r  t o  each g a t e  ( r e l ay ) ,  was used t o  
s i g n a l  ga t e  actuat ion.  Unshielded, mul t ip le  conductor,  c o l o r  coded, 
v i n y l  jacketed e l e c t r i c a l  cable  was used. 

An added f ea tu re  of the system i s  an e l e c t r i c a l  feedback t o  t h e  c o n t r o l  
c e n t e r  from the basin ga tes .  This  feedback provides a p o s i t i v e  ind ica -  
t i o n  of ga te  opening (or  c los ing) .  The feedback, produced by t h e  actua- 
t i o n  of an e l e c t r i c a l  switch when a ga te  opens (bas in  g a t e )  o r  c l o s e s  
(check ga te) ,  powers ind ica to r  l i g h t s  on a con t ro l  panel. The f e a t u r e  
a s su res  the i r r i g a t o r  t h a t  t h e  g a t e  or  ga t e s  have indeed actuated.  Such 
a f e a t u r e  is espec ia l ly  u s e f u l  i f  checking the  system a t  n ight  o r  doing 
a quick checkout before an i r r i g a t i o n  s t a r t s .  Power f o r  t h e  feedback i s  
suppl ied  from the  daisychained pa i r .  

. 
The ga te  r e l ay ,  three-way and four-way va lves ,  and e l e c t r i c a l  swi t ch  f o r  
feedback (wobble switch) a r e  enclosed i n  o r  a t tached  t o  a meta l  knockout 
enc losure  at tached t o  t h e  gate.  The e l e c t r i c a l  and pneumatic hookup a t  
each ga te  is shown schematical ly i n  Figures 4 and 5 f o r  b a s i n  and check- 
g a t e s ,  respect ively.  Gate o v e r r i d e  (open a normally c losed  f i e l d  g a t e  
o r  c lose  a normally open checkgate) i s  accomplished by us ing  a quick  
disconnect  on the wire from t h e  r e l a y  c o i l  t o  t h e  +24 VDC of t h e  d a i s y  
chained pair .  Further ,  t h e  s i g n a l  t o  t h e  g a t e  can be i n t e r r u p t e d  by d is -  
connecting the  wire normally connected t o  t h e  relay.  

The system i s  protected from c a n a l  overflow by s t a t i o n i n g  f l o a t  s e n s o r s  
a long the  canal,  Figures 1 and 2. I f  t h e  canal  water  l e v e l  exceeds a 
normally expected l e v e l ,  a s i g n a l  from t h e  f l o a t  switch is s e n t  t o  each  
bas in  ga te  and checkgate. This  s i g n a l  can be used t o  a c t u a t e  t h e  th ree -  
way valve and open t h e  ga te ,  i f  t h e  wire leading  from t h e  t e r m i n a l  s t r i p  
t o  the  r e l ay  is  connected. Hence a g a t e  i s  designated t o  handle  a n  over- 
f low by a t t ach ing  the  wire. Otherwise, t h e  g a t e  is not  a f f e c t e d  by t h e  
overflow signal .  

Compressed a i r  i s  supplied t o  t h e  cy l inde r s  and 3-way va lves  through 
polyethylene tubing from an a i r  compressor loca ted  a t  t h e  c o n t r o l  
center .  Three 5/16 inch OD x 3/16 inch  I D  polyethylene tubes  a r e  used 
t o  supply a i r  t o  the cyl inders .  One 114 inch  OD x 1/8 I D  po lye thy lene  
tube  is  used t o  the  three-way valves.  

A l l  e l e c t r i c a l  wire ( p a i r  of 14 gauge and m u l t i p l e  conductor 22 gattge 
cab le )  and polyethylene tubes must be p ro tec t ed  from va r ious  forms of  
mechanical damage and vermin, e s p e c i a l l y  gophers prevalent  i n  t h e  a rea .  
This  pro tec t ion  i s  a t t a i n e d  by encas ing  t h e  tubes and wi re  i n  11/2 r i g i d  
PVC pipe. The encased wire and tubing  i s  then buried i n  a t r e n c h ,  n e x t  
t o  t h e  concrete  l i ned  cana l ,  at  a depth of about 1 foot .  The w i r e  and 
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tubing were carried in flexible PVC from the rigid PVC, exposed at the 
turnout structures, to the enclosures mounted on the gates. The use of 
flexible PVC in this application is untested. The flexible PVC was 
coated with an elastomer lacquer, Elastuff 400 from United Coatings, to 
provide protection from W attack. The coating material has performed 
exceptionally well when tested previously on rigid PVC pipe and flexible 
PVC film. In addition to W degradation, the exposed pipe can poten- 
tially be damaged by vandals and weed burning near the gate turnouts. 
The flexible PVC did, however, facilitate installation and results in a 
clean looking installation. 

Control Center 

Sheds constructed by the farmer/cooperator were used for the control 
centers, Figures 1 and 2 .  Electrical power was supplied to the control 
center for operating the air compressor, controller, and control panel. 
The control center featured an electrical/mechanical controller, irriga- 
tion sequencing capabilities, a display panel with indicator lights, 
battery backup system, battery charging capability, remote or autostart, 
and a timer to show elapsed time that a gate has been open., 

. 
Automatic Timer: The system used was a Toro, 23 station, pedestal 

mounted controller. The timing device is electrical/mechanical, which 
actuates an electrical switch. Time settings are independently adjusted 
on each of the 23 stations for periods up to 9 hours. Accuracy and pre- 
cision of the time setting were discussed earlier. 

Output from the controller is normally 24 VAC. To accomodate DC powered 
solenoids the controller was modified by a) replacing the standard trans- 
former with a 4 amp, 24 VAC transformer and b) adding a rectifier, 
capacitor, and potentiometer. The rectified output provided power for 
both signaling and daisychained power to all gates as discussed earlier. 
The potentiometer allowed output voltage adjustment to accommodate dif- 
ferent field layouts. 

Sequence Selection: The controller advances through the stations in 
sequence from 1 through 23 .  To provide random sequencing of how the 
basins are irrigated a matrix board was used and has been described in 
earlier reports. Output from the controller is input to the board. 
Output from the matrix board to the desired basin is selected by pinning 
the board as required. In addition, the gates can be operated manually 
(if the controller should malfunction) by pinning the desired basin on a 
row of the matrix marked MANUAL. The MANUAL matrix row is continually 
powered by 24 volt VDC input from the batteries used for backup. 

As noted earlier, the on-farm irrigation function and the irrigation 
district turnout are independent and are operated by different people. 
It is likely that the water would not be stopped from the district at 
the same time that the irrigation controller automatically closed the 
last gate. This excess water is directed into basins selected by the 
irrigator by properly pinning a row on the matric called RUNDOWN. The 
RUNDOWN row is powered by the lgth controller station for HE a3 and the 
17th station for HE #4 .  
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Display Panel: A display panel made up of a schematic layout of the  
basins was included a s  an operator a id ,  pa r t i a l l y  described ea r l i e r .  
Two panel indicator l i gh t s  a r e  used f o r  each basin (two d i f f e r en t  
colors).  The f i r s t  indicates a s igna l  i s  being sent t o  a basin  and the  
second indicates  a gate has actuated (assured actuation v i a  the  gate  
sensor switch-wobble switch). A l igh ted  re turn l i g h t  ind ica tes  t ha t  a 
basin g a t e  has opened o r  that  a check gate has closed. 

Battery Backup: Intermittent power outages may cause e lec t ron ic  
based control lers  t o  loose the program times and without bat tery backup 
f i e l d  signaling i s  l o s t .  In  contras t ,  electrical/mechanical  control- 
l e r s ,  because of t h e i r  mechanical charac te r i s t ics ,  s tay  i n  the  s t a t i o n  
o r  posi t ion they were i n  when the power outage occurred. Once power i s  
restored the control ler  continues where i t  l e f t  off .  Water would be 
applied i n  excess of what was expected and would be proportional t o  t he  
time the  control ler  was off .  In most instances the amount of excess 
water applied i s  small and i t  i s  l i k e l y  tha t  the i r r i g a t o r  o r  farmer i s  
unaware that  a power outage occurred. 

A s e t  of three relays were used t o  provide battery backup i n  case of 115 
VAC power f a i l u re ,  Figure 6 .  When AC power i s  l o s t ,  the 24 VDC bat te ry  
system i s  switched on l i n e  t o  provide both the s ignal  and daisychained 
power t o  a l l  gates. When AC power i s  avai lable ,  a l l  output t o  the  f i e l d  
i s  supplied by the rec t i f ied  AC from the  controller.  The ba t te ry  system 
i s  being charged while i r r iga t ing .  

Autostart: The systems a r e  remotely s t a r t ed  by actuat ing the f i r s t  
overflow f l o a t  switch of each system, Figures 1 and 2. The cont ro l le r  
requi tes  a switch closure so tha t  t he  timer can mechanically move t o  
s t a t i o n  i f1 when the f i e l d  canal above checkgate 81 i s  nearly f u l l .  Two 
relays  located on the control  panel were used t o  provide t h e  remote 
s t a r t ,  Figure 7. Since checkgates a r e  normally open, the  f i r s t  check- 
ga t e  must be closed t o  e f fec t  an overflow. The remote s t a r t  i s  s e t  by 
pressing a push button, spring re turn switch on the control  panel. This 
actuates relay #5, Figure 7, which closes checkgate #I. Once an over- 
flow i s  sensed re lay 86 i s  activated which cancels re lay #5 and provides 
t he  switch closure t o  s t a r t  t he  control ler .  When the  overflow cancels 
re lay  $6 is  released. 

Station Timer: As  an addi t ional  operator a id  a d i g i t a l  clock was 
added t o  the system. The clock i s  used t o  ind ica te  the  lapsed time t h a t  
a basin has been i r r iga t ing .  The clock i s  r e se t  and s t a r t ed  using a 
re lay  signalled by the e l e c t r i c a l  feedback f r o m t h e  gate opening, Figure 
8. An 115 VAC clock (alarm clock i n  t h i s  case) with LED numerals was 
used. The clock rese t s  t o  12 o'clock i f  power i s  l o s t .  When a s t a t i o n  
change i s  made, the open gate closes before the next gate opens. Hence 
there  i s  a period of time when there  i s  no s igna l  t o  the  re lay  and AC 
power i s  l o s t ,  rese t t ing  the  clock. Once t h e  next ga te  opens t h e  power 
t o  the  relay and clock i s  restored. Diodes a r e  used t o  i s o l a t e  the  
feedback signals. 
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Equipment Assembly, F i e l d  I n s t a l l a t i o n ,  and System Costs 

Much assembly of  equipment was done i n  t h e  shop and l a b o r a t o r y  be fo re  
i n s t a l l i n g  i n  t h e  f i e l d .  This included e l e c t r i c a l  wir ing  of  t h e  c o n t r o l  
center ;  g a t e  enclosure panels;  and mounting of va lves ,  r e l a y s ,  e t c .  f o r  
t h e  ga te  boxes. Five experienced persons a r e  needed t o  l e a d  t h e  i n s t a l -  
l a t i o n  i n  t h e  f i e l d .  These personnel,  supplied from t h i s  l abora to ry ,  
were involved i n  l a y i n g  o u t  e l e c t r i c a l  wire and polyethylene tubing,  en- 
cas ing  t h e  wire and tubing  i n  PVC, mounting enclosures on ga te s ,  i n s t a l -  
l i n g  t h e  equipment i n  t h e  con t ro l  cen te r ,  i n s t a l l i n g  e l e c t r i c a l  condui t ,  
and doing a l l  e l e c t r i c a l  wir ing and polyethylene tubing  hookup. The 
f i e l d  time f o r  t hese  persons pe r  system was about 8 days o r  320 man- 
hours,  Table 2. 

The farmer/cooperator suppl ied  t h r e e  o r  fou r  l abore r s  t o  assist i n  en- 
cas ing  t h e  wire  and tubing. In  add i t ion  t h e  farmer adapted t h e  cy l in-  
de r s  t o  t h e  ga te s  (one welder and he lpe r ,  1.5 hour pe r  g a t e ) ;  i n s t a l l e d  
overflows (2 persons,  2 hours pe r  overflow); trenched f o r  r ece iv ing  PVC 
p ipe ,  Table 2; and d i d  necessary grout ing  around t h e  concre te  turnout  
s t r u c t u r e s .  A t r a c t o r  and blade,  used t o  cons t ruc t  t h e  t r e n c h  on t h e  
second system i n  January 1986 was about four  t imes a s  f a s t  a s  the  walk- 
i n g  t rencher ,  Table 2. Wire and tubing  were unspooled from a bracket  on 
t h e  back of a t ruck  on HE #4 a t  about  750 f t  per  hour. This was done by 
a four-man crew and included one o r  two mul t ip le  conductor (22 gauge) 
e l e c t r i c a l  cab le s ,  two 14  gauge wires, and fou r  polye thylene  tubes. On 
t h e  f i r s t  system t h e  spoo l s  were f i x e d  a t  t h e  end of  t h e  c a n a l  and t h e  
tubing o r  wire was unspooled by walking. Slowness of t h i s  procedure i s  
a problem; but  more s e r i o u s l y  t h e  tubing,  jacket ing ,  o r  i n s u l a t i o n  can 
be  damaged when dragged. 

Hardware c o s t s  f o r  each system were about $16,000. This  y i e l d s  u n i t  
c o s t s  f o r  hardware of about  $70 pe r  ac re  o r  $770 p e r  g a t e  f o r  HE 1/3 and 
$95 per  ac re  o r  $845 pe r  g a t e  f o r  HE 1/4. Labor c o s t s  f o r  each system 
were estimated t o  be  between $50 and $70 per acre .  

An e lec t r ica l /mechanica l  c o n t r o l l e r  o r i g i n a l l y  used on t h i s  system 
(1977) was replaced by a p a i r  of  e l e c t r o n i c  c o n t r o l l e r  i n  1982. The 
ob jec t ives  of us ing  t h e  e l e c t r o n i c  con t ro l  were t o  be  more p r e c i s e  i n  
programming ( d i g i t a l  d i s p l a y  r a t h e r  than knob) and t o  p rov ide  volumetr ic  
control .  Although t h e  c o n t r o l l e r s  f u l f i l l e d  t h e s e  o b j e c t i v e s ,  t h e  
problems with t h e i r  u s e  were s e r i o u s .  Problems encountered could 
genera l ly  be a t t r i b u t e d  t o  l i g h t n i n g  damage, power ou tages ,  and/or pro- 
grammer e r ro r .  

Lightning - Various components assoc ia ted  wi th  e l e c t r o n i c  i r r i g a t i o n  
con t ro l l e r s  and a DC power supply were damaged by l i g h t n i n g  a t  
another McDonnell-McElhaney mechanized system (MM 112) du r ing  1984. 
The damage occurred f i v e  times. Each f a i l u r e  c rea t ed  a system shut-  
down and required maintenance a f t e r  each. I n  most i n s t a n c e s  t h e  
f a i l u r e s  were i n  t h e  c o n t r o l l e r  i n d i c a t i n g  a power s u r g e  on t h e  115 
VAC incoming l i n e .  I n  a t  l e a s t  one in s t ance  components i n  a DC 
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power supply providing power t o  the  f i e l d  fa i led  suggesting a power 
surge from the f i e l d  caused by a s t r i k e  a t  the  gates o r  i n  the  imme- 
d i a t e  v ic in i ty  of t he  control center. In contrast  t o  the  e lec t ron ic  
control lers ,  electrical/mechanical control lers  used over a number of 
years have not been affected by these type problems. This would 
suggest that  the electrical/mechanical a r e  not a s  suscept ible  t o  
damage by lightning. 

Power Outages - Intermittent power outages may cause e lectronic  
based controllers t o  loose the program times and without bat tery 
backup f i e ld  signaling i s  l o s t .  In contras t ,  electrical/mechanical  
cont ro l le rs ,  because of t he i r  mechanical charac te r i s t ics ,  s tay  i n  
t he  s t a t i on  or  posit ion they were i n  when the power outage occurred. 
Once power i s  restored the cont ro l le r  continues from where i t  l e f t  
off .  Water would be applied i n  excess of what was expected and 
would be proportional t o  the  time the control ler  was of f .  In most 
instances the amount of excess water applied i s  small and i t  i s  
l i k e l y  that  the i r r i g a t o r  o r  farmer i s  unaware tha t  a power outage 
occurred. For example the MM 111 system was operated without inel-  
dent from 1977 through 1980 for  a t o t a l  of about 100 i r r iga t ions .  
Certainly during t h i s  perigd of time some power outages would have 
occurred. 

Programmer Error - Generally the  electrical/mechanical  control lers  
a r e  ea s i e r  t o  use than electronic  control lers ,  s ince each s t a t i on  i s  
represented by an individual d ia l .  Once set the program time cannot 
be l o s t  by power f a i l u re ,  e tc .  s ince the  d i a l  i s  a mechanical device. 
The electrical/mechanica1 cont ro l le rs ,  however, a r e  not a s  accurate 
a s  e lectronic  control lers ,  a s  discussed previously. 

The or ig ina l  electrical/mechanical cont ro l le r  was r e in s t a l l ed  on the  MM 
#I  system i n  April 1985 i n  an e f f o r t  t o  regain system r e l i a b i l i t y  and 
more importantly t o  simplify the programming f o r  t he  user.  The mecha- 
nized system was par t  of a f i e l d  day ( tour )  sponsored by the Extension 
Service and two Conservation Dis t r ic t s .  The system was successfully 
used the  r e s t  of 1985. 

The sequence by which basins were i r r i g a t e d  was se lec tab le  i n  t he  or ig i -  
n a l  control  center design. This was achieved by using a i r  tube quick 
disconnects. In the re ins ta l la t ion ,  however, the  farmer/cooperator op- 
tioned t o  f i x  the sequence. 

Polyethylene tubing, or iginal ly  used t o  power and s igna l  gates across 
the canal from where the  tubing was encased, was replaced with copper 
tubing i n  1985. Copper was t r i ed  i n  an e f f o r t  t o  a t t a i n  more durabi- 
l i t y .  The copper, although working s a t i s f a c t o r i l y  through the i r r i ga -  
t ion season, was destroyed by sheep when t h e  a l f a l f a  was grazed i n  
December. A l l  tubing w i l l  necessari ly be replaced i n  order t o  r e tu rn  t o  
operational s ta tus .  
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A t  t h e  request  of t h e  S o i l  Conservation Service,  we have designed and 
a s s i s t e d  i n  t h e  i n s t a l l a t i o n ,  operat ion,  and maintenance of s i x  cost-  
shared mechanized leve l -bas in  systems i n  t h e  Wellton-Mohawk I r r i g a t i o n  
and Drainage D i s t r i c t .  The f i e l d s  mechanized ranged from 64 t o  231 
ac res  i n  s i z e  while  t h e  number of bas ins  wi th in  t h e  f i e l d s  ranged from 8 
t o  23. 

Any problems t h a t  have been encountered a t  t h e  c o n t r o l  c e n t e r  of t h e  
mechanized i r r i g a t i o n  systems can genera l ly  be a t t r i b u t e d  t o  l i gh tn ing ,  
power surges,  power outages ,  and/or programmer e r r o r .  Most problems 
ou t s ide  t h e  con t ro l  c e n t e r  have been caused by e i t h e r  burn ing  (common 
farmer p rac t i ce  i s  t o  burn  t h e  grass  and weeds on t h e  c a n a l  bank) o r  
mechanical damage t o  exposed tubing ( p l a s t i c  o r  copper).  

An e lec t r ica l /mechanica l  c o n t r o l l e r  o r i g i n a l l y  used on one of  t h e  mecha- 
nized systems i n s t a l l e d  i n  1977 was replaced by e l e c t r o n i c  c o n t r o l l e r s  
i n  1982. The o r i g i n a l  e l ec t r i ca l /mechan ica l  c o n t r o l l e r  was r e i n s t a l l e d  
i n  1985 i n  an e f f o r t  t o  r e g a i n  system r e l i a b i l i t y  and s i m p l i c i t y  of  
operat ion.  In add i t ion  two new mechanized leve l -bas in  systems were de- 
s igned i n  1985 with e l ec t r i ca l /mechan ica l  r a t h e r  t h a n  e l e c t r o n i c  con- 
t r o l l e r s .  An added f e a t u r e  of  these  new systems i s  a n  e l e c t r i c a l  feed- 
back t o  t h e  con t ro l  c e n t e r  from t h e  b a s i n  ga tes .  This  feedback provides 
a  p o s i t i v e  ind ica t ion  of g a t e  opening ( o r  c los ing) .  The feedback powers 
i n d i c a t o r  l i g h t s  on a  c o n t r o l  panel. The f e a t u r e  w i l l  a s s u r e  t h e  irri- 
ga to r  t h a t  t h e  g a t e  o r  g a t e s  have indeed ac tua ted .  Such a f e a t u r e  is  
e s p e c i a l l y  usefu l  i f  checking t h e  system st n igh t  o r  doing a quick 
checkout before a n  i r r i g a t i o n  s t a r t s .  

The problems r e s u l t i n g  from l igh tn ing  damage t o  t h e  e l e c t r o n i c  con- 
t r o l l e r s  have been found because we have been ope ra t ing  t h e s e  systems i n  
t h e  f i e l d  under a c t u a l  farming condi t ions .  These obse rva t ions  played a n  
important r o l e  i n  t h e  f i n a l  des ign  of t h e  two new systems t h a t  went i n t o  
t h e  Wellton-Mohawk I r r i g a t i o n  and Drainage D i s t r i c t  d u r i n g  1985. Our 
primary goal  i s  t o  look a t  water  conserva t ion  bu t  a t  t h e  same t ime we 
must not  s a c r i f i c e  u t i l i t y  a s  f a r  a s  t h e  ope ra to r  i s  concerned. Rence 
we a r e  deal ing wi th  a  t r a d e o f f  i n  which t h e  i n d i c a t o r s  s a i d  t h a t  we 
should be going f o r  a  more r e l i a b l e  t y p e  c o n t r o l l e r  t h a t  i s  e a s i e r  t o  
ope ra t e  by t h e  u s e r  t h a n  t h e  e l e c t r o n i c  c o n t r o l l e r s  t r i e d  i n  t h e  e a r l y  
1980's. The problems a s s o c i a t e d  wi th  l i g h t n i n g  and e l e c t r o n i c  con- 
t r o l l e r s  no doubt can b e  so lved ,  but  i s  l i k e l y  n o t  o u r  r e s p o n s i b i l i t y .  
Some contact  has  been made wi th  t h e  c o n t r o l l e r  s u p p l i e r  and they  have 
shown a n  i n t e r e s t  i n  t r y i n g  t o  i n v e s t i g a t e  f u r t h e r  t h e  problems t h a t  w e  
have seen. 

Power f a i l u r e  o r  i n t e r r u p t i o n s  a r e  e s p e c i a l l y  c r i t i c a l  when c o n t r o l l i n g  
on-farm mechanized g a t e s  s i n c e  we do n o t  have c o n t r o l  of  t h e  open chan- 
n e l  water supply coming from t h e  i r r i g a t i o n  d i s t r i c t .  I n  c o n t r a s t  such 
a  c o n t r o l l e r  i n  a  t u r f  a p p l i c a t i o n  would have c o n t r o l  of  t h e  water 
supply (valve o r  pump) and would automat ica l ly  t u r n  t h e  water supply o f f  
i f  a  f a i l u r e  ( l i g h t n i n g  damage) occurred. Since w e  cannot c o n t r o l  t h e  
de l ive ry  point  l eads  t o  t h e  need t o  b u i l d  i n  on-farm downstream s a f e t y  
equipment. 
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Elec t ron ic  c o n t r o l l e r s  a r e  not p a r t i c u l a r l y  user-fr iendly.  In  most 
in s t ances  t h e  c o n t r o l l e r s  f o r  level-basins would only be used 10 t o  25 
times a year .  I f  t h e  u s e r  does not  t o t a l l y  understand t h e  c o n t r o l l e r ,  
reprogramming f o r  an  i r r i g a t i o n  may be d i f f i c u l t  f o r  t h e  u s e r  and w i l l  
e i t h e r  l ead  t o  programming e r r o r s  o r  non-use. 

PERSONWEL 

A.R. Dedrick, R.J. Gerard, J. P a d i l l a ,  D.E. P e t t i t  

Table 1. Automated i r r i g a t i o n  systems i n  Wellton-Mohawk I r r i g a t i o n  and 
Drainage D i s t r i c t  

Number Number Number 
Year of of of 
I n s t a l l e d  Uwner/Operator . Acres Basins Checkgates Overflows 

197& 
Woodho?$e N a q u i e  

1977 McElhaney & McDonnell #1 64 23 2 

1979 Joe  Hoffman ill 110 8 2 
Hoffman E n t e r p r i s e s  #l 80 12 1 

1980 McElhaney & McDonnell #2 76 & 4 

1985 Hoffman En te rp r i ses  83 231 3 
Hoffman En te rp r i ses  #&I 169 3 

- 

Research/Demonstration a t  USDA-ARS reques t ,  a l l  o t h e r s  were opera- 
t i o n a l  systems, c o s t  shared by t h e  SCS. 

2 Automated ports--al l  o t h e r s  were l i f t - g a t e s .  

-?I One g a t e  a c t a  both as a basin g a t e  and check ga te .  

41 I n s t a l l e d  i n  January 1986. 
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Table 2. Time and manpower requi red  f o r  i n s t a l l i n g  e l e c t r i c a l  wire and 
tubing associa ted  with mechanized level-basin systems. 

Job  
System 

HE # 3  HE #4 

Trenching, Approx 12" deep Walking Trencher Trac tor  & Blade 
Crew Size  1 1 
Distance Trenched, f t 4,000 4,600 
Time, h r s  22 6 
Rate, f t / h r  180 760 

Unspooling Wire & Tubing 
Crew Size  
Distance, f t  
Time, h r s  (man-hrs) 
Rate, f t / h r  (f t/man-hr) 

1 / 
E n c a s i n g  

Crew Size  
Distance, f t  

21 Time, h r s  (man-hrs)- 
2 / Rate, f t / h r  ( f  tlman-hr)- 

Crew Size  
Distance, f t  

3 1  Time, h r s  (man-hrs)- 
3 / Rate, f t / h r  (f  timan-hr)- 

40-ft lengths of PVC p ipe  walked on t h e  wire and tubing which had 
been unreeled and l a i d  i n  t h e  canal.  A l l  j o i n t s  were so lven t  welded. 
Gate enclosures,  f l e x i b l e  tubing,  and various 45' elbows used a t  each 
g a t e  were a l s o  walked on t o  t h e  wire  and tubing. 

3 Included seven g a t e  enclosures walked on. 

-2/ Includes one ga te  enclosure  mounted a t  te rminal  ga te .  
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/LIFT-GATE 
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 CONTROL 
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SUPPLY 
FROM 
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Figure 1. Fie ld  layout  f o r  231 a c r e  mechanized l eve l -bas in  system on 
Hoffman Farm (HE #3) loca ted  i n  t h e  Nellton-Mohawk I r r i g a t i o n  
and Drainage District. Water i s  d e l i v e r e d  from t h e  I r r i g a t i o n  
and Drainage District a t  about 16 f t 3 / s .  The system was in-  
s Called i n  October-November 1985. 
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Figure 2. Field layout for  169 acre mechanized level-basin system on 
Hoffman Farm (HE 8 4 )  located i n  the Wellton-Mohawk Irrigation 
and Drainage Dis tr i c t .  The system was ins ta l l ed  i n  January 
1986. 
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VALVE: PILOT OPERATED FOUR WAY VALVE (HUMPHERYS 42A) 

VALVE SWITCH PRESSURE128 PSI- SWITCH (OPEN) 
VALVE CANCEL PRESSURE: 12 PSI- - CANCEL (CLOSE) 

3000 4000 

DISTANCE TO VALVE FROM CONTROLLER,F 1 .  

Figure 3. Relation between distance and signal pressure on the time 
required for  an air-pilot operated four-way valve t o  actuate 
(pressurize-gate open) and deactivate (depressurize-gate 
c lose) .  The signal l i n e  tubes were 3116-in. I D  polyethylene. 
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Z4VDC SOLENOID OPERATED 
THREE-WAY VALVE 

TERMINAL 
STRIP AIR SUPPLY 

RETURN 
T O  DISPLAY 
PANEL 

OVERFLOW 

-24VDC 

+24VDC 

SIGNAL 

CHECKGATE 
SIGNAL 

RELAY 
7 

NC I AIR PILOT 1 1  

ELECTRIC ---- PNEUMATIC 
QUICK DISCONNECT 

Figure 4 .  Diagram of e l e c t r i c a l  and pneumatic layout  a t  a bas in  g a t e  
turnout  on the  Hoffman mechanized i r r i g a t i o n  systems (HE #3 
and HE # 4 ) .  Key p a r t s  inc lude  a 24 VDC r e l a y ,  a 24 VDC sole-  
noid operated three-way valve ,  and a n  a i r - p i l o t  operated 
four-way valve. The arrangement shown provides a normally 
closed g a t e  (no s i g n a l ,  g a t e  c losed) .  The wobble swi tch  i s  
ac tua ted  when t h e  g a t e  opens and comes i n  contac t  wi th  t h e  
switch,  sending a 24 VDC s i g n a l  back t o  t h e  c o n t r o l  c e n t e r  t o  
power an  i n d i c a t o r  l i g h t  and clock.  Override, i n t e r r u p t ,  and 
overflow s e l e c t i o n  a r e  accommodated by e l e c t r i c a l  quick d i s -  
connects. NC and NO i n d i c a t e s  normally closed and normally 
open. 
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PANEL 
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RETURN 
T O  DISPLAY 

PANEL 

24 VDC SOLENOID OPERATED 
' THREE-WAY VALVE 

AIR SUPPLY 
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OPERATED FOU 
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Figure 5. Diagram of e l e c t r i c a l  and pneumatic l ayou t  a t  a checkgate on 
t h e  Hoffman mechanized i r r i g a t i o n  systems (HE #3 and HE # 4 ) .  
The arrangement shown provides a normally open g a t e  (no 
s igna l ,  g a t e  open). Wobble swi tch  ill i s  used on a l l  check 
ga tes  t o  i n d i c a t e  when t h e  g a t e  has closed.  If t h e  checkgate 
a l s o  l e t s  wa te r  out  t o  a bas in  (Checks 4 of RE #3  and HE 84, 
Figure 1 and 2,  r e spec t ive ly )  wobble swi tch  112 is  added t o  
i n d i c a t e  when t h a t  g a t e  i s  open and i r r i g a t i n g  (power t o  
wobble swi tch  from c o n t r o l l e r  s i g n a l ) .  A l l  wobble swl tches  
a r e  mounted t o  t h e  g a t e  enclosure  and a r e  a c t u a t e d  when t h e  
ga te  i s  open. 
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RELAY I RELAY 2 RELAY 3 

MASTER 1 SIGNAL 
VALVE FROM AUTOSTART 
RELAY ENABLE RELAY 
ON (RELAY 5 )  
CONTROLLER 

Figure 6. Relay layout used t o  provide 24 VDC bat tery backup t o  the  
system i n  case of AC power f a i l u r e  (o r  interrupted 24 VDC 
rec t i f ied  output). Relay 1; act ivated when i r r i ga t ing  (+ 24 
VDC rec t i f ied  output present);  turns on the bat tery charger, 
completes t he  24 VDC c i r c u i t  from the  charger t o  the bat tery,  
and interrupts  the 24 VDC from the bat tery t o  relay 2. Relay 
2, activated when i r r i ga t ing  (+ 24 VDC from bat tery through 
master valve on control ler) ,  completes t he  24 VDC c i r cu i t  
from the r e c t i f i e r  t o  re lay  3 and from the  battery.  Relay 3, 
activated when i r r i ga t ing  (s imilar  t o  re lay l), switches 
e i ther  24 VDC from the  r e c t i f i e r  t o  the  f i e l d  and control ler  
rotary switch ( i f  AC power avai lable)  o r  24 VDC from ba t te ry  
(battery backup i f  AC power l o s t ) .  
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CONTROLLER 
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AND. 

AUTOSTART 
INTERRUPT 
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Figure 7. Layout of re lays  used t o  remotely s t a r t  the  cont ro l le r  when 
an overflow ( f l o a t  switch act ivated)  i s  sensed. System shown 
i s  before the remote s t a r t  was se t .  To s e t  t h e  system f o r  
remote s t a r t  t h e  operator momentarily closes t h e  push button 
switch t o  t he  l e f t  of re lay 5, which la tches  r e l a y  5 and pro- 
vides a 24 VDC s igna l  t o  check gate  1 f o r  both systems i n  
Figures 1 o r  2 (checkgate closes) and a s igna l  t o  re lay  2 of 
Figure 6 which i n i t i a l l y  provides 24 VDC power t o  the  f i e l d  
(daisychained wire). Relay 6 actuates  when the  f l o a t  switch 
closes (canal nearly f u l l  of water) which i n t e r r u p t s  t he  
power t o  re lay 5 (disables re lay  5) ,  continues t o  provide 
power t o  t he  f i e l d  u n t i l  t he  cont ro l le r  s t a r t s ,  and completes 
a c i r cu i t  t o  s t a r t  t he  cont ro l le r  motor and advance the  con- 
t r o l l e r  t o  t he  f i r s t  s t a t i on  which then s t a r t s  t he  i r r i ga -  
tion. Once the  i r r i g a t i o n  has s t a r t ed  the water l e v e l  drops 
i n  the  canal, t h e  overflow switch cancels, and r e l a y  6 i s  
deenergized. Relay 4 i s  included f o r  operator convenience t o  
advance the cont ro l le r  t o  s t a t i o n  1 by using a push button 
switch located on the  face of the  cont ro l le r .  Annual Report of the U.S. Water Conservation Laboratory



TERMINAL 

I 

5 
3 0 

oe: 
5 "-0 W z 5 
7 - z'9 

J 
9 Z 

J 0 a 
I1 z:, 

1 2 w  
13 (I) I 

0 
2 I- 

15 5 
I-('' 
W 

I I 17 oe: 

SOLID STATE RELAY 

Figure 8. Electr ical  layout of scheme used t o  power a 115 VAC clock 
with a LED display and t o  in te r rup t  the  re turn s ignal  from 
d i f fe ren t  f i e l d  gates t o  allow the clock t o  be reset .  The 
clock i s  an operator aid i n  t ha t  the  time displayed i s  the 
lapsed time since the  basin ga te  opened. The diodes a r e  
needed t o  block any feedback t o  gates not open. 
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TITLE: DCPTA EFFECT ON GUAYULE RUBBER AND RESIN SYNTHESIS 

NRP : 20740 CRIS WORK UNIT: 5542-20740-012 

INTRODUCTION 

Guayule (Parthenium argentatum Gray), a xerophytic  rubber producing 
shrub  indigenous t o  the  Chihuahuan Desert of north-central  Mexico and 
t h e  ad jacent  Big Bend area of southwestern Texas, has the  p o t e n t i a l  t o  
become a domestic source of n a t u r a l  rubber with q u a l i t y  comparable t o  
t h e  tropically-adapted b r a s i l i e n s i s  (Ray, 1983). Guayule i s  a 
highly-branched, symmetrically-shaped pe renn ia l  shrub of t h e  Compositae 
Family (Lloyd, 1911). In  i t s  na t ive  h a b i t a t ,  guayule grows t o  a maximum 
height  of about 1 m at e l eva t ions  between 610 and 1830 m on well-drained 
calcareous s o i l s  rece iv ing  25 t o  30 cm of r a i n f a l l  annual ly (Ray, 1983). 
I n  add i t ion  t o  high q u a l i t y  rubber,  t h e  guayule p l an t  a l s o  produces 
r e s i n s  with p o t e n t i a l  commercial app l i ca t ions  a s  coa t ings  f o r  water  
r e s i s t a n c e  and as  pep t i ze r s  (prooxidants)  used i n  rubber processing 
(Belmares e t  a l . ,  1980). The bagasse may be used a s  pulp f o r  paper ,  as 
a feeds tock ,  and as  a f u e l  t o  power t h e  rubber  processing p l a n t s  (Ray, 
1983). 

A t  the  present  time, however, guayule rubber y i e l d s  a r e  too low t o  
a t t r a c t  commercial production. It is est imated t h a t  guayule rubber 
y i e l d s  mst double before production w i l l  be economically f e a s i b l e  a t  
cu r ren t  rubber p r i ces  (Wright e t  a l . ,  1984). This s i t u a t i o n  may change, 
however, with changes i n  t h e  p r i c e  and a v a i l a b i l i t y  of sources of Hevea - 
and s y n t h e t i c  rubber. 

Guayule breeding e f f o r t s  a r e  cu r ren t ly  underway t o  i n c r e a s e  rubber 
y i e l d s ,  but i t  may be f i v e  o r  more yea r s  before  s i g n i f i c a n t  progress  is 
rea l i zed  (Rubis, 1984). The a n t i c i p a t e d  progress  through breeding may 
be delayed even f u r t h e r  by guayule's complex gene t i c  and reproduct ive  
system. Gnayule p l an t s  have been found with s e v e r a l  p lo idy  l e v e l s  and 
may produce seed e i t h e r  by amphimixis o r  apomixis (Ray, 1983). 

Another means of i nc reas ing  guayule rubber y i e l d s  may be through t h e  
app l i ca t ion  of p l an t  b io regu la to r s .  S tud ie s  by Rayman e t  al. (1974). 
Bayman and Yokoyama (1976) and Hsu et a l .  (1974) demonstrated t h e  chemi- 
c a l  bioinduct ion of t e t r a t e rpeno ids  i n  carotenogenic t i s s u e .  Yokoyama 
et a l .  (1977) concluded t h a t  t hese  b io regu la to r s  r e s u l t  i n  increased  
syn thes i s  of enzymes i n  t h e  t e t r a t e r p e n o i d  pathway through a process of 
gene derepression. These s t u d i e s  l e d  t o  t h e  hypothes is  t h a t  app l i ca t ion  
of p l an t  b ioregula tors  may inc rease  c i s -poly isoprenoid  syn thes i s  i n  
guayule. 

The compound 2-(3,4-dich1orophenoxy)triethylamine (DCPTA), i n  p a r t i c u l a r ,  
has shown promise as  a b io regu la to r  f o r  i n c r e a s i n g  polyisoprenoid rubber 
production i n  guayule. The i n i t i a l  s t u d i e s  by Yokoyama e t  a l .  (1977) 
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r e s u l t e d  i n  2.7- t o  4.3-fold inc reases  i n  percent  rubber of four-month- 
o l d  greenhouse-grown and eight-month-old field-grown guayule, respec- 
t i v e l y .  The p l an t s  i n  these  s t u d i e s  were t r e a t e d  with 5000 ppm DCPTA and 
sampled t h r e e  weeks a f t e r  t reatment .  While t h e  percentage i n c r e a s e  i n  
rubber due t o  DCPTA treatment  appeared t o  be s u b s t a n t i a l ,  t h e  average 
rubber  content of the p l a n t s  increased  from only 1.25 t o  3.47 % i n  t h e  
greenhouse and from 0.91 t o  3.03% i n  t h e  f i e l d .  Rubber percentages  of 
mature guayule p l an t s  may be a s  high as  209: o r  more (Hammond and 
Polhamus, 1965). 

Benedict e t  a l .  (1983) repor ted  a two-fold inc rease  i n  percent  rubber  of 
DCPTA-treated greenhouse-grown guayule. Ten-week-old p l a n t s  were 
t r e a t e d  with 5000 ppm of DCPTA a t  a r a t e  of 5 m l  per  p l an t .  DCPTA 
treatment  a l so  r e su l t ed  i n  a 1.5- t o  3.0-fold inc rease  i n  t h e  a c t i v i t y  
of the  enzymes mevalonic ac id  k inase ,  i sopentenyl  pyrophosphate i s o -  
merase, and rubber t r a n s f e r a s e ,  a l l  of which a r e  involved i n  t h e  synthe- 
sis of cis-polyisoprene. DCPTA had no e f f e c t  on p l a n t  dry weight. 

Fu r the r  research by Hayman e t  a l .  (1983) demonstrated t h a t  lower concen- 
t r a t i o n s  of DCPTA (125 and 500 ppm) r e s u l t e d  i n  h igher  rubber  y i e l d s .  A 
91% inc rease  i n  rubber y i e l d  per  p l an t  was reported.  There was no 
s i g n i f i c a n t  increase  i n  percent  rubber of the  samples, however. The 
h igher  rubber y i e lds  were, t h e r e f o r e ,  due t o  a DCPTA-induced i n c r e a s e  i n  
p l a n t  biomass, not percent  rubber. 

More recent  s tud ie s  by Bucks e t  a l .  (1984) showed no s i g n i f i c a n t  e f f e c t s  
of DCPTA applied t o  f ield-grown guayule. P l an t s  i n  Yuma, Arizona, .were 
t r e a t e d  with 100 ppm DCPTA e i g h t  t imes dur ing  1982 and 1983. The low 
concent ra t ions  of DCPTA were unsuccessfu l  i n  promoting rubber  y i e l d s ,  
e i t h e r  by way of increas ing  percent  rubber  o r  p l a n t  biomass. 

These r epor t s  on the  e f f e c t s  of DCPTA on guayule rubber y i e l d  appear  t o  
be cont radic tory ,  but a l a c k  of c o n s i s t e n t  and r epea tab le  r e s u l t s  f rom 
t h e  b ioregula tor  s t u d i e s  are not  unusual.  Bhal la  (1981) has descr ibed  
t h e  "cons is ten t ly  incons i s t en t "  r e s u l t s  obtained through exper imenta t ion  
wi th  the  p l an t  growth r e g u l a t o r  t r i acon tano l .  Another growth r e g u l a t o r ,  
mepiquat ch lor ide ,  has a l s o  produced i n c o n s i s t e n t  r e s u l t s  when a p p l i e d  
t o  co t ton  (Briggs, l 9 8 l ) ,  and t h e  e f f e c t s  have been h i g h l y  s e n s i t i v e  t o  
environmental condit ions.  

Guayule leaves a re  covered wi th  a very ha rd ,  high molecular weight wax 
(C 48 t o  C 54) (Palu and Garrot .  1983 and Ray, 1983). The t h i c k n e s s  of 
t h e  leaf  wax is influenced by environment and p l a n t  age, with o l d e r  
p l a n t s  and p lan t s  subjec ted  t o  drought having t h e  t h i c k e r  l a y e r  of wax 
on t h e i r  leaves (Lloyd, 1911). Dif ferences  i n  environmental c o n d i t i o n s  
and subsequent d i f f e rences  i n  c u t i c l e  th i ckness  preceding  a p p l i c a t i o n  of 
b io regu la to r s  may r e s t r i c t  t h e  e n t r y  of t h e  b i o r e g u l a t o r s  i n t o  t h e  
l eaves ,  and may account f o r  t h e  d i f f e r e n c e s  repor ted  f o r  DCPTA e f f e c t s .  

The r e s u l t s  of DCPTA a p p l i c a t i o n s  t o  guayule,  whi le  i n c o n s i s t e n t ,  i n d i -  
c a t e  a p o t e n t i a l  f o r  i ts  use i n  improving guayule rubber  y i e ld .  No 
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s t u d i e s  have ye t  been reported,  however, which address t h e  ques t ions  of 
app l i ca t ion  r a t e s ,  app l i ca t ion  timing, o r  number of app l i ca t ions  f o r  
o~t imum rubber v ie lds .  The ob.tective of these  s t u d i e s  was t o  determine " 
appropr ia te  concentrat ions of DCPTA f o r  app l i ca t ion  t o  guayule seed l ings  
growing i n  the  greenhouse and t r ansp lan t s  growing i n  t h e  f i e l d .  

MATERIALS AND EIETHODS 

Greenhouse Study - Several hundred guayule seed l ings  (cv. N565 11) were 
grown from seeds planted i n  medium-grained vermicul i te  i n  t h e  greenhouse 
between 7 and 15 January 1985. A t  approximately one month of age 195 
seedl ings  of uniform s i z e  were ind iv idua l ly  t r ansp lan ted  i n t o  6.6 1 po t s  
containing a peat-vermiculite mix (3: l  v:v). The p l a n t s  were f e r t i l i z e d  
with a complete water so lub le  f e r t i l i z e r  (Pe te r s  Hydro-Sol 5-11-26 with 
micronut r ien ts )  twice-weekly throughout t h e  experiment. 

Plants  were t r ea t ed  a t  two months of age with s o l u t i o n s  of 0 ,  375, 750, 
1500, 3000 or  6000 ppm DCPTA i n  combination with 0.0 o r  1.0% DMSO. The 
treatment so lu t ions  a l l  included 0.01% Ortho X-77 spreader .  A con t ro l  
of d i s t i l l e d  water was a l s o  included i n  t h e  experiment,  but produced t h e  
same r e s u l t s  as  the 0 ppm DCPT4-0.0% DMSO-0.01% X-77 treatment  s o  was 
not included i n  the  da ta  ana lys is .  Three subsamples of each t reatment  
were completely randomized i n  each of 5 blocks,  f o r  a t o t a l  of 15 p l a n t s  
per  treatment.  Subsample means were used i n  a l l  subsequent analyses.  

Treatment so lu t ions  were applied with small  hand-held p l a s t i c  sprayers .  
The p l an t s  were sprayed u n t i l  t h e  abax ia l  s i d e  of a l l  l eaves  were 
completely wetted, which r e su l t ed  i n  a volume of approximately 12 m l  
being applied per  p lant .  

The appearance of each p l an t  was r a t e d  on a 1 t o  10 s c a l e  on days 12, 
18, 25, and 32 a f t e r  treatment.  A r a t i n g  of 1 represented  a completely 
dead p l a n t ,  and 10 represented a completely hea l thy  p l an t .  Numbers i n  
between t h e  two extremes corresponded t o  varying degrees of t i s s u e  
des icca t ion  and chloros is .  

E n t i r e  p l an t s  were harvested on Apri; 16. 1985 and t h e  f r e s h  weight of 
t h e  above and below ground p lan t  ma te r i a l  recorded. Dry weights were 
measured a f t e r  the  samples were allowed t o  dry a t  ambient temperature i n  
a shaded lathhouse f o r  approximately t h r e e  weeks. The samples were then  
ground through a 2 mm sc reen  p r i o r  t o  de terminat ion  of rubber and r e s i n  
content by a gravimetr ic  procedure described by Black e t  a l .  (1983). 
Dry weight,  percent moisture,  percent  rubber ,  percent  r e s i n  of t h e  above 
and below ground samples, and t o t a l  rubber and r e s i n  y i e l d  pe r  p l a n t  
were analyzed us ing  an ana lys i s  of variance. 

Field Study - A t o t a l  of 720 twomonth-old guayule seed l ings  (cv  N565 
11) were t ransplanted  from t h e  greenhouse i n t o  f i e l d  p l o t s  at  t h e  U. S. 
Water Conservation Laboratory. One-half of t h e  p l o t s  i n  each of t h e  two 
blocks were planted on October 12, 1984, and t h e  r e s t  of t h e  p l o t s  were 
planted on March 7, 1985. P r i o r  t o  p l a n t i n g  t h e  p l o t s  were r o t a t i l l e d  
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and f e r t i l i z e d  with 50 l b s  acre-1 N a s  ammonium phosphate. The s o i l  was 
an Avondale loam (Antropic Tor r i f luven t ,  f i n e  loamy, mixed, ca l ca reous ,  
hyperthermic) . 
An experimental u n i t  cons is ted  of 3 rows of 12 p l a n t s ,  with 300 mm row 
spac ing  and 150 m between p l a n t s  wi th in  a row. The t rea tments  con- 
s i s t e d  of the  two p lan t ing  d a t e s  and 5 t reatment  s o l u t i o n s  ( a  c o n t r o l  of 
d i s t i l l e d  water and 100, 400, 1600, and 6400 ppm DCPTA). Each t rea tment  
s o l u t i o n  contained 0.01% Ortho X-77 as  a wet t ing  agent.  The 2 x 5 fac-  
t o r i a l  treatments were completely randomized i n  each of two blocks. 
Bioregula tor  appl ica t ion  was on May 6, 1985, between 0830 and 0900 h r  
MST. 

Each block contained 2 260 cm deep access tubes f o r  measurement of volu- 
me t r i c  s o i l  water content with a neutron moisture probe. S o i l  mois ture  
content  was measured weekly f o r  use i n  i r r i g a t i o n  scheduling.  The p l o t s  
were f lood i r r i g a t e d  th ree  times between October 1984 and Apr i l  1985. 
Subsequent i r r i g a t i o n s  were made with a su r face  d r i p  i r r i g a t i o n  system 
a t  approximately two week i n t e r v a l s  u n t i l  t h e  end of t h e  experiment. 

Five p l a n t s  i n  each p lo t  were harvested twice f o r  g rav ime t r i c  a n a l y s i s  
of rubber and r e s i n  content a s  wel l  as p l an t  he igh t ,  f r e s h  weight ,  and 
dry weight measurements. Harvest da tes  occurred at 60 and 120 days 
a f t e r  treatment (5 Ju ly  and 3 September). S t a t i s t i c a l  ana lyses  were 
performed using the  mean values obtained from t h e  f i v e  subsamples i n  
each p lo t  a t  each harvest  date .  

RESULTS AND DISCUSSLON 

Greenhouse Studies  - The appearance r a t i n g  d a t a  is summarized i n  F igure  
1. A t  12 days a f t e r  t reatment  t h e r e  were very obvious d i f f e r e n c e s  among 
t h e  t rea tments ,  with the  p l a n t s  r ece iv ing  t h e  h ighes t  DCPTA l e v e l s  
having t h e  poorest appearance. Between 60 and 70% of t h e  f o l i a g e  of t h e  
p l a n t s  t r e a t e d  with 6000 pprn KPTA appeared c h l o r o t i c  or des icca ted .  As 
t h e  experiment progressed, however, t h e  new growth of t h e  DCPTA-treated 
p l a n t s  had a normal appearance and t h e  propor t ion  of abnormal f o l i a g e  
decreased. The t i s s u e  which was o r i g i n s l l y  c h l o r o t i c  never  recovered,  
however, and eventua l ly  died. 

The DMSO had no d i sce rn ib le  in f luence  on t h e  appearance of e i t h e r  t h e  
t r e a t e d  o r  cont ro l  plants .  The DMSO-treated p l a n t s  d id ,  however, 
r e l e a s e  a s t rong ,  sweet-smelling odor u n l i k e  t h e  odor of p l a i n  DMSO. 
The s t r o n g  so lvent  p rope r t i e s  of DMSO may have s t r i p p e d  away t h e  c u t i c l e  
l a y e r  of the leaves allowing v o l a t i l e  compounds w i t h i n  t h e  leaves  t o  be 
re leased .  The emission of v o l a t i l e  hydrocarbons from guayule has been 
previous ly  reported and t h e  DMSO may have enhanced t h e  hydrocarbon 
emission (Nakayama e t  al . ,  1985). 

Resul t s  of the  analyses of var iance  f o r  dry weight,  percent  moisture,  
rubber and r e s i n ,  and t o t a l  rubber and r e s i n  pe r  p l a n t  a r e  summarized i n  
Table I. DCPTA had a s i g n i f i c a n t  (P  < 0.01) nega t ive  e f f e c t  on t h e  d ry  

Annual Report of the U.S. Water Conservation Laboratory



weight of both the above and below ground p lan t  t i s s u e s  (Figure 2). The 
DCPTA not only caused t h e  death of t i s s u e  present  a t  t h e  time of app l i -  
c a t i o n ,  but i t  a l so  slowed t h e  growth of new t i s s u e  compared t o  t h e  
con t ro l  plants .  The higher  t h e  concentrat ion of DCPTA app l i ed ,  t h e  
s lower t h e  recovery of t h e  p l an t  and growth of new t i s s u e .  

Percent moisture i n  both the  above ground and below ground t i s s u e s  was 
s i g n i f i c a n t l y  a f fec ted  by DCPTA (Figure 3). Above ground t i s s u e  
moisture content decreased with increas ing  DCPTA concentrat ion.  A t  t h e  
end of t h e  experiment nea r ly  a l l  of the  leaves  which d ied  due t o  t h e  
DCPTA treatment were s t i l l  a t t ached  t o  t h e  p l an t s .  These completely 
des icca ted  leaves were a t  l e a s t  p a r t i a l l y  responsible  f o r  t h e  lowered 
water  content of the  top growth of the t r e a t e d  p lants .  

The DMSO a l so  caused a  s i g n i f i c a n t  (P < 0.01) reduct ion of percent  
moisture i n  the  above ground t i s s u e .  This r e s u l t  sugges ts  t h a t  t h e  DMSO 
may have damaged or  removed the  c u t i c l e  l a y e r  of t h e  l eaves  caus ing  
g r e a t e r  cu t i cu la r  water l o s s .  Moisture content of below ground samples 
increased  with increas ing  DCPTA concentrat ion.  The reason f o r  t h i s  
r e s u l t  i s  not known. The DMSO treatment had no s i g n i f i c a n t  e f f e c t  on 
percent moisture of t h e  below ground t i s s u e s .  

Percent rubber i n  a l l  samples was very low, l e s s  than 1.3%. and no s t a -  
t i s t i c a l l y  s i g n i f i c a n t  t reatment  d i f f e rences  were observed (Figure 4). 
A low percentage of rubber i n  young guayule p l an t s  is  common ( C u r t i s ,  
1947). The percentage of rubber inc reases ,  however, w i th  p l a n t  age a s  
t h e  proport ion of secondary t i s s u e s  capable of s t o r i n g  rubber  increases .  
These t i s s u e s  include t h e  p i t h ,  secondary xylem, phloem and co r t ex ,  ray 
parenchyma, and r e s i n  canal  ep i the l ium (Healy and Mahta, 1985). The 
p l a n t s  i n  t h i s  experiment may not  have developed a s u f f i c i e n t  rubber  
car ry ing  capacity t o  a l low DCPTA-induced d i f f e rences  i n  rubber  accumula- 
t i o n  t o  be expressed. 

Percent r e s i n  of below ground t i s s u e  was not  a f f ec t ed  by DCPTA o r  DMSO, 
and DMSO had no s i g n i f i c a n t  e f f e c t  on percent  r e s i n  of t h e  above ground 
t i s s u e  (Figure 5). However, percent  r e s i n  was s i g n i f i c a n t l y  reduced (P  
< 0.05) i n  above ground t i s s u e s  by t reatment  with DCPTA. Resins i n  
guayule, l i k e  rubber, a r e  found p r imar i ly  i n  t h e  secondary t i s s u e s  of 
roo t s  and stems. The DCPTA-induced reduct ion  of growth reduced t h e  pro- 
po r t ion  of secondary t i s s u e s ,  r e s u l t i n g  i n  a  lower percentage of r e s i n  
with increasing concent ra t ion  of DCPTA. 

Resin and rubber y i e l d  pe r  p l a n t  both decreased s i g n i f i c a n t l y  with in-  
creasing concentrat ion of DCPTA (Figure 6). This was due p r imar i ly  t o  
t h e  DCPTA-induced reduct ion  i n  p l a n t  dry weight. Rubber pe r  p l a n t  was 
a l s o  reduced s i g n i f i c a n t l y  (P  < 0.01) by the  DMSO. DMSO t rea tment  
r e su l t ed  i n  lower average dry weight and percent  rubber  va lues ,  a l though 
t h e  values were not s t a t i s t i c a l l y  s i g n i f i c a n t .  Since percent  rubber  was 
mul t ip l ied  by dry weight t o  o b t a i n  t o t a l  rubber pe r  p l a n t ,  t h i s  
mul t ip l i ca t ive  e f f e c t  r e s u l t e d  i n  t h e  s i g n i f i c a n t l y  lower ruhber pe r  
p l an t  f o r  t h e  DMSO-treated p l a n t s .  
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F i e l d  Studies  - A  summary of t h e  s t a t i s t i c a l  ana lyses  of percent  
rubber ,  percent  r e s i n ,  p l a n t  dry weight and p l a n t  h e i g h t  d a t a  is pre- 
sented  i n  Table 2. The f a l l -p l an ted  guayule had s i g n i f i c a n t l y  h ighe r  
percent  rubber,  dry weight,  and p lan t  he ight  than t h e  spr ing-planted  
guayule a t  both 60 and 120 days a f t e r  t reatment .  Resin content  w a s  not  
s i g n i f i c a n t l y  a f fec ted  by p l an t ing  date.  

DCPTA had no s t a t i s t i c a l l y  s i g n i f i c a n t  e f f e c t  on any of t h e  charac- 
t e r i s t i c s  t h a t  were measured. Trends i n  t h e  da ta ,  however, suggest  t h a t  
DCPTA did  inf luence p l an t  growth and rubber and r e s i n  content .  The l ack  
of s t a t i s t i c a l  corroborat ion was probably due, i n  p a r t ,  t o  the  use  of 
only  two treatment r e p l i c a t i o n s .  Dry weight (Figure 7) ,  f o r  example was 
c o n s i s t e n t l y  lower a t  the  two lowest DCPTA concent ra t ions  than t h e  
con t ro l  o r  the  higher DCPTA treatments .  This t r end ,  though cons i s t en t  
f o r  both p lant ing  da tes  and both harves t  da t e s ,  was most apparent  f o r  
t h e  l a r g e s t  plants .  P lant  he ights  followed t h e  same t r e n d  (Figure 8) .  
The two lowest concentrat ions of DCPTA c o n s i s t e n t l y  reduced p lan t  he igh t .  

The reason f o r  growth reduct ion induced by DCPTA is not known and has  
not  been reported by o t h e r  researchers  who have s tud ied  DCPTA e f f e c t s  on 
guayule. I n  f a c t ,  o t h e r  researchers  have repor ted  t h a t  DCPTA enhanced 
t h e  growth of guayule (Hayman e t  a l . ,  1983 and Hayman et a l . ,  1985). 
One poss ib l e  explanation l i e s  i n  t h e  mode of a c t i o n  of DCPTA. Benedict 
e t  a l .  (1983) showed t h a t  t h e  a c t i v i t y  of enzymes involved i n  rubber  
syn thes i s  increase  due t o  DCPTA. The inc reased  rubber  s y n t h e s i s  may a c t  
a s  a  s i n k  f o r  a s s imi l a t e s  i n  competition wi th  growth f u n c t i o n s  which 
depend on those same a s s i m i l a t e s ,  much t h e  same way as many crops s h i f t  
t h e i r  resources toward seed production du r ing  t h e  reproduct ive  s t a g e  of 
growth. Figures 9 and 10 support t h i s  hypothesis .  Resin and rubber  
content were genera l ly  higher  a t  t h e  same DCPTA concen t ra t ions  t h a t  
reduced p lan t  growth. Again, t h i s  t rend  was much more apparent  f o r  t h e  
l a r g e r  p l an t s .  

There was a  grea t  d i f f e r e n c e  i n  t h e  v i s i b l e  e f f e c t s  of DCPTA on guayule 
between t h e  f i e l d  and greenhouse experiments. The field-grown p l a n t s  
showed very l i t t l e  d i sco lo ra t ion  o r  c h l o r o s i s  a s  a  r e s u l t  of the  DCPTA, 
and what small  amount d id  occur disappeared w i t h i n  a  week. None of t h e  
t i s s u e  was permanently damaged. A s  a r e s u l t ,  t h e i r  p l a n t  growth was not  
reduced l i n e a r l y  with inc reas ing  DCPTA as was the  case  wi th  the  
greenhouse-grown plants .  

This d i f f e r e n t i a l  response of greenhouse- and field-grown p l a n t s  t o  
DCPTA is l i k e l y  due t o  t h e  d i f f e rences  i n  environments. Field-grown 
p l a n t s  rece iv ing  f u l l  s u n l i g h t  and lower vapor p res su re  d e f i c i t s  produce 
a  th i cke r  c u t i c l e  t h a t  r e s i s t s  p e n e t r a t i o n  of f o l i a r  app l i ed  chemicals ,  
reducing t h e i r  e f f e c t i v e  concent ra t ion  w i t h i n  t h e  p l a n t .  Consequently, 
determining the  proper DCPTA concen t ra t ion  f o r  guayule grown i n  d i f -  
f e r e n t  environmental condit ions may be a  p o t e n t i a l  problem. More 
t e s t i n g  i n  a wider range of environments i s  cr i t ical  be fo re  DCPTA can  be 
used r e l i a b l y  i n  the  f i e l d .  
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Another point  of i n t e r e s t  is t h e  i n t e r a c t i v e  r e l a t i o n s h i p  between DCPTA 
e f f e c t s  on growth and rubber and r e s i n  accumulation. The negat ive  
n a t u r e  of t h i s  r e l a t ionsh ip  suggests  t h a t  any gains i n  rubber  and r e s i n  
accumulation due t o  DCPTA may be o f f s e t  by a  reduct ion i n  p l a n t  biomass. 
Both rubber and r e s i n  content  per  p l an t  of the  field-grown p l a n t s  were 
e s s e n t i a l l y  unaffected by DCPTA. However, the  l a r g e r  t h e  p l a n t s  became 
i n  t h i s  experiment, the g r e a t e r  t h e  JXPTA e f f e c t s  were on percent  rubber 
and r e s i n  content. Perhaps JXPTA would have had a  more b e n e f i c i a l  
e f f e c t  i f  the p l an t s  had been allowed t o  grow f o r  a  longer  per iod  a f t e r  
t reatment .  

Guayule usual ly accumulates more rubber during l a t e  f a l l  and winter  when 
t h e  p l an t  is  not i n  an a c t i v e  vegeta t ive  growth s t age .  The p l a n t s  i n  
t h i s  experiment were harvested during t h e  summer and e a r l y  f a l l  before 
t h e  primary rubber accumulation period. The mode of a c t i o n  of DCPTA 
would ind ica t e  t h a t  i t  could poss ib ly  have i t s  g r e a t e s t  e f f e c t  during 
those  periods when rubber accumulation i s  normally a t  i t s  peak. This 
i d e a  deserves f u r t h e r  t e s t i n g .  

These preliminary s tudies  on t h e  e f f e c t  of DCPTA on guayule provided 
s e v e r a l  important r e s u l t s .  F i r s t  of a l l ,  they s u b s t a n t i a t e d  e a r l i e r  
r e p o r t s  t ha t  DCPTA is capable of promoting rubber syn thes i s .  Secondly, 
they  demonstrated tha t  t h e  co r rec t  concentrat ion of DCPTA is c r i t i c a l  
f o r  e l i c i t i n g  a  response, and t h a t  t h e  c o r r e c t  concent ra t ion  w i l l  vary 
according t o  the  growth s t a g e  and environmental condi t ions .  L a s t l y ,  t h e  
f i e l d  s tudy indica ted  t h a t  DCPTA concentrat ions which promote rubber 
syn thes i s  a l s o  have a  negat ive  e f f e c t  on p l an t  growth. This  r e l a t i o n -  
s h i p  needs m r e  d e t a i l e d  s tudy t o  determine whether t h e  r educ t ion  
i n  growth o f f s e t s  the p o t e n t i a l  b e n e f i t s  of g r e a t e r  rubber and r e s i n  
accumulation. 
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Table 1. Summary of s t a t i s t i c a l  s i g n i f i c a n c e  from ana lyses  of var iance  
f o r  dry weight,  percent  moisture,  and rubber  and r e s i n  content 
of greenhouse grown guayule t r e a t e d  wi th  f i v e  l e v e l s  of DCPTA 
and two l e v e l s  of DMSO. 

Source of v a r i a t i o n  

DMSO X DCPTA 
DMSO DCPTA i n t e r a c t i o n  

Dry weight 
Above ground 
Below ground 

Percent moisture 
Above ground 
Below ground 

Percent  rubber 
Above ground 
Below ground 

Percent  r e s i n  
Above ground 
Below ground 

Yield per p l an t  
Rubber 
Resin 

*, ** Sign i f i can t  a t  .05 and .01 l e v e l ,  r e spec t ive ly .  

Annual Report of the U.S. Water Conservation Laboratory



Table 2. Summary of s t a t i s t i c a l  s ign i f i cance  from analyses  of var iance  
f o r  percent rubber ,  percent  r e s i n ,  p l an t  dry weight,  and p l a n t  
he ight  of sp r ing  and f a l l  planted guayule ( l i n e  N565 11) har-  
vested 60 and 120 days a f t e r  treatment with 0 ,  100, 400, 1600, 
and 6400 ppm DCPTA. 

Mean square values 

Source of Degrees of Percent Percent P lant  dry P lan t  
v a r i a t i o n  freedom rubber r e s i n  weight he igh t  

60-day harves t  

Blocks 

Treatments 
Plant  age (A) 
ppm DCPTA (D) 
A X D 

Error  

120-day ha rves t  

Blocks 

Treatments 
P lant  age (A) 
ppm DCPTA (D) 
A X D 

Error  

*, ** Signi f icant  a t  0.05 and 0.01 l e v e l ,  r e spec t ive ly .  
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Figure 1.  
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1 B O O 0  ppm i 

Days A f t e r  T r e a t m e n t  

Appearance rating of greenhouse-grown guayule treated with 0 ,  375, 1500, and 6000 
ppm DCPTA and 0 ( so l id  l i n e )  or IX (dashed l i n e )  nMSO. 'atings of 0 and 10 
represent dead and normal healthy plants, respectively.  
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Figure 2 .  
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Figure 3 .  Linear regression of above (Lop graph] and below (bottom 
graph1 ground percent moisture o f  greenhouse-grown 
guayule onto DCPTA concentration. Plants  were a l s o  
treated with 0 (.solid l i n e ]  or 1% (dashed l i n e )  DMSO. 
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Figure 4 .  Relationship between above Ltop graph) and below (bottom 
graph) ground percent rubber of greenhouse-grown guayule 
and DCPTA concentration. Plants were a l s o  treated with 
0 ( s o l i d  l i n e )  or 1% (dashed l i n e )  DMSO. 
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Figure 5.  Relationship between above (.top graph) and below Cbottom 
graph). ground percent r e s i n  of greenhouse-grown guayule 
and DCPTA concentration. Plants were a l s o  treated with 
a ( so l id  l i n e )  or 1% Cdashed l i n e )  DMSO. 
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DCPTA (ppm) 

Figure 8- Relationship between plant height and DCPTA concentration of f a l l  planted (F) 
and spring planted (S) guayule a t  60 and 120 days a f t e r  DCPTA treatment. 
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DCPTA (ppm) 

Figure 10.  Relationship between percent rubber and DCPTA concentration of f a l l  planted 
(Fl and spring planted ( S )  guayule a t  60 and 120 days a f t e r  DCPTA treatment. 
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TITLE: DIRECT SEEDING FOR ECONOMICAL GUAYfJLE RUBBER PRODUCTION 

NRF: 20740 CRIS WORK UNIT: 5542-20740-012 

INRODUCTION 

Commercial production of guayule (Parthenium arRentatum Gray) has been 
hindered by expensive or inappropriate agronomic practices, particularly 
the techniques associated with stand establishment. In the past, 
guayule has been established through transplanting of nursery-grown 
plants into the field; and more recently, greenhouses have been used for 
growing the seedlings. The cost of guayule establishment based on 
greenhouse production and transplanting can be estimated in 1985 to be 
from $900 to $1200/ha (based on 30,000 plantslha at $0.03 to $0.041 
transplant). The development of direct seeding techniques could 
possibly reduce this cost to less than $400/ha (based on $300/ha for 
comparable vegetable seeds plus $100/ha for planting). Unfortunately, 
earlier field experiences with guayule direct seeding have been margi- 
nally successful, suggesting that direct seeding could be feasible only 
under certain management or environmental conditions. The objective of 
this study is to establish field procedures for obtaining reliable and 
economical direct seeding of guayule. Previous field and laboratory 
tests have shown that germination has been improved by conditioning 
seeds with polyethylene glycol (PEG), gibberellic acid (GA), and light. 

FIELD PROCEDURES 

Spring 1985 

Twelve rows were planted on April 9 and May 15, 1985, using two planting 
methods, three seeding rates, and two seed cultivars at Yuma, Arizona, 
on a sandy soil. All guayule seeds were conditioned using a solution of 
25% PEG (MW 8000). 0.2% Thiram fungicide, adjusted to pH 8 with Ca(OH)2, 
0.5 mglml KNO3, and 10-4 M GA under a continuous light treatment for 3 
to 4 days at 25'C (77'F). The planting methods were fluid drilled seeds 
with a fluid driller and precision planted seeds with a Nibex 300 
(pkastic-cup feed) planter. The seeding rates were 20 seedslm (6 
aeedslft), 40 seeds/m (12 seedslft), and 80 seedslm (24 seedslft). The 
two seed cultivars were Salinas mixed bulk (22% maximum germination) and 
cv. 11591 (64% maximum germination). Three additional rows of Salinas 
mixed bulk were direct seeded with the precision planter at three 
depths: soil surface, 2.5 mm (0.1 in), and 5 mm (0.2 in). Irrigation 
water was applied as an overhead mist using an automated, lateral-move 
sprinkler system. 

Fall 1985 

Twelve rows were planted on October 24. 1985, with three levels of phos- 
phate (P205) and four levels of nitrogen (N) fertilizer in a randomized 
block design with four replicates. Treble superphosphate was applied 
and incorporated as a preplant application at 0, 56, and 112 kg/ha (0, 
50, 100 lblac) of P205; and liquid ammonium nitrate (NH4N03) was top 
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dressed at 12, 25, and 37 kg/ha (11, 22, 33 lb/ac) of N with 12, 6, and 
4 applications for a total of 148 kg/ha (132 lb/ac) plus zero N starting 
three weeks after planting. The guayule seeds were cv. 11591 (64% maxi- 
mum germination) which were conditioned in the same manner described for 
the Spring 1985 and planted at 40 seedslm (12 seed/ft) using the fluid 
drilling planter. In addition, three rows of cv. 11591 seeds were 
direct seeded using the Nibex 300 precision planter to place seeds at 
three depths: soil surface, 2.5 mm (0.1 in), and 5 mm (0.2 in). 

RESULTS AND DISCUSSION 

Spring 1985 

Seedling emergence and plant establishment were consistent for the two 
Spring 1985 plantings, except with the better-quality cv. 11591 seeds. 
When the later planted (May 15) cv. 11591 seeds were compared to the 
early planted (April 9) seeds, the plant survival rates declined with 
time, possibly because of higher soil temperatures and other seed dor- 
mancy or management factors. As expected, the better-quality cv. 11591 
seeds resulted in higher germination and survival rates than the Salinas 
mixed bulk. The fluid drilled seeds began to emerge in 4 to 6 days for 
both planting dates; however, the precision planted seeds emerged over a 
longer period of 5 to 10 days, possibly because of nonuniformities in 
seed placement depth. A total of 320 and 526 mm (12.6 and 20.7 in) of 
irrigation water was applied to the early and late Spring plantings, 
respectively, during the first 3 months. 

After the 3-month establishment period, the field germination rates 
based on the total number of seeds planted for the fluid drilled seeds 
averaged 9 to 11% for the early and later plantings, respectively; 
however, the germination rates for the precision planted seeds averaged 
2 to 6% for the two planting dates (Table 1). Field germination rates 
based on the total number of seeds planted averaged about 3 and 11% 
(plant survival rates calculated as the field germination divided by the 
maximum expected laboratory germination were 15 and 17%), respectively, 
for the bulk and cv. 11591 seeds. Also, the better-quality cv. 11591 
sepds appeared to perform better using the fluid drilling method at a 
planting rate of 40 seeds/m (12 seeds/ft), where the final germination 
and survival rates averaged 12% and 19%, respectively, for both planting 
dates. Based on the Spring 1985 plant survival rates, planting at 40 to 
60 seeds/m (12 to 18 seeds/ft) with a seed quality of better than 60% 
laboratory germination should result in 5 to 10 plants/m (1.5 to 3 
plantslft). A planting rate of 40 seeds/m (12 seeds/ft) would require 
less than 0.5 kg/ha (0.45 lb/ac) of seed to obtain a moderate guayule 
plant population of 30,000 plantsjha (12,000 plants/ac), which is con- 
siderahly less seed than used during the Emergence Rubber Projects in 
the 1940's. 

In terms of planting depths, the surface planting with fluid drilling 
and precision planting method resulted in significantly better emergence 
and survival than the planting at 5 mm (0.2 in) depth. Very few seeds 
germinated at the deepest planting depth, as shown in Figure 1. In some 
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cases, the 2.5 mu (0.1 in) depth was as good as the soil surface 
planting with the precision planter. Of course, planting depth can vary 
on the sandy soil, and the sprinkler irrigation method probably buried 
some seeds that were placed on the soil surface. The advantage of the 
fluid drilling methods was that the seeds remained closer to the soil 
surface for a longer period of time. Contrariwise, the fluid drilling 
method did not space the seeds as uniformly on the soil surface as com- 
pared to the precision planting of raw seeds. 

Fall 1985 

Seedling emergence was good, but plant survival at the first and second 
true-leaf stage was poor. The primary stand establishment problems were 
attributed to poor seedling vigor and cool temperatures in early 
November 1985. Seedling diseases and soil salinity were determined not 
to be hazards in this case. 

SUMMARY AND CONCLUSIONS 

Direct seeding of guayule in the field has shown some promise as a means 
for establishing stands on a sandy soil. To date, best results were 
obtained when the seeds were properly conditioned with polyethylene gly- 
col, gibberellic acid, and light; planted using fluid drilling or preci- 
sion planting techniques; and sprinkler irrigated using from 300 to 400 
mm of water over a three-month establishment period. The surface- 
planted, fluid-drilled seeds also showed significantly higher emergence 
and survival rates than the precision planted seeds placed at deeper 
depths. Even though satisfactory stands were achieved with the con- 
ditioned seeds, poor guayule seedling vigor and not initial seed ger- 
mination is the main reason for not recommending direct seeding as the 
preferred method for the establishment of this crop at this time. 
Direct seeding studies of guayule will continue with a late March 1986 
planting at Yuma, Arizona; and in early April at Maricopa, Arizona; and 
in early April at Maricopa, Arizona. At Yuma, the Fall 1985 experiment 
will be repeated. At Maricopa, the treatments will include conditioned 
and unconditioned seeds along with grain intercropped to provide shading 
fogj'the young seedlings. 
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Table 1. Final  f i e l d  germination r a t e s  a f t e r  t h r e e  months f o r  guayule 
seeds planted on Apr i l  9 and May 15, 1985. 

Plan t ing  Date Seeding 1 / Seed Cult ivar-  
and Method Rate Bulk 11591 2/ Average 

(seeds/m) (percent  germination)-- 

Apr i l  9 
P rec i s ion  planted 20 

40 
80 

Flu id  d r i l l e d  20 
40 
80 

Nay 15 
Prec i s ion  planted 20 0 5 2.5 

40 1 1 1.0 
80 1 2 1.5 

Fluid  d r i l l e d  20 1 22 11.5 
40 3 23 13.0 
80 4 14 9.0 

Average 3.3 10.8 

1' Maximum labora tory  germination r a t e :  Bulk = 22%, and cv. 11591 = 64%. 

2' Average of four  r e p l i c a t e s ;  f i n a l  f i e l d  germination r a t e s  a r e  based 
on t h e  t o t a l  number of seeds  planted a t  40 seeda/m (12 s e e d s / f t ) .  
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Figure 1. Perccnt f i e l d  seed gcrminhtion nnd scctlling survival  ratcs  :or thrcc  planting 
depths i n  the Spring 1985 a t  Yuma, Arizona. 
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TITLE: GERMPLASM IMPROVEMEN OF GUAYULE FOR RUBBER PRODUCTION 

NRP: 20740 CRIS WORK UNIT: 5422-20740-012 

INTRODUCTION: 

Both sexual  and asexual seed reproduct ion processes occur  i n  t h e  guayule 
p l a n t  (Parthenium argentatum Gray). Apomixis (asexual)  i s  d e s i r a b l e  f o r  
maintaining a  "pure" l i n e  t h a t  has proven i t s e l f  f o r  t r a i t s  needed f o r  
opt imal  crop production. However, i n  guayule a  high y i e l d i n g  rubber  
l i n e  has y e t  t o  be a t t a ined .  The guayule p l an t  produces both  sexua l  and 
apomict ic  seeds a t  the  same time i n  varying proport ions.  I n  germplasm 
improvement, we must have sexua l  reproduct ion t o  make t h e  necessary  
crosses  t o  introduce t h e  d e s i r a b l e  t r a i t s  i n t o  t h e  progeny i n  terms of 
rubber  synthes is ,  d i sease  r e s i s t a n c e ,  s a l t  and water s t r e s s  to l e rance ,  
high o r  low seed production, e t c .  

The primary objec t ive  f o r  t h e  s tudy i s  t o  determine t h e  e x t e n t  of  i n h e r i -  
t ance  of apomixis i n  guayule occurr ing  i n  n a t u r a l  s t ands  and new crosses .  
Laboratory crossing between d i p l o i d  sexual  females wi th  polyhaploid apo- 
m i c t i c  males could l ead  t o  sexua l  i n s t e a d  of apomictic progenies .  
Whether t h e  apomictic c h a r a c t e r i s t i c  can be re -es tab l i shed  back i n t o  a  
l i n e  following hybr id i za t ion  i s  not  known, but  examination of  t h e  segre-  
ga ted  generat ion could b e  used t o  determine t h i s .  

I n  t h e  n a t u r a l  environment, f a c t o r s  such a s  water ,  s a l t  o r  temperature 
s t r e s s e s ,  and photoperiod could a f f e c t  t h e  ex ten t  of apomixis. Since 
apomixis i n  guayule i s  f a c u l t a t i v e  r a t h e r  than  ob l iga to ry ,  seed  p u r i t y  
may be influenced by environment. Thus, another  o b j e c t i v e  of t h i s  s tudy 
i s  t o  determine t h e  environmental f a c t o r s  a f f e c t i n g  t h e  apomict ic  pro- 
cess .  Such information can be used by p l a n t  breeders  and p a r t i c u l a r l y  
s o  f o r  growers i n  t h e i r  seed product ion work. 

Seedling v igor  i s  a problem i n  p l a n t  establ ishment  by d i r e c t  seeding  i n  
t h e  f i e l d .  Even though guayule i s  apomict ic  and embryo formation and 
development i s  asexual ,  endosperm development, which s u p p l i e s  n u t r i e n t s  
a d e n e r g y  t o  t h e  germinating seed ,  only  t akes  p l ace  a s  a r e s u l t  of  
po l l ina t ion .  It i s  n o t  known i f  o t h e r  pol len  sources could supply t h i s  
s t imulant  f o r  endosperm development. The use  of f o r e i g n  p o l l e n  sources  
from d i f f e r e n t  guayule l i n e s ,  d i f f e r e n t  spec ie s  of  t h e  guayule genus, 
and d i f f e r e n t  genera of t h e  guayule (Compositae) fami ly  could provide  
t h i s  information. 

PROCEDURE 

I n  t h e  apomixis i nhe r i t ance  s t u d i e s ,  sexual  d i p l o i d s  (211-36) of  P. 
argentatum and asexual apomict ic  polyhaploids (2n-36) of  P. a r g e z a t u m  
p l a n t s  w i l l  be crossed us ing  s t anda rd  c ross ing  proceduresy Crosses and 
seed co l l ec t ion  w i l l  be made d a i l y  whi le  p l a n t s  a r e  i n  t h e  r ep roduc t ive  
cycle.  Cytological eva lua t ion  o f  t h e  pa ren t s  and o f f s p r i n g s  w i l l  be 
made t o  determine t h e  ploidy l e v e l s .  Crosses of P. argentatum d i p l o i d s  
x - P. stroaonium, a sexual  d i p l o i d  w i t h  c o n s p i c u o u ~  morphological 
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features,  w i l l  be made t o  determine the mode of reproduction occurring 
i n  the  F1 generation. Test crosses of the  F1 t o  the recessive parent 
w i l l  be made to  determine the number of genes involved i n  t he  inheri-  
tance of apomixis. Additional t e s t  crosses w i l l  be made with P. stromo- 
nium t o  determine the  reproductive mode of the  t e s t  cross  progeny - 
through such in te rspec i f ic  crosses. 

Existing field-grown plants  of P. argentatum cv. 593 w i l l  be used as  the 
female parent f o r  crossing, w i t x  P. stromonium serving as  the  pollen 
parent. Plants w i l l  be subjected-to d i f fe ren t  water s t r e s s  leve ls  by 
controlled i r r iga t ion  application. Crossing w i l l  be made over a one- 
year growing season a t  varying temperatures, humidity, and photoperiodic 
conditions, which w i l l  be monitored throughout the crossing period. 
Mature plants w i l l  be grown from seeds of these crosses and c l a s s i f i ed  
on the basis of morphological characters t o  determine t h e  degree of apo- 
mixis. 

Plants of P. argentatum cv. 576 serve a s  the female parent t o  t e s t  the  
e f fec t  of Tollen source on seedling vigor. Six pollen treatments a r e  
(1) no treatment, (2) self-poll ination,  (3) pollen from t h e  same guayule 
l i n e ,  (4) pollen from a d i f f e r en t  guayule l i n e ,  (5) pol len from - P. 
stromonium, and (6) pollen from sunflower, Helianthus annuus, L. Plants 
w i l l  be grown both i n  t he  greenhouse and f ie ld .  In t he  l a t e r  case, t h e  
p lo t s  w i l l  he isolated within screened chambers and bees w i l l  be used 
f o r  enhancing pollination. Collected seeds w i l l  be germinated and the 
e f fec t s  of the crosses c l a s s i f i ed  i n  terms of seedling vigor ,  morphology, 
cytological and protein composition. Progeny treatment combinations and 
resul t ing seed formation w i l l  be  used t o  t e s t  f o r  sel f -pol l inat ion,  
incompatibility, and seedling vigor a s  affected by hormonal st imulation 
of endosperm development. 

A p lot  of guayule breeding material ,  approximately 2 acres  i n  s i z e ,  was 
established i n  1982 on the Wong Farm near Marana, AZ, by D r .  D. D. Rubis 
of the University of Arizona p r io r  t o  h i s  retirement. The planting was 
examined f o r  genetic v a r i a b i l i t y  and se lec t ion  poten t ia l  i n  cooperation 
with Dr.  D. T. Ray of t he  University of Arizona. 
i 

RESULTS AND DISCUSSION 

Research on a l l  phases of apomixis inheritance i s  i n  progress. To date,  
suf f ic ien t  data for  analysis  have not been obtained. The various plants  
have been collected and crossing s t a r t ed  i n  both greenhouse and f i e ld .  
Field plots a r e  being s e t  up f o r  pol l inat ion studies. 

On October 29-30, 1985, the  guayule breeding material  on the  lJong Farm 
near Marana was evaluated. Considerable v a r i a b i l i t y  was observed both 
within and between p lo t s  f o r  plant vigor and growth h a b i t ,  p lant  height 
and spread, number of branches, biomass production, flowering, fo l iage  
color, leaf s i ze  and shape, and disease reaction. P lan ts  within 234 
plots  were judged t o  be uniform and most l i k e l y  the progeny of apomictic 
selections. Cuttings were taken from 6 plants  of each p l o t  f o r  fu ture  

Annual Report of the U.S. Water Conservation Laboratory



maintenance and propagation of the lines. A total of 425 single plant 
selections were made within 132 plots that exhibited significant plant 
to plant variability. Selected plants were labeled and cuttings made. 
Survivial rate of the cuttings from both plots and single plants was 
relatively low. Additional cuttings will be made in the Spring of 1986 
after resumption of vegetative growth. 

Plans are made for determination of rubber, resin and biomass produc- 
tion, and rubber quality of all single plant selections and the selected 
uniform plots. Samples for analysis will be obtained in February 1986 
by clipping plant tops at a uniform height. Plants will be allowed to 
regenerate. Both uniform plots and single plant selections will be 
evaluated for regeneration capability after at least one year's regrowth, 
at which time additional samples will be taken for rubber and resin 
analysis. 

SUMMARY AND CONCLUSION 

Research has just begun in germplasm improvement of guayule. Consider- 
able breeding material was salvaged from the germplasm field plot 
established in 1982, which was to be abandoned. Plants are being 
collected and additional field plots established for determining the 
mechanism of asexual (apomictic) reproductive seed production, the 
effect of environment on apomixis, and the effect of pollen source and 
environment on seed viability. Interpretation will be based on cyto- 
logical analysis, morphological comparisons, and growth habits of the 
parents and progenies. 

The collection of guayule breeding material at the Wong Farm exhibits an 
impressive array of genetic variability for plant morphological char- 
acters. It is anticipated that genetic variability in rubber and resin 
production will also be found. This planting will also provide the 
opportunity to evaluate a wide array of plant types for heritable vari- 
ation in regeneration potential and yield following clipping. Superior 
selections will be re-established by vegetative cutting in a nursery 
planting at the Maricopa Agriculture Center for further breeding and 
genetic research. 

# 
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D. Dierig, A. E. Thompson, and F. S. Nakayama 
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TITLE: GUAYULE PRODUCTION ReLATED TO WATER AND NUTRIENT REQUIREMENTS IN 
SANDY SOILS 

NRP : 20740 CRIS NORK UNIT: 5542-20740-012 

INTRODUCTION 

Guayule (Parthenium argentatum Gray) has the potential of becoming a 
viable crop of both agricultural and industrial importance for rubber 
and resin production. The successful cultivation of guayule in a non- 
native, semiarid environment involves the judicious control of both the 
water and fertilizer applications. However, basic knowledge of the 
water and fertilizer requirements along with the biotechnological 
responses has been lacking for mature guayule plants. Early research 
and demonstration on the drought-tolerant guayule plant had incorrectly 
assumed that water and fertilizer requirements will always be minimal in 
the field. The objective of this study was to determine irrigation 
water and nitrogen requirements for high resin and rubber production 
from guayule on a marginal agricultural soil. In addition, the poten- 
tials for harvesting only the upper portion of the guayule plant by 
clipping and for applying bioregulators to enhance rubber production 
were investigated. 

FIELD PROCEDURES 

The four-year'experiment is being conducted on a 0.4 ha (1 ac) field at 
the University of Arizona, Yuma Mesa Agricultural Center. The soil is a 
Superstition sand with a soil water intake of about 76 m l h  (3 inlh) and 
an available soil water capacity of less than 85 mmlm (1 inlft). 
Seedlings of three guayule cultivars (593, N565-11, and 11591) were 
transplanted at a population of 49,500 plantslha (20,000 plants/ac) in 
January 1982. The experimental approach is based on a central composite 
rotatable statistical design with two variables, water and nitrogen. 
The five water levels vary from 50 to 150% water applied (WA) and nitro- 
gen levels range from 33 to 167% of the recommended nitrogen rate (N). 
Th+100% WA level is based on the evapotranspiration measured for the 
guayule crop at Mesa, Arizona, on a medium irrigation treatment and 
varies with plant age. The 100% N level is based on adding 56.4 kglha 
(50 lb/ac) in the early spring and fall of each year. An automated, 
lateral-move sprinkler irrigation system is used to apply both water and 
nitrogen. In addition, a portion of each plot is treated with three 
bioregulator compounds: [2-3.4-dich1orophenoxy)-triethylamine (A); 
2-(2,4-dich1orophenoxy)-triethylamine (B); and N-methylbenzylhexylamine 
( C ) ]  four times per year using concentrations of 100 mg/L. Soil water 
contents, plant and soil nutrients, and daily meteorological measure- 
ments are taken. Periodic harvests of a small number of plants are 
taken plus a major annual harvest of whole and clipped plants is con- 
ducted in January of each year. The results from January 1985 will be 
discussed in this annual report. 
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RESULTS AND DISCUSSION 

Three years of research has shown that the successful cultivation of 
guayule requires the judicious control of both the water and nitrogen 
amounts. Dry weight, rubber concentration, and rubber and resin yield 
were significantly different for the whole, clipped, and bioregulator 
plants harvested in 1985 from the agricultural marginal soil of 95% 
sand. Table 1 shows the non-bioregulator, whole plant harvest data 
along with the total water and nitrogen applied at the time of harvest 
on the nine treatments averaged for the three guayule cultivars. Water 
and nitrogen applications of more than 5280 mm (208 in) and 340 kglha 
(303 lb/ac), respectively, were required to obtain a cumulative rubber 
and resin yield of greater than 2300 and 2500 kgltia (2050 and 2230 
lblac). The optimum 5200 mm (208 in) of irrigation water applied (Tg 
treatment) plus 432 mm (17 in) of precipitation was accounted for in a 
total soil water depletion of about 5420 mm (213 in, estimated eva- 
potranspiration) over the three-year growth period. The rubber yield 
equation at three years was RUW = -2809.4 + 1338.0 WA + 7.08N - 130.72 
W A ~  - 0.0120~~ + 0.380 WA-N (R = 0.95, LOFF = 0.42 NS, F = 12.4), where 
RUW = whole plant rubber yield in kglha, WA = total water applied in m 
(meters), and N = total nitrogen applied in kglha. Rubber yield con- 
tours for non-bioregulator, whole plants are depicted in Figure 1. 
Monthly nitrate (N03-N) levels for cv. 593 indicated to date that a 
critical level of about 1500 to 2000 mg/L should he maintained in leaf 
petioles. 

Clipped planti that were cut off at a 100-mm (4 in) height aboveground 
represented about 51% and 54% of the rubber and resin yield, respec- 
tively, for whole plants dug to a 150-mm (6 in) depth. Spray applica- 
tions of the three bioregulator compounds at low concentrations resulted 
in clipped rubber and resin yields averaging 925 and 1165 kg/ha (825 and 
1040 lb/ac), respectively, whereas the nonbioregulated clipped rubber 
and resin yields averaged 890 and 1070 kglha (795 and 995 lb/ac) for all 
water and nitrogen treatments. Water-nitrogen production functions were 
also determined for the clipped plants. 

SUIfMRY AND CONCLUSIONS 

The successful cultivation of guayule in an agriculturally marginal soil 
of 95% sand was demonstrated in a field study under various water and 
nitrogen treatment combinations. Water and nitrogen applications of 
more than 5280 m and 340 kg/ha, respectively, were required to obtain a 
cumulative rubber and resin yield of greater than 2300 kg/hs and 2500 
kg/ha over a three-year growth period. Spray applications of three 
bioregulator compounds to guayule at low concentrations, four times per 
year have not improved resin or rubber yields thus far, suggesting that 
more work must be done to determine whether higher concentrations or 
more frequent applications, better penetration of the chemicals, use of 
different guayule cultivars, or an appropriate age of the plant at 
treatment can solve this shortcoming. Additional research is needed on 
optimizing further water and nitrogen use of guayule at an older age, 

Annual Report of the U.S. Water Conservation Laboratory



with newer c u l t i v a r s  and more e f f e c t i v e  methods of applying bioregula- 
tors .  The f i n a l  harvest of four-year-old whole p l a n t s  w i l l  be conducted 
i n  l a t e  January 1986 on guayule t h a t  has not been harves ted ,  previously 
cl ipped a t  two years ,  and clipped a t  t h ree  years of age. 

PERSONNEL 

D.A. Bucks, F.S. Nakayama, O.F. French, W.W. Legard, and B.A. Rasnick 
(U.S. Water Conservation Laboratory); R.L. Roth, B.R. Gardner, and E.A. 
Lakatos (Yuma Agr icul tura l  Center,  Universi ty of Arizona). 
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\.. 
Table 1. Nonbioregulator t r e a t e d ,  whole guayule p l an t s  harvested on January 23, 1985, from 

n ine  t reatments  averaged f o r  t h r e e  c u l t i v a r s  a t  Yuma, Arizona. 

Total- 21 Total- 
Treat- Water Nitrogen DrY Rubber Rubber Resin Resin 
ment Applied Applied Weight Content Yield Content Yield 

T1 2831 341 400 a 31 6.6d 1300 a 7.0 N.S.- 4/ 1390 a 
T2 3566 207 504 b 6.5 cd 1621 abc 6.8 N.S. 1696 ab 
T3 3566 475 520 b 6.2 bcd 1579 ab 6.4 N.S. 1661 ab 

T4 5282 150 525 b 6.5 cd 1594 abc 7.3 N.S. 1889 b 
T5 5282 34 1 735 c 6.7 d 2316 d 7.0 N.S. 2519 cd 
T6 5282 532 711 c 6.0 bc 2102 cd 7.6 N.S. 2686 d 
T7 6998 207 586 b 6.2 bed 1794 abc 7.8 N.S. 2226 c 
T8 6998 475 741 c 5.7 b 2092 bcd 7.1 N.S. 2605 d 
T9 7733 34 1 674 c 5.1 a 1676 abc 6.4 N.S. 2236 c 
S; _5/ - - 27.3 0.15 129 - 83.5 

L1 Includes 380 mm of water f o r  establ ishment  i n  1982. 
21 Includes 55 kg/ha of n i t rogen f o r  establishment i n  1982. 
/ Means followed by t h e  same l e t t e r  a r e  not s i g n i f i c a n t l y  d i f f e r e n t  a t  the 5% level .  

No s i g n i f i c a n t  d i f f e rence  a t  t h e  5% l eve l .  
+/ Standard e r r o r  of the  means. 
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RUBBER YIELD,Kg/Ha 
IRRIGATION WATER APPLIED,meters 

(ESTABLISHMENT 0.3Bm) 

PERCENT WATER APPLIED 

2igure 1. Rubber yield contours for non-bioregulator, whole plants 
harvested on January 23, 1985, and averaged for three 
guayule cultivars at Yume, AZ. 
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TITLE: WATER MANAGEMENT AND PRODUCTION RELATIONS OF MATURE GUAYULE 

NRP: 20740 CRIS WORK UNIT: 5542-20740-012 

INTRODUCTION 

The successful cultivation of guayule (Parthenium argentatum Gray) in a 
non-native, semiarid environment provides numerous scientific and engi- 
neering challenges. Guayule, for rubber and resin production, has the 
potential of becoming a viable crop of agricultoral, industrial and 
strategic importance in the United States and other countries. Both the 
search for renewable sources of energy-producing crops and the need for 
alternative crops to replace present surplus producing crops along with 
projected future water shortages continues to provide the incentive for 
renewed interest in guayule and other critical agricultural crops. 
However, knowledge on the water requirements and biotechnology responses 
that could be expected in the field have stymied various improvements in 
plant breeding technology and guayule commercialization. The objective 
of this report is to summarize rubber and resin production with four- 
year-old nonbioregulated and bioregulated guayule in central Arizona as 
it relates to water use, water requirements, and water stress behavior. 

FIELD PROCEDURES 

Three guayule cultivars (593, N565-11, and 11591) were started in the 
greenhouse and transplanted to the field in April 1981, at 54,000 
plantsfha (22,000 plants/ac) at Mesa, Arizona. The site is on a uni- 
form, medium water-holding capacity, loam soil; and the water contained 
1.2 dS/m (800 mg/lf total dissolved salts. Six irrigation treatments, 
based on different percentages of soil water depletion in the crop root 
zone, were maintained using the level-basin irrigation method and repli- 
cated 4 times. Also, a portion of each plot was treated with 2 bioregu- 
lator compounds [2-(3,4-dichtorophenoxy)-triethylamine (A) and 
2-(2,4-dich1orophenoxy)-triethylamine (B)] sprayed 4 timeslyear at con- 
centrations of 100 mgfl for a total of 12 applications and at a con- 
centration of 2000 mgfl at 6 months before harvest. Periodic soil water 
codent and plant canopy temperatures as well as daily meteorological 
parameters were also measured. 

Nonbioregulated whole plants for each cultivar-irrigation-replicate 
treatment were sampled approximately every 3 to 4 months from August 
1981 to October 1984 for 14 harvests. Final harvesting of at least 30 
nonbioregulated whole plants and 5 bioregulated whole plants for each 
individual sub-subplot was made in February 1985. Resin and rubber con- 
centrations were determined from the defoliated plants for the first two 
years using the solvent extraction procedure; and concentrations and 
moisture content were analyzed for the last two years using the near 
infrared spectrophometric (NIR) method, which was calibrated with the 
solvent extraction procedure. 
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RESULTS AND DISCUSSION 

Data on the number and amount of irrigation water applied, eva- 
potranspiration, and yields for the six irrigation treatments are pre- 
sented for the three cultivars for the first two years, last two years, 
and final harvest in Table 1. The total measured evapotranspiration 
(ET) over the four years ranged from about 7040 mm (277 in) on the I1 
wet to 3245 mm (128 in) on the 16 dry treatment, and the seasonal ET 
increased by approximately 25% for each additional year. The total ET 
closely matched the irrigation applications on the wettest treatments 
with a small quantity of water lost to deep percolation, whereas ET was 
greater than the water applied on the driest treatment with a more 
effective use of rainfall and stored moisture. 

Statistical analysis of the rubber and resin yields at the final harvest 
for nonbioregulated whole plants showed nearly a linear decrease in 
total production from the 11 (wet) to the 16 (dry) treatment. overall, 
the potential for rubber and resin production was greater during the 
last two years than the first two years (Table 1). At the final har- 
vest, the higher rubber contents present on the drier treatments did not 
compensate for the lower amount of biomass as water applications became 
less; and resin concentrations were not significantly different among 
irrigation treatments. Rubber and resin yields related directly to sea- 
sonal evapotranspiration, average soil water content, and average crop 
water stress index. The linear regression equation for whole plant 
rubber yield (RUW, kg/ha) versus cumulative ET (mm) was RUW = 847.4 + 
0.242 ET ( R ~  = 0.87), as shown in Figure 1. When all irrigation treat- 
ments and harvest dates are considered, the water use efficiency 
(production divided by cumulative ET) for rubber yield typically ranged 
from about 0.035 to 0.045 kg/m3 (110 to 150 lb/ac-ft), and for resin 
yield ranged from 0.040 to 0.055 kg/m3 (110 to 150 lb/ac-ft) for three 
current guayule cultivars. 

In terms of plant bioregulation, there were no significant differences 
in biomass, rubber and resin contents, and rubber and resin yields when 
averaged over the six irrigation treatments. Rubber yields are shown in 
TaMe 2. However, within irrigation treatments, there were some indica- 
tions that bioregulation improved rubber and resin yields at the 14 and 
I5 (medium-dry) irrigation treatments. This could have occurred because 
fewer plants were available at final harvest from the bioregulated com- 
pared to nonbioregulated guayule. 

SUMMARY AND CONCLUSIONS 

The highly drought-tolerant guayule plant can be successfully grown with 
minimal water, but to achieve high biomass and yields in a short time, 
substantial supplemental water application is needed. Water management 
research at Mesa, Arizona, showed that the highest rubber and resin 
yields of 2530 and 3340 kgfha, respectively, occurred on the wettest 
treatment with an evapotranspiration rate of 7040 mm over the four-year 
growth period. Water use efficiencies (productionfunit of ET) generally 
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ranged from 0.035 to 0.045 kg/& for rubber and 0.040 to 0.055 kg/m3 
for resin production depending on the water stress treatment and harvest 
date. Spray applications of bioregulators over the four years did not 
improve rubber or resin yields on the cultivars used in this field 
experiment. Environmental parameters such as available soil water con- 
tent, evapotranspiration, and crop water stress index were found to be 
good predictors of rubber and resin yields. Guayule growth and survival 
can be maintained on less water; however, under intensified commercial 
farming, additional irrigation water will be needed to promote Easter 
growth, earlier harvests, and ensure higher yields. 

PERSONNEL 

D.A. Bucks, F.S. Nakayama, O.F. French, and B.A. Rasnick (U.S. Water 
Conservation Laboratory); W.L. Alexander and D.E. Powers (University 
of Arizona). 
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Table 1. Water application, evapotranspiration, and rubber and resin yield and content 
data for four-year-bld nonbioregulator whole guayule plants under six irriga- 
tion treatments averaged for three cultivars. 

Period Irrigation Treatments 
and 
Parameter 11 I2 a 13 I4 15 I6 

Final Harvest 
I/ May 1, 1981-Feb 6, 1985- 

No. irrigations 43 
Irrigation amount (mm) 6958 
ET (nun) 7039 2l 
Cumulative rubber yield 2527~11- 
&/ha) 

Rubber content (%) 5.3~ 
Cumulative resin yield 3343a 
(kg/ha) 

Resin content (%) 3/ 7.2N.S.- 
Cumulative dry magyer 857a 
yield (g/plant)- 

L1 Precipitation for first two years = 405 mm: for second two years = 590 nun. + 

-21 Values followed by the same letter in each row belong to the same population at the 5% 
level of significance according to the Duncan's Multiple Range Test. 

2' Analysis of variance showed no significant differences. 
9 g/plant x 54 r metric tons/ha. 
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Table 2. Rubber yield data on two bioregulator and nonbioregulator 
treatments for four-year-old whole guayule plants under six 
irrigation treatments averaged for three cultivars. 

- 

Period Irrigation Treatments 
and 
Bio. Treatment I1 12 13 14 15 16 All 

Final Harvest 
May 1, 1981- 
Feb 6, 1985 
Bio. A 2419 1887 2100 2309 2063 1503 2046 N.S.- 1 / 
Bio. B 2614 1983 2364 2213 2007 1439 2103 N.S. 
Check 2527 2114 2250 1990 1818 1471 2028N.S. 

-. 

Li Analysis of variance showed no significant difference. 

IRRIGATION TREATMENT 

0.1, wet , m-S4 medium 

*. 1 2 r a l  A* Is dry 

0. 13msdium ' I. dry 

AVERAGE OF CULTIVARS 
593, N565-I t ,  11581 ,/'* FINAL WHOLE PLANT HARVEST 

FOUR-YEAR-OLD OUAYULE 

4 
FEBUARY. 1985 

FINAL CUMULATIVE EVAPOTRANSPIRATION (ET), mm of wotsr 

Figure 1. Relationship between the average rubber yield and cumulative evapo- 
transpiration at the final, four-year harvest of three guayule 
cultivars under six irrigation treatments at Plesa, Arizona. 
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TITLE: SOIL-WATER-PLANT RELATIONSHIP OF DROUGHT-TOLERANT CROPS IN ARID 
ENVIRONHENTS 

NRP: 20760 CRIS WORK UNIT: 5542-20760-002 

INTRODUCTION 

This project was terminated in 1985. No research was done on it, but 
the three field sites (Granite Reef, Usery Pass and Camp Verde) had to 
be dismantled and restored to cooperator specifications. Several 
manuscripts reporting unpublished data are in various stages of prepara- 
tion (see LIST OF 1985 PUBLICATIONS). 

A new CRIS project titled, "Seedling Establishment of New Crops Under 
Crusting and Other Limiting Soil Related Conditions," has been submitted 
for approval. Some research on the new CRIS has been started and some 
of the equipment required for such research has been purchased or 
constructed. 

In this USWCL Annual Report some of the major conclusions gleened from 
the runoff-farming study with Christmas trees are summarized, and pre- 
liminary research findings from the new study are presented. 

Conclusions From the Runoff-Farming for Christmas Trees Production Study 

1. Runoff-farming can be used to successfully grow Christmas trees in 
the arid Southwest. Irrigation is not required. 

2. Marginal land and land without irrigation water rights can be used. 
3 .  Small farmers should be able to utilize the techniques we developed 

to supplement their incomes. 
4 .  Christmas trees are a low-risk crop for runoff-farming because they 

are drought tolerant. 
5. Christmas trees are a low water requiring crop: 2 feet per year at 

maturity, and less during establishment. 
6. Groundwater recharge occurs using runoff-farming for this crop 

because (a) excess runoff is generated during the tree establishment 
r'years, and (b) catchment size must be overdesigned to assure crop 
survival and even quality growth in years (50%) with below normal 
precipitation. 

7. Christmas trees can attain marketable size in 3 to 4 years in the 
Southwest using runoff-farming compared to 5 to 10 years normally 
required for trees grown in the northern cLimates. 

8. Christmas trees are a potential new croE for the arid Southwest. 
Unlike most proposed new crops, consumer demand and a complete local 
marketing structure already exists for Christmas trees. 

9. Trees grown locally in the Southwest should be fresher and have 
lower shipping costs compared to imported trees. Hence, demand 
should be greater and profits higher. 
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Seedling Establishment of New Crops 

Several  new crops have been proposed t o  improve t h e  economic condi t ions  
of U. S. farmers and meet changing product demands. L i t t l e  i s  known 
about t h e  c u l t u r a l  p r a c t i c e s  requi red  t o  grow many of t h e s e  crops. 
Trouble i n  an t i c ipa ted  with a l l  a spec t s  of product ion,  but  p a r t i c u l a r l y  
s o  with the c r i t i c a l  es tab l i shment  phase. This is because most of t hese  
crops have small  low-vigor seeds  with a v a r i e t y  of adap ta t ions  f o r  sur-  
v i v a l  i n  t h e  wild, but  which adapta t ions  genera l ly  prove troublesome 
under cu l t iva t ion .  

The seedl ing  emergence-crop establ ishment  process-may be d iv ided  i n t o  
t h r e e  i n t e g r a l l y  r e l a t e d  a spec t s :  (1) t h e  seed ,  (2)  t h e  s o i l ,  and 13) 
t h e  seeding operat ion.  Research is needed on the  seed  t o  improve ger- 
mination and vigor ( r a t e  and uniformity of germination, e a r l y  growth and 
emergence, and r e s i s t a n c e  t o  d i sease ) .  Research is needed on improving 
t h e  s o i l  environment surrounding t h e  seedlseedl ing .  The s t r e s s e s  of 
water ,  s a l t ,  temperature, a e r a t i o n ,  and mechanical impedance must be 
understood and overcome. Seeding techniques and equipment must be devel- 
oped f o r  these  new crops. 

Research must proceed on a l l  t h r e e  a spec t s  i f  t h e  problems of crop 
establ ishment  a r e  t o  be solved.  The prel iminary r e s u l t s  repor ted  he re  
concern seed/seedl ing v igor  t e s t i n g  of guayule a s  determined u s i n g  t h e  
s l a n t  p l a t e  method. Two c u l t i v a r s ,  N565-I1 and 11591 (condi t ioned  and 
unconditionedj were evaluated.  Twenty seeds were p laced  i n  a s t r a i g h t  
l i n e  on t h e  b l o t t e r  pape r ,  one inch down from t h e  top  of each p l a t e .  
There were fou r  r e p l i c a t i o n s .  Three temperature regimes were evaluated:  
5N-15D, ION-20D, and 15N-25D, where N and D a r e  n i g h t  and day (dark  and 
l i g h t e d ) ,  respec t ive ly .  Temperature and l i g h t  were cyc led  every 12 
hours. Germination and roo t l shoo t  growth were eva lua ted  da i ly .  

Germination r e s u l t s  f o r  t h e  ION-20D regime a r e  shown i n  F igure  1. Open 
symbols represent  t o t a l  germination (shoot  and/or r a d i c a l  p r o t r u s i o n  
g r e a t e r  than 2 mm), whi le  t h e  closed symbols on t h e  l a s t  day r ep resen t  
t h5 'pe rcen t  of normal germinated seeds.  The n o t a t i o n  T-50 and T-80 
r ep resen t  the  number of days t o  50 and 80 percent  germinat ion of those  
seeds  t h a t  germinated. 

The T-X da ta  a re  summarized i n  Table 1 f o r  t h e  t h r e e  temperature r eg i -  
mes. Several th ings  a r e  apparent .  Conditioned seed g e t s  o f f  t o  a 
f a s t e r  s t a r t  than i r r i g a t e d  seed - p a r t i c u l a r i l y  a t  low temperatures .  
I n i t i a t i o n  of germination of condit ioned seed was only  1 o r  2 days ahead 
of unconditioned seed a t  t h e  two h igher  temperature regimes but  was a 
week ahead a t  the low temperature.  Time t o  80% germinat ion inc reased  
from 2 t o  12 days (10 day inc rease )  f o r  t h e  11591C from h i g h e s t  t o  
lowest temperature regimes, but increased  from 4 t o  21 days (17 days 
inc rease )  f o r  cv. 565. 

Table 2 shows t h a t  optimum germination occurred a t  the  ION-20D tem-  
pe ra tu re  regime. Germination of cv. 565 was low throughout  but  dropped 
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t o  only 4% normal seedl ings  a t  the  5N-15D temperature regime. Condition- 
i n g  improved a l l  aspec ts  of germination and vigor of cv. 11591. No con- 
d i t i oned  cv. 565 was a v a i l a b l e  f o r  t e s t i n g .  

The next phase of these  s t u d i e s  w i l l  be t o  eva lua te  v igor  of t h e  seed- 
l i n g s  i n  s o i l  under various regimes of temperature, water and s a l t  
s t r e s s ,  and as  a  funct ion  of p l an t ing  depth t o  determine mechanical 
s t r e n g t h  of the  emerging seedl ings .  This  information should i n  t u r n  a i d  
i n  developing improved d i r e c t  seeding techniques f o r  f i e l d  p lant ing .  

SUMMARY 

This pro jec t  was terminated i n  1985. No research was done on i t ,  but  
t h e  t h r e e  water harvestinglrunoff-farming f i e l d  s i t e s  were dismantled 
and r e s to red  t o  the  cooperator 's  s p e c i f i c a t i o n s .  Severa l  manuscripts 
r epor t ing  unpublished da ta  from the  p ro jec t  a r e  i n  var ious  s t ages  of 
prepara t ion .  A new CRIS t i t l e d ,  "Seedling Establishment of New Crops 
Under Crusting and Other Limiting S o i l  Related Conditions", was sub- 
mit ted f o r  approval. Research on t h e  new projec t  has begun and sone of 
t h e  spec ia l i zed  equipment requi red  has  been borrowed, b u i l t ,  o r  pur- 
chased. Preliminary research r e s u l t s  on eva lua t ing  s e e d l i n g  v igor  u s i n g  
t h e  s l a n t  p l a t e  technique suggests  t h a t ,  f o r  guayule, both germination 
and vigor a r e  optimal a t  a  temperature regime of 10C night/20C day (12 
h r  cyc le s ) ,  and tha t  condi t ioning  seed t o  enhance v igor  is p a r t i c u l a r l y  
bene f i ca l  a t  low temperatures.  

PERSONNEL 

D. W. Fink 
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Table 1. Time to initiation (T-O), 50% (T-50) and 80% (T-80) germi- 
nation of those seeds which germinated for guayule cvs. 
N-565-11, 11591 and conditioned 11591 at three temperature 
regimes. 

Germination/Vigor - (Guayule) 

5N-15D 
T-0 (days) 
T-50 " 
T-80 " 

ION-20D 
T-0 (days) 
T-50 " 
T-80 " 

15N-25D 
T-0 (days) . 1 1 <1 . 
T-50 " 3 3 1 
T-80 " 4 4 2 

Table 2. Germination/vigor of guayule at three temperature regimes 
using the slant plate technique. 

Germination/Vigor - (Guayule) 

5N-15D (24 days) 
j Germination 

Normal 
Dead or ungerminated 
Abnormal/germinated 

ION-20D (16 days) 
Germination 
Normal 
Dead or ungerminated 
Abnormal/germinated 

15N-25D (10 days) 
Germination 25 58 64 
Normal 16 42 50 
Dead or ungerminated 75 4 2 36 
Abnorrnal/germinated 37 28 22 
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TITLE: SOIL-PLANT-ATMOSPHERE INTERACTIONS AS ULATED TO WATER 
CONSERVATION AND CROP PRODUCTION 

NRP: 20760 CRIS WORK UNIT: 5422-20760-003 

INTKODUCTION 

1985 was another good product ive year  f o r  our research group. Because 
we a re  time and cos t  conscious, only t h e  most s i g n i f i c a n t  of our publi-  
c a t i o n s  a r e  included i n  t h i s  year ' s  r e p o r t ,  a s  well  a s  experiments not  
q u i t e  y e t  completed. We had 39 papers published, 18 a r e  i n  p res s ,  and 
15 a r e  i n  the journa l  review process.  Again, t h 2 e  a r e  numerous 
manuscripts i n  a l l  s t ages  of completion, and y o u ' l l  be reading about 
many of them next year  i n  our annual repor t .  

Two papers deal  with the  assessment of s tomatal  and canopy r e s i s t a n c e s  
of f i e l d  grown wheat. The f i r s t  paper uses  measurements of leaf  water  
p o t e n t i a l ,  stomatal r e s i s t a n c e ,  canopy temperature and evapotranspira-  
t i o n  f l u x  t o  c a l c u l a t e  p lant  and canopy r e s i s t ances .  A l i t t l e  d i f f e r e n t  
approach is used i n  t h e  second paper where an empir ica l  model f o r  stoma- 
t a l  r e s i s t ance  i s  developed from measurements of net  r a d i a t i o n  and l e a f  
water  potent ia l .  Three o the r  papers ,  a l s o  on our wheat crop, a r e  con- 
cerned with f a c t o r s  a f f e c t i n g  t h e  measurement of r e f l ec t ance .  C u l t i v a r  
d i f f e r e n c e s  i n  canopy a r c h i t e c t u r e ,  not  d i f f e r e n c e s  i n  s p e c i f i c  l e a f  
r e f l e c t a n c e , w e r e  shown, i n  two papers ,  t o  s i g n i f i c a n t l y  a f f e c t  o v e r a l l  
canopy ref lec tance ,  and t h a t  mul t ip le  sun angle da ta  a c q u i s i t i o n s  might 
be required t o  a s ses s  green l ea f  a rea  and biomass. The t h i r d  paper,  
which considered the e f f e c t  of dew on canopy reflectance, e s t a b l i s h e d  
t h a t  moderately high dew l e v e l s  increased ,  decreased o r  had no e f f e c t  on 
r e f l e c t a n c e  depending on t h e  wavelength region of i n t e r e s t .  Another 
paper on wheat showed t h a t  t o t a l  above-ground phytomass determined from 
remotely sensed da ta  was well  co r re l a t ed  with measured values. 

One paper was concerned with measuring t h e  s p a t i a l  v a r i a b i l i t y  of evapo- 
r a t i o n  of water from bare s o i l  using r e f l e c t e d  and emi t ted  r a d i a t i o n  
f r p i  t h e  sur face  and rou t ine  meteorological  parameters. This  s tudy was 
t o  inves t iga t e  the  s p a t i a l  v a r i a b i l i t y  of evaporation over  a r e l a t i v e l y  
small f i e l d  plot .  Two s t u d i e s  were aimed a t  t h e  abso lu te  c a l i b r a t i o n  of 
remote sensing instruments.  The f i r s t  technique uses a s tandard  r e f l e c -  
tance  p l a t e  placed hor i zon ta l  t o  the  su r face ,  and i s  a l t e r n a t e l y  exposed 
t o  the sun and shade. More s o p h i s t i c a t e d  methods a r e  explained i n  t h e  
second paper. 

Another pa i r  of papers dea l s  with e f f e c t s  i n  inc reas ing  concent ra t ion  of 
atmospheric carbon d ioxide  on c l imate  and p lan t  behavior. A broad look 
a t  the  C02 p ic tu re  i n d i c a t e s  t h a t  the  f i r s t  de t ec t ion  of t h e  increased  
C02 l e v e l  has been observed i n  an inc rease  i n  photosynthe t ic  a c t i v i t y  
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and not  i n  an inc rease  i n  g l o b a l  climate. A t  a  lower l e v e l  of observa- 
t i o n ,  t h e  second paper demonstrates t h a t ,  i n  f i e l d  experiments ,  a  
doubling of C02 increased  water  hyacinth biomass by about  one-third,  
and decreased t r a n s p i r a t i o n  by a  l i k e  amount, which r e s u l t e d  i n  a  
doubling of the water use e f f i c i ency .  

Four o the r  papers, on d i f f e r i n g  s u b j e c t s ,  a r e  worthy of note. F i r s t ,  i s  
a  comparison of model and empir ica l  s t u d i e s ,  which ag ree  t h a t  the  mean 
g l o b a l  sur face  temperature could warm by no more than 4 o r  5 K. The 
second study,  by a  v i s i t i n g  s c i e n t i s t  from New Zealand, demonstrated 
t h a t  s o i l  heat f l u x  could be est imated a s  a  f r a c t i o n  of t h e  ne t  radia-  
t i o n ,  depending on t h e  amount of vegeta t ion  and the  time of day. A 
t h i r d  paper, from a v i s i t i n g  graduate  s t u d e n t ' s  d i s s e r t a t i o n ,  revealed 
t h a t  the  leaf  appearance r a t e  of wheat could be es t imated  from a r e l a -  
t i o n s h i p  between growth s t a g e  and accumulated thermal u n i t s .  The l a s t  
paper ,  a l s o  from another  graduate  s t u d e n t ' s  t h e s i s ,  eva lua ted  t h e  e f f e c t  
of topography, s lope  and a s p e c t ,  on the  microcl imate,  growth and y i e l d  
of barley grown i n  the  Dunnigan H i l l s  of C a l i f o r n i a  f o r  t h e  HCMbl pro- 
j e c t .  

Two experiments were conducted on t h e  Univers i ty  of Arizona Maricopa 
Agr i cu l tu ra l  Center (MAC farm) using remote sensing techniques. One 
d e a l t  with inves t iga t ing  t h e  s p a t i a l  v a r i a b i l i t y  of wheat canopy tem- 
pe ra tu re  i n  long borders.  Although the  a n a l y s i s  of t h e  d a t a  is con- 
t i nu ing ,  preliminary i n d i c a t i o n s  a re  t h a t  t h e  use of canopy temperature 
v a r i a b i l i t y  to  schedule i r r i g a t i o n s  may not  be a s  easy as  was f i r s t  pro- 
posed. A mulii-level observa t ions  experiment t o  a s s e s s  evapotranspira-  
t i o n  from bare s o i l  and cropped su r faces  i s  t h e  f o c a l  po in t  of the  
second experiment. Measurements from t h e  ground, a i r c r a f t  and s a t e l l i t e  
c o r r e l a t e  well  with on-the-ground Bowen Rat io  observa t ions  of evapo- 
t r ansp i r a t ion .  This  work w i l l  cont inue i n  1986. 

A p ro jec t  t o  evaluate  t h e  p o s s i b i l i t y  of using p l a s t i c  c y l i n d e r s  a s  
t r a n s f e r  standards f o r  neutron probe c a l i b r a t i o n s  is described.  It was 
found t h a t  these s tandards  could be used between probes wi th  l i k e  detec- 
t o r s ,  but they were not adequate where t h e  d e t e c t o r s  were d i f f e r e n t .  
Yes 'another  study was s t a r t e d  t o  eva lua te  t h e  use of r e s i s t a n c e  blocks 
t o  schedule i r r i g a t i o n s ,  and t o  compare t h i s  technique wi th  t h e  Crop 
Water S t r e s s  Index obtained from i n f r a r e d  thermometer measurements of 
canopy temperature. Pre l iminary  r e s u l t s  a r e  presented. Measurements 
taken during the second yea r  of our a l f a l f a  experiment i n  t h e  ly s ime te r  
f i e l d  a r e  described. A few mini-experiments t h a t  have been ongoing 
throughout the year a r e  expla ined ,  as w e l l  as o t h e r  obse rva t ions ,  such 
a s  the incidence of pes ts .  

CANOPY RESISTANCE 

Choudhury, B.J. and Idso ,  S.B.  Evaluat ing p l an t  and canopy r e s i s t a n c e s  
of field-grown wheat from concurrent  d i u r n a l  observa t ions  of l e a f  water  
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potential, stomatal resistance, canopy temperature, and evapotranspira- 
tion flux. Agric. For. Meteorol. 34:67-76. 

Concurrent observations of leaf water potential, stomatal diffusion 
resistance and canopy temperature were made on two plots of wheat 
(Triticum aestivum L. cv. Anza) growing at Phoenix, Arizona under two 
different soil water conditions. These data were further complemented 
by weather observations and lysimeter measurements of total evaporative 
water loss from the plots. Transpiration fluxes for each plot were 
estimated by an aerodynamic-energy balance approach and compared with 
the lysimeter data. Plant resistances were computed from the transpira- 
tion flux results and the leaf water potential measurement using van den 
Honert's equation, while canopy resistances were also computed from the 
transpiration flux using Monteith's equation. The calculated plant 
resistance decreased by a factor of almost two from morning to mid- 
afternoon whereas the ratio of canopy and stomatal resistances were 
constant during most of the day. 

Choudhury, B.J. and Idso, S.B. An empirical model for stomatal 
resistance of field grown wheat. Agric. For. Meteorol. 36:65-82. 

From concurrent data of stomatal conductance of sunlit leaves (C1; mm 
s-I), leaf water potential ($; m), and net radiation (Rn; W m-2) we 
derive the empirical relationship: 

Stomata1 conductances calculated using the above equation are compared 
with an independent data set. Canopy resistance derived from the above 
equation is used in a plant water balance equation to simulate diurnal 
evaporation fluxes for three days, and we compare the calculated fluxes 
with lysimeter observations for well-watered and water-stressed wheat. 
Canopy temperatures are additionally obtained from an energy balance 
equation and compared with infrared radiometer observations. Regression 
anpysis of simulated and observed evaporation fluxes yields a correla- 
tion coefficient of 0.98 and a standard error of estimate of about 37 W 
m-2; while for the canopy temperatures the correlation coefficient is 
0.98 and the standard error of estimates 1.00'C. Variation of canopy 
net photosynthesis with insolation, and leaf area index are also simu- 
lated and compared with observations. 

CROP REFLECTANCE 

Jackson, R.D. and Pinter, P.J., Jr. Spectral response of architec- 
turally different wheat canopies. Remote Sensing of Environment. (In 
press). 
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The s p e c t r a l  response of two a r c h i t e c t u r a l l y  d i f f e r e n t  s p r i n g  wheat 
canopies having s i m i l a r  s i n g l e  l ea f  r e f l ec t ance ,  green l e a f  a rea  index 
(GLAI), and t o t a l  dry phytomass was measured throughout a growing 
season. Experimental r e s u l t s  and support ing model c a l c u l a t i o n s  showed 
t h a t  the  more planophile canopy had a higher s p e c t r a l  r e f l e c t a n c e  
(measured a t  nadi r )  than t h e  e rec toph i l e  canopy. During t h e  period of  
peak GLAI, the r a t i o  of near- infrared t o  red r e f l ec t ances  (IR/red)  f o r  
t h e  e rec toph i l e  canopy was about 30% higher  than f o r  t h e  p lanophi le  
canopy. The perpendicular  vege ta t ion  index (PVI), however, was about 
30% higher f o r  the planophile  canopy than f o r  t h e  e r e c t o p h i l e  canopy. 
When ground measured r e f l e c t a n c e s  were transformed t o  r ad iances  e x i t i n g  
t h e  top of e i t h e r  a c l e a r  o r  a tu rb id  atmosphere, the d i f f e r e n c e s  bet- 
ween the e rec toph i l e  and t h e  p lanophi le  canopies kemained f o r  t h e  PVI 
but  were obscured f o r  the  IR/red r a t i o .  The r e s u l t s  demonstrate the  
importance of a r c h i t e c t u r a l  e f f e c t s  on the  s p e c t r a l  response of cano- 
p i e s ,  and the  i n t e r p r e t a t i o n  of t h a t  response f o r  e s t ima t ing  GLAI and 
d ry  phytomass by use of vege ta t ion  indices .  

P i n t e r ,  P.J., Jr., Jackson, R.D., Ezra, C.E. and Gausman, H.W. Sun 
angle  and canopy a r c h i t e c t u r e  e f f e c t s  on the  s p e c t r a l  r e f l e c t a n c e  of s i x  
wheat cu l t iva r s .  In t .  J. Remote Sensing 6:1813-1825. 

Canopy s p e c t r a l  r e f l ec t ances  were measured over s i x  c u l t i v a r s  of sp r ing  
wheat (Tri t icum aestivum L.) grown a t  Phoenix, AZ. Data were c o l l e c t e d  
a t  30 t o  45 minute i n t e r v a l s  on 9 Narch 83 using two ground-based 
radiometers with bandpass c h a r a c t e r i s t i c s  s i m i l a r  t o  those  of the  
mul t i spec t r a l  scanner and thematic  mapper on Landsat 4 and 5. Major 
d i f f e rences  i n  r e f l ec t ance  were observed among c u l t i v a r s  a t  every time 
period d e s p i t e  t h e i r  apparent  s i m i l a r i t i e s  i n  green l e a f  a r e a  and green 
biomass. Single-leaf s p e c t r a  measured i n  t h e  l abora to ry  wi th  a spec t ro-  
photometer revealed no cu l t iva r - r e l a t ed  d i f f e rences  and supported t h e  
content ion  t h a t  the  r e f l e c t a n c e s  were s t rong ly  inf luenced  by canopy 
a r c h i t e c t u r a l  fea tures .  The d i u r n a l  p a t t e r n s  of r e f l e c t a n c e  r e in fo rced  
t h i s  conclusion with p lanophi le  canopies exh ib i t ing  t h e  l e a s t  amount of 
v a r i a b i l i t y  due t o  changes i n  sun angle  and e r e c t o p h i l e  canopies  showing 
t h e  most. These da ta  underscore t h e  complexi t ies  of i n t e r p r e t i n g  
r e v t e l y  sensed mul t i spec t r a l  da t a  and suggest  t h a t  mul t ip l e  sun ang le  
d a t a  acqu i s i t i ons  may be requi red  t o  e x t r a c t  des i r ed  information.  

P i n t e r ,  P.J., Jr. Ef fec t  of dew on canopy r e f l e c t a n c e  and temperature. 
Remote Sensing of Environment. ( I n  p res s )  

The d iu rna l  behavior of canopy r e f l e c t a n c e  and emit tance was charac- 
t e r i z e d  f o r  s i x  spr ing  wheat c u l t i v a r s  using two ground-based radiom-- 
e t e r s  t h a t  had s p e c t r a l  bandpass c h a r a c t e r i s t i c s  s i m i l a r  t o  t h e  multi-  
s p e c t r a l  scanner and thematic  mapper radiometers on Landsat 4 and 5. 
Nadir measurements of s p e c t r a l  r e f l e c t a n c e  and emit tance were made over 
well-watered canopies with and without dew t o  determine i t s  e f f e c t  on 
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each wavelength in t e rva l .  The d iu rna l  pa t t e rns  of r e f l e c t a n c e s  from 
canopies without dew were symmetric with respect  to  s o l a r  noon. How- 
eve r ,  when dew was present  on canopies,  morning r e f l e c t a n c e s  i n  wave- 
lengths  shor t e r  than 0.7 ,,m and longer  than 1.15 ~m were s i g n i f i c a n t l y  
d i f f e r e n t  than those observed during the  af ternoon under s i m i l a r  s o l a r  
z e n i t h  angles. Quan t i t a t ive  measurements of dew d e n s i t y  i n  each c u l t i -  
v a r  es tab l i shed  t h a t  moderately high dew l e v e l s  increased  r e f l ec t ance  i n  
v i s i b l e  wavelengths by 40 t o  60%, and decreased r e f l e c t a n c e  i n  wave- 
l eng ths  between 1.15 and 2.35 ,,m by 25 t o  60%. No e f f e c t  of dew was 
noted i n  the  near-IR region of the spectrum between 0.7 and 1.1 ,,m o r  
t h e  thermal I R  (10.4 t o  12.5 ,,m). 

Asrar ,  G . ,  Kanemasu, E.T., Jackson, R.D. and ~ i n t i r ,  P.J., Jr. 
Estimation of t o t a l  above-ground phytomass production us ing  remotely 
sensed data.  Remote Sensing of Environ. 17:211-220. 

Remote sensing p o t e n t i a l l y  o f f e r s  a quick and nondes t ruc t ive  method f o r  
monitoring p lant  canopy condi t ion  and development. I n  t h i s  s tudy,  
mul t i spec t r a l  r e f l ec t ance  and thermal emittance da ta  were used i n  con- 
junct ion  with micrometeorological da ta  i n  a simple model t o  e s t ima te  
above-ground t o t a l  dry phytomass production of s e v e r a l  s p r i n g  wheat 
canopies. The f r a c t i o n  of absorbed photosynthe t ic  r a d i a t i o n  (PAR) by 
p l a n t s  was est imated from measurements of v i s i b l e  and near- infrared 
canopy ref lec tance .  Canopy r a d i a t i o n  temperature was used a s  a crop 
s t r e s s  ind ica to r  i n  the  model. Estimated above-ground phytomass values 
based on t h i s  model were s t rong ly  co r re l a t ed  with t h e  measured phyto- 
mass values f b r  a wide range of cl imate and plant-canopy condit ions.  

EVAPORATION 

Rice, R.C. and Jackson, R.D. S p a t i a l  d i s t r i b u t i o n  of evaporat ion from 
bare  s o i l .  Proc. of the  National  Conference on Advances i n  Evapotrans- 
p i r a t i o n ,  ASAE, Chicago, I L ,  16-17 Dec. 1985. pp. 447-453. 

Deep percola t ion  of excess i r r i g a t i o n  water must be determined t o  pre- 
d i c t  the e f f e c t  of i r r i g a t i o n  on groundwater and t o  develop i r r i g a t i o n  
s t p t e g i e s  t o  minimize undes i rab le  e f f ec t s .  Deep pe rco la t ion  r a t e s  vary 
considerably over a f i e l d  due t o  s o i l  type,  non-uniform water  applica- 
t i o n ,  changes i n  s o i l  p r o p e r t i e s  over t h e  growing season and q u a l i t y  of 
appl ied water. Deep pe rco la t ion  r a t e s  a r e  o f t e n  c a l c u l a t e d  a s  the  
r e s i d u a l  i n  t h e  water  balance equation. The evapora t ion  component i n  
t h e  energy balance equat ion i s  usual ly  est imated from meteorological  
da t a  obtained from one l o c a t i o n  i n  the  f i e l d  and then appl ied  t o  the  
e n t i r e  f i e l d .  Recent s t u d i e s  using t r a c e r s  demonstrated t h e  f e a s i b i -  
l i t y  of making poin t  measurements of deep pe rco la t ion  r a t e s  (Bowman and 
Rice 1984). However, when point  measurements a r e  made, some i d e a  of the  
s p a t i a l  s t r u c t u r e  of evaporat ion i s  needed i f  t h e  measurements a r e  t o  be 
ex t rapola ted  over the  e n t i r e  f i e l d .  Evaporation from bare s o i l  can be 
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expected to be rather uniform under energy limiting conditions (wet 
soil) and soil limiting conditions (dry soil) (Jackson et al., 1976). 
However, during the transition phase when some portions of the field are 
wetter than others, evaporation rates will vary considerably over the 
field. Vauclin et al. (1982), studied the spatial variability of sur- 
face temperatures over bare soils. Their semivariogram and autocorre- 
lation functions were found to be correlated over space. HatEield et 
al. (1984), found no spatial structure for surface temperatures measured 
on an irrigated sorghum field suggesting that random measurements would 
be adequate to characterize the field. They also found that the 
variance of the surface temperatures increased during a drying cycle. 
Recent advances in remote sensing techniques now permit estimates of 
instantaneous evaporation rates (Jackson 1984) which can be used to 
determine evapotranspiration at a number of points within a field in a 
short time period. The object of this study is to use these remote 
sensing approaches to deterdne the spatial variability of evaporation 
from a bare soil during the energy limiting, transitional, and soil 
limiting phases of evaporation. 

RADIOPETER CALIBRATION 

Jackson, R.D. and Slater, P.N. Absolute calibration of field reflec- 
tance radiometers. Photogrammetric Engineering and Remote Sensing. 
(In press) 

A method is described whereby field reflectance radiometers can be 
calibrated in' an absolute sense using equipment available at most agri- 
cultural or environmental research locations. A radiometer is posi- 
tioned directly above a calibrated standard reflectance panel that is 
horizontal to the earth's surface. The sun's direct beam is separated 
from the global irradiance by alternately exposing and shading the panel 
periodically from shortly after sunrise to near solar noon. A graph of 
the logarithm of the radiometer response versus the secant of the solar 
zenith angle (known as the Langley plot) yields the spectral-extinction 
optical thickness of the atmosphere as the slope and the logarithm of 
the exoatmospheric irradiance divided by the calibration factor as the 
inprcept. Calibration factors for two radiometers agreed to within 10% 
with factors obtained by other methods, indicating that this technique 
is a viable and simple method for the absolute calibration of field 
radiometers. 

Biggar, S.F., Bruegge, C.J., Captron, B.A., Castle, K.R., Dinguirard. 
M.C., Holm, R.G., Jackson, R.D., Mao, Y., Moran, M.S., Palmer, J.M., 
Phillips, A.L.,  Savage, R.K., Slater, P . N . ,  Witman, S.L. and Yuan, B. 
Absolute calibration of remote sensing instruments. Proc. 3rd Intern. 
Colloquium on Spectral Signatures of Objects in Remote Sensing. (In 
press) 
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Source-based and detector-based methods f o r  t h e  a b s o l u t e  rad iometr ic  
c a l i b r a t i o n  of a  broadband f i e l d  radiometer a r e  b r i e f l y  described. 
Using such a radiometer,  ca l ib ra t ed  by both methods t h e  c a l i b r a t i o n  of 
t h e  in t eg ra t ing  sphere used i n  the  pre- f l ight  c a l i b r a t i o n  of the  
Thematic Mapper was re-determined. The r e s u l t s  a r e  presented.  

The in - f l i gh t  c a l i b r a t i o n  of space remote sensing ins t ruments  i s  b r i e f l y  
discussed. A method is described which uses the  r e s u l t s  of ground-based 
r e f l ec t ance  and atmospheric measurements a s  inpu t  t o  a  r a d i a t i v e  
t r a n s f e r  code t o  p red ic t  the radiance a t  the instrument .  A c a l i b r a t e d ,  
helicopter-mounted, radiometer i s  used t o  determine t h e  radiance l e v e l s  
a t  intermediate  a l t i t u d e s  t o  check the  code p red ic t ions .  Resul ts  of 
such measurements f o r  the  c a l i b r a t i o n  of the Thematic Mapper on Landsat 
5 a r e  described toge the r  with an a n a l y s i s  t h a t  shows t h e  value of such 
measurements. 

CO7,  CLIMATE, AND PLANTS 

Idso,  S.B. The search f o r  g lobal  C02 e tc .  'Greenhouse e f f e c t s . '  
Environ. Conservation 12:29-35. 

The concentrat ion of carbon dioxide (C02) i n  Ea r th ' s  atmosphere has been 
s t e a d i l y  increas ing  s ince  the  incept ion  of the I n d u s t r i a l  Revolution. 
Believed to  be due pr imar i ly  t o  the  burning of f o s s i l  f u e l s  and t h e  
c l e a r i n g  of f o r e s t s ,  t h i s  phenomenon has two p o t e n t i a l  consequences of 
g loba l  importance. 

Many s c i e n t i s t s  be l ieve  t h a t  the  C02 increases  p ro jec t ed  f o r  Ea r th ' s  
atmosphere by the middle of the next century w i l l  l e ad  t o  a  s i g n i f i c a n t  
warming of the p lane t  which could severe ly  impact world a g r i c u l t u r e  and 
cause a  melting of polar  i c e  which would g r e a t l y  r a i s e  sea-levels  and 
l e a d  t o  the f looding of c o a s t a l  lowlands. Others,  however, point  t o  the  
demonstrable pos i t i ve  e f f e c t s  of e leva ted  concent ra t ions  of atmospheric 
C02 on p lant  p roduc t iv i ty  and water-use e f f i c i e n c y ,  sugges t ing  t h a t  more 
C02 i n  the  a i r  w i l l  be b e n e f i c i a l  t o  The Biosphere. Against t h i s  
b a p l o g  of controversy,  s c i e n t i s t s  of both persuas ions  have attempted 
t h e  ' f i r s t  de tec t ion '  of e i t h e r  o r  both of these  e f f e c t s  on a  g l o b a l  
s ca l e .  

With respect  t o  the ques t  f o r  a  c l i m a t i c  ' s i g n a l , '  numerous s t u d i e s  
conducted t o  da te  have come up empty-handed; i t  is j u s t  not  d i s c e r n i b l e  
from the n a t u r a l  v a r i a t i o n s  inherent  i n  t h e  data.  However, t he re  does 
appear to  be a  mani fes ta t ion  of enhanced g loba l  photosynthe t ic  a c t i v i t y  
i n  the  yearly amplitude of atmospheric CO2 concen t ra t ions  a t  a  number of 
s i t e s  around the  world; and the most l o g i c a l  explanat ion  of t h a t  seems 
t o  be the  Copinduced enhancement of p l an t  growth and development which 
has been demonstrated t o  occur i n  hundreds of l abora to ry  and f i e l d  
experiments. 
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The upshot of those observat ions r e l a t i v e  t o  t h e  602 'problem' is t h a t  
i t  may not be a  problem a t  a l l ,  but r a t h e r  a  b l e s s ing  i n  d isguise .  
Nevertheless ,  f u r t h e r  c a r e f u l  s c r u t i n y  of both a spec t s  of t h e  i s s u e  a r e  
c l e a r l y  warranted, p a r t i c u l a r l y  i n  view of t h e  magnitude of t h e  poten- 
t i a l  consequences. 

Idso ,  S.B., Kimball, B.A. and Anderson, E1.G. Atmospheric C02 enrichment 
of water hyacinths: E f f e c t s  on t r a n s p i r a t i o n  and water  use  e f f i c i ency .  
Water Resources Research 21:1787-1790. 

Open-top clear-plast ic-wall  chambers enclosing p a i r s  of sunken metal 
s tock  tanks ,  one of each p a i r  of which contained a  f u l l  cover of water 
hyac in ths ,  were maintained out-of-doors a t  Phoenix, Arizona f o r  s e v e r a l  
weeks during the  summer of 1984. One of these  chambers represented 
ambient condi t ions ,  while the  o ther  t h r e e  were continuously enriched 
with carbon dioxide t o  approximate t a r g e t  concent ra t ions  of 500, 650 and 
900 ppm. During a  four-week period when p lan t  growth was a t  i t s  maxi- 
mum, water hyacinth biomass production increased  by 36% f o r  a  300 t o  600 
ppm doubling of the  atmospheric C02 content ;  while  water  use e f f i c i e n c y ,  
o r  the  biomass produced per  u n i t  of water  t r a n s p i r e d ,  a c t u a l l y  doubled. 
These r e s u l t s  a r e  s i m i l a r  t o  what has been observed i n  s e v e r a l  
t e r r e s t r i a l  p l an t s ;  and they i n d i c a t e  t h e  gene ra l  t r end  which may be 
expected t o  occur a s  atmospheric C02 cont inues  t o  r i s e  i n  t h e  years  
ahead. 

A I R  TEMPERATURE 

Idso ,  S.B. An upper l i m i t  t o  g loba l  su r face  air  temperature. Arch. 
Met. Geoph. Biocl., Ser.  A, 34:141-144. 

Severa l  empir ical  s t u d i e s  of Ear th ' s  s u r f a c e  a i r  temperature and 
r a d i a t i o n  budget have ind ica t ed  t h a t  t h e r e  i s  an upper l i m i t  above which 
t h e  mean su r face  a i r  temperature of t h e  globe cannot r i s e ,  as long a s  
t h e  s o l a r  constant  and t h e  mass of Ea r th ' s  atmosphere remain unchanged. 
It is shown t h a t  cur rent  state-of-the-art  c l ima te  models suggest  t h e  
same th ing  and t h a t  they y i e l d  a comparable va lue  f o r  t h e  maximum 
warpling a t t a i n a b l e :  4-5 K. 

SOIL HEAT FLUX 

Clo th ie r ,  B.E., Clawson, K.L., P i n t e r ,  P.J., Jr., Moran, M.S., Reginato, 
R.J. and Jackson, R.D. Est imation of s o i l  hea t  f l u x  from net  r a d i a t i o n  
dur ing  the  growth of a l f a l f a .  Fo res t  and A g r i c u l t u r a l  Meteorology. 
( I n  press)  

S o i l  heat f l u x  s t u d i e s  have ind ica t ed  t h a t  t h e  ins tan taneous  daytime 
f l u x  can be est imated as  a  f r a c t i o n  of t h e  n e t  r a d i a t i o n ;  the  r a t i o  
ranging from 0.1 t o  0.5, depending on t h e  amount of vege ta t ion  present  
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and on the time of day. S o i l  heat  f l u x  and ne t  r a d i a t i o n  were measured 
f o r  an a l f a l f a  crop over two regrowth cycles  during t h e  f a l l  growing 
season. For both s p a r s e  a l f a l f a  s tubb le  and f u l l  v e g e t a t i v e  canopy, t h e  
su r face  s o i l  water content  d id  not s i g n i f i c a n t l y  a f f e c t  t h e  f r a c t i o n  of 
n e t  r a d i a t i o n  consumed a s  s o i l  heat flux. The r a t i o  of s o i l  heat  f l u x  
t o  ne t  r ad ia t ion  around midday was found t o  be a l i n e a r l y  decreasing 
func t ion  of crop he ight  only f o r  he ights  up t o  450 mm. A s  crop growth 
continued beyond t h i s  he ight ,  the  r a t i o  remained n e a r l y  cons tant  a t  0.1. 
The r a t i o  data  were a l s o  found t o  be we l l - f i t t ed  by a l i n e a r l y  
decreasing funct ion of a s p e c t r a l  vegeta t ion  index (near-IR t o  Red 
r a t i o )  over both regrowth cycles.  These r e s u l t s  i n d i c a t e  t h a t  both crop 
height  and s p e c t r a l  vegeta t ion  ind ices  can be used t o  e s t ima te  s o i l  heat  
f l u x  from net  r a d i a t i o n  measurements. 

PLANT GROWTH 

Baker, J.T., P in t e r ,  P.J., Jr., Reginato, R.J. and Kanemasu, E.T. 
E f f e c t s  of temperature on l ea f  appearance i n  sp r ing  and winter  wheat 
c u l t i v a r s .  Agronomy Journal .  ( I n  p res s )  

An understanding of the  gene t i c  and environmental f a c t o r s  a f f e c t i n g  the  
l e a f  area of a c e r e a l  crop is needed f o r  accura te  y i e l d  p red ic t ions  by 
crop models. F ie ld  t r i a l s  were conducted with t h r e e  c u l t i v a r s  of winter  
wheat (Triticum aestivum L. em. Thel l )  a t  Manhattan, KS under dryland 
and i r r i g a t e d  condit ions and with s i x  c u l t i v a r s  of i r r i g a t e d  sp r ing  
wheat a t  Phoenix, AZ i n  1982 and 1983, respec t ive ly .  Because l ea f  
growth is  s t rbngly  inf luenced by temperature, the  r a t e  of l ea f  
appearance was expressed a s  leaves/ thermal  u n i t  

where Tu is thermal u n i t s ,  TMAX and TMIN a r e  maximum and minimum d a i l y  
temperatures,  r e spec t ive ly  and Tb i s  t h e  base temperature below which 
growth e s s e n t i a l l y  ceases.  The Tb, determined f o r  t h r e e  winter  wheat 
c u l t i v a r s ,  was not s i g n i f i c a n t l y  d i f f e r e n t  from O°C (Pg .05) .  
Phyllochron i n t e r v a l  (P I ) ,  t h e  inve r se  of l ea f  appearance r a t e ,  was 
deyrmined from the  s lope  of the  regress ion  of Haun s c a l e  growth u n i t s  
aga ins t  accumulated Tu. The R2 va lues  f o r  t hese  r e g r e s s i o n s  were not 
l e s s  than 0.97 nor 0.99 f o r  sp r ing  and winter  wheat c u l t i v a r s ,  respec- 
t i v e l y .  The P I  was s h o r t e r  f o r  non-irr igated than i r r i g a t e d  winter  
wheat leaves  (P(0.01) and f o r  spr ing  wheat leaves  formed p r i o r  t o  double 
r idges  than those formed l a t e r  (Pc.01) .  Differences i n  P I  were found 
among both spr ing  and winter  wheat c u l t i v a r s  (PQ.05). These r e s u l t s  
i l l u s t r a t e  the importance of determining PI f o r  quan t i fy ing  growth 
c h a r a c t e r i s t i c s  t h a t  determine t h e  leaf  a rea  of a c e r e a l  crop. 

Whitman, C.E., Ha t f i e ld ,  J.L. and Reginato, R.J. E f f e c t  of s lope  
pos i t i on  on microclimate, growth and y i e l d  of barley. Agronomy 
J. 77:663-669. 
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Analyses of the r e l a t i o n s h i p  between microcl imatic  da t a ,  y i e l d  and 
growth response usua l ly  have been conducted u t i l i z i n g  d a t a  c o l l e c t e d  on 
l e v e l  t e r r a i n  and i n  smal l  experimental p lo t s .  A f i e l d  s tudy was con- 
ducted on 290 ha of undulat ing topography of a  Sehorn-Balcolm complex 
s o i l  (En t i c  Chromoxeret and Typic Xerochert) near  Dunnigan, CA (3g048'N 
121°58'W) during 1977-78 t o  eva lua te  t h e  e f f e c t  of s lope  p o s i t i o n  and 
microclimate d i f f e rences  on t h e  growth and y i e l d  of bar ley  (Hordeum 
v u l  a r e  L. cv. Briggs). The crop was planted on 3  t o  9 Dec. 1977 a t  112 

dens i ty  i n  a  0.15-m row spacing. S ix t een  s i t e s  were s e l e c t e d  i n  
t h e  f i e l d  p r i o r  t o  p l an t ing  ranging from l e v e l  t o  36% s lope  wi th  aspec ts  
from north- t o  south-facing s lopes.  A t  each s i t e  twice-weekly measure- 
ments were made of p l an t  growth, i.e., h e i g h t ,  number of green l eaves ,  
l e a f  a rea ,  number of t i l l e r s ,  dry weight , ,  and phenological  s t a g e ,  on 10 
randomly se l ec t ed  p lants .  Yield and a l l  y i e l d  components were measured 
on 20 1-m2 samples a t  each s i t e  a t  the  end of t h e  experiment. Micro- 
c l i m a t i c  da t a  were measured a t  each s i t e .  The l a r g e s t  v a r i a t i o n s  i n  
crop development occurred p r i o r  t o  j o i n t i n g  and a f t e r  an thes i s .  Both 
drainage and i r r ad iance  had l a r g e  e f f e c t s  on p l a n t  growth, exh ib i t ed  
through d i f f e rences  i n  p l an t  he ight ,  maximum l e a f  a r e a ,  t i l l e r  su rv iva l ,  
green leaves  per p l an t s ,  t i l l e r s  per p l a n t ,  r e l a t i v e  growth r a t e ,  and 
dry matter  production. A l i n e a r  r e l a t i o n s h i p  was found between dry 
weight a t  the  end of the season and in t e rcep ted  r a d i a t i o n  with a  s lope  
of 1.28 g PJJ-1. Dry matter  production and y i e l d  were a f f e c t e d  by 
i r r a d i a n c e  and drainage. The d a t e  of 50% heading was i n v e r s e l y  r e l a t e d  
t o  the  f i n a l  y i e l d  and suggested t h a t  delayed f lower ing  was de t r imen ta l  
t o  g r a i n  production i n  the dryland condi t ions  of t h e  Cen t ra l  Valley. 

MARICOPA AGRICULTURAL CENTER 

Wheat Canopy Temperatures. 

During the  spr ing  of 1985, a  s tudy t o  observe wheat canopy temperatures  
planted i n  long borders  was i n i t i a t e d .  The purpose of t h e  experiment was 
t o  monitor t h e  canopy temperature v a r i a b i l i t y  of long borders  and r e l a t e  
t h e  v a r i a b i l i t y  t o  such parameters a s  y i e l d  and water  use. To i n s u r e  
t h y  t h e  v a r i a b i l i t y  observed was a  func t ion  of water  s t r e s s  and not  of 
weather v a r i a b i l i t y  (windspeed i n  p a r t i c u l a r ) ,  a  companion s tudy on t h e  
r e l a t i o n  of v a r i a b i l i t y  a s soc ia t ed  with d i f f e r e n t  recorder  i n t e g r a t i o n  
times was a l s o  undertaken. Long recorder  i n t e g r a t i o n  times would smooth 
t h e  rap id  canopy temperature f l u c t u a t i o n s  caused by wind and a l low f o r  
s epa ra t ion  of water-s tress-  and windspeed-induced v a r i a b i l i t y .  Also 
undertaken was a companion s tudy t o  eva lua te  t h e  combined e f f e c t s  of 
s o l a r  i r r a d i a n c e  angles  and IRT view angles  on measured wheat tempera- 
tures .  

Methods and materials .  The experiment was conducted a t  t h e  Un ive r s i ty  
of Arizona Maricopa Agr i cu l tu ra l  Experiment S t a t i o n  i n  1985. Complete 
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d e t a i l s  of the  c u l t u r a l  p r a c t i c e s  a r e  found i n  t h e  r epor t  on "Crop y i e l d  
and water  requirements as  a f f ec t ed  by s p a t i a l  v a r i a t i o n s  of s o i l ,  water  
q u a l i t y ,  and i r r i g a t i o n  amount" by D. J. Hunsaker e t  a l .  B r i e f l y ,  t h e  
f i e l d  was seeded to  durum wheat (Tri t icum durum cv. Aldura) i n  t h e  f a l l  - 
of 1984 i n  12 borders 13.7 m wide by e i t h e r  183 o r  244 m long. Three 
d i f f e r e n t  seasonal  i r r i g a t i o n  amounts were applied t o  t h e  borders which 
were designated Wet, Medium, and Dry. The Wet treatment was designed t o  
have 100% of expected evapot ranspi ra t ion  (ET) returned by i r r i g a t i o n ,  
while  Wedium and Dry were designed t o  have only 75 and 50% of ET 
re turned  by i r r i g a t i o n ,  r e spec t ive ly .  Of the  12 borders ,  only 4  were 
monitored f o r  canopy temperature. 

Canopy temperature observat ions began a f t e r  ground cover reached 100% 
when observed obliquely. Measurements of canopy temperature were made 
a t  each access  tube loca t ion  i n  p l o t s  9-12 using an i n f r a r e d  thermometer 
(IRT) held a t  a  dec l ina t ion  angle  of about 30' from t h e  ho r i zon ta l .  The 
p l o t s  were designated Dry, Dry, Medium, and Wet, respec t ive ly .  S ix  d i f -  
f e r e n t  temperatures were recorded a t  each access  tube s i t e  by poin t ing  
t h e  IRT from the southern berm nor th  toward the  cen te r  of the  border. 
The s i x  temperatures thus recorded were then averaged t o  g ive  a  mean 
canopy temperature a t  each access  tube. Measurements began i n  p l o t  12 
(Dry) a t  tube 146 t o  tube 156, continued then i n  p l o t  11 (Dry) at  tubes 
131 t o  145, then i n  p lo t  10 (Medium) a t  tubes 116 t o  130 and concluded 
i n  p lo t  9  (Wet) a t  tubes 101 t o  115. Thus, a  t o t a l  of 56 s i t e s  were 
monitored by the  IRT. Psychrometric measurements preceded and followed 
each s e r i e s  of temperature measurements. The day of the  year  on which 
measurements were made, toge ther  with the  number of complete obse rva t ion  
cyc les  f o r  t h a t  day ( i n  pa ren thes i s )  a r e :  73 (21, 77 ( 4 ) ,  84 ( 2 ) ,  91 
(4 ) ,  98 (41, 105 ( 4 ) ,  108 ( 3 ) ,  113 ( 4 ) ,  123 (21, 126 ( 7 ) ,  148 (4). 

I n  add i t ion  t o  canopy temperature measurements, micrometeorological 
v a r i a b l e s  were measured every minute with a  Campbell S c i e n t i f i c  CR-21 
micrologger. These va r i ab le s  were a i r  temperature, r e l a t i v e  humidity, 
s o l a r  r ad ia t ion  and windspeed, a l l  a t  a  he ight  of 2 m. On day 148, a  
n e t  radiometer was a l s o  i n s t a l l e d .  

Topccount  f o r  windspeed v a r i a b i l i t y  and t o  observe t h e  e f f e c t s  of 
instrument view d i r e c t i o n ,  two small  p l o t s  (each 45 x 45 f t )  ad jacen t  t o  
t h e  l a rge  f i e l d  were i d e n t i f i e d  f o r  i n t e n s i v e  measurements. One p l o t  
was maintained under well-watered condi t ions ,  while  t h e  second p l o t  
received no supplemental i r r i g a t i o n .  P l a n t  growth i n  t h e  l a t t e r  p l o t  
was severely s tun ted ,  a  r e s u l t  of severe  water s t r e s s .  Canopy tempera- 
t u r e  measurements were made of t h e  cen te r  of each of these  p l o t s  s e v e r a l  
times during the  day from the f o u r  ca rd ina l  compass d i r e c t i o n s ,  i .e . ,  
no r th ,  south,  e a s t ,  and west. A f a s t  reading (25 m s  i n  du ra t ion )  
followed immediately with a  slow reading (10 s i n  du ra t ion )  of t h e  same 
t a r g e t  was recorded. Thus f o r  each view d i r e c t i o n ,  the  mean of 6  f a s t  
and the  mean of 6  slow readings were recorded. A l l  o t h e r  s p e c i f i c s  
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associated with this companion study were the same as that specified 
for measurements in the large plots. The day of the year and number of 
complete observations for each day (in parenthesis) on which these 
measurements were made are: 84 (3), 91 (71, 98 (7), 102 (11, 105 (61, 
108 (2), 113 (7). 

Results and discussion. Analysis of the data is continuing. A brief 
discussion of the results is presented here. Solar-instrument azimuth 
effects on observed canopy temperature were not observed in this study 
as they have been for other crops such as alfalfa and soybeans. 
Regression analysis indicated a lack of any significant relationship 
(P<-0.05). Because of this fact, the IRT can be pointed in any direc- 
tion and an average canopy temperature for wheat can be obtained without 
regard to the location of the solar disk. 

Windspeed variability was also found to have no effect on the observed 
average canopy temperature. For the 62 time periods analyzed, the mean 
canopy temperature obtained from a 25 ms recorder integration time was 
31.4'C while the mean canopy temperature obtained from a 10 s recorder 
integration time was 31.3"C. An analysis of variance showed that the two 
means were not significantly different from each other (PC-0.05). Thus, 
any water stress index which required average canopy temperature as an 
input, can be used with the assurance that the resulting output is inde- 
pendent of windspeed. 

Windspeed variability did, however, cause the standard deviation of the 
mean canopy temperature to be greater. The average standard deviation 
of the mean temperature recorded at 25 ms was 0.82 while at 10 s it was 
0.67. An analysis of variance of these data indicated that this dif- 
ference was small but indeed significant (PC-0.05). It can be concluded 
that any water stress index which requires a measure of the variability 
of canopy temperatures must inevitably be interpreted in light of wind- 
speed variability. 

Variability within a border was found to be a function of water stress 
as indicated by an analysis of variance of the large field data. Mean 
stzyidard deviations for the Wet, Medium and two Dry plots were 0.48, 
0.60, 0.88 and 0.89, respectively, and were significantly different from 
each other (P<-0.01). From this, it can be concluded that well-watered 
plots have a small but significant variability in measured canopy tem- 
perature. This "baseline" variability increases with increasing water 
stress as indicated by the increase in the mean standard deviation in 
the Medium and Dry treatments. As such, the possibility of using canopy 
temperature variability in irrigation management should be investigated. 

Evapotranspiration. 

It is commonly accepted that remotely sensed data has potential to be 
useful to farmers in making day-to-day management decisions. Satellite 
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d a t a  is of p a r t i c u l a r  i n t e r e s t  because i t  can cover l a r g e ,  i n a c c e s s i b l e  
a r e a s  and can o f t en  circumvent l ack  of d e t a i l e d  ground da ta .  However, 
t h e r e  a r e  s t i l l  areas  of r e sea rch  t h a t  must be addressed before  an ag r i -  
c u l t u r a l  system u t i l i z i n g  a i r c r a f t -  o r  s a t e l l i t e -based  radiometer  d a t a  
can be designed. 

The p o t e n t i a l  f o r  use of remotely sensed da ta  by farmers cannot be 
r e a l i z e d  u n t i l  the r e l a t i o n s h i p  between s p e c t r a l  da t a  and crop and s o i l  
p r o p e r t i e s  is f u l l y  understood. A d e t a i l e d  examination of what remotely 
sensed da ta  can t e l l  u s  about s o i l  and crop condit ions could a l low use 
of such da ta  f o r  scheduling water ,  n u t r i e n t  and f e r t i l i z e r  a p p l i c a t i o n  
and f o r  making crop marketing decis ions.  

S p e c t r a l  da ta  from ground-based radiometers has been used s u c c e s s f u l l y  
t o  a s ses s  the  amount and the  hea l th  of vegeta t ion  i n  a g r i c u l t u r a l  
f i e l d s .  kiodels combining meteorologica l ,  agronomic and s p e c t r a l  d a t a  
a r e  ava i l ab le  t o  de t ec t  the  onset  of p l an t  s t r e s s  and t o  a s s e s s  p l an t  
p rope r t i e s  such as  phytomass and l e a f  a rea  index. These models have, i n  
t u r n ,  been usefu l  as  inputs  to  models of p lan t  growth and evapotrans- 
p i r a t ion .  However, much l e s s  i n v e s t i g a t i o n  has been conducted t o  apply 
these  models on a reg ional  s c a l e  through the use of a i r c r a f t -  and 
sa t e l l i t e -based  radiometers. Some of the  problems encountered i n  t rans-  
f e r r i n g  ground-based technology t o  h igher  a l t i t u d e s  inc lude  rad iometr ic  
and geometric s c a l e  d i f f e rences  and scanning/look angle. 

Many of the mpdels t h a t  w i l l  prove most u se fu l  t o  farmers on a  r eg iona l  
s c a l e  i . . ,  evapot ranspi ra t ion  es t imat ion  and i r r i g a t i o n  schedul ing)  
a r e  based on scene rad ia t ion .  The use of a i r c r a f t -  o r  s a t e l l i t e - b a s e d  
s p e c t r a l  da t a  with these models is inex t r i cab ly  dependent on atmospheric  
co r rec t ion  and sensor abso lu te  rad iometr ic  c a l i b r a t i o n .  These correc- 
t i o n s  a re  a l s o  necessary i f  the  farmer wishes t o  compare d a t a  from t h e  
same a rea  co l l ec t ed  a t  s e v e r a l  d i f f e r e n t  times over a  growing period. 

Approach. The MAC experiment i s  a  coopera t ive  research p r o j e c t  i n  which 
ground-based, low a l t i t u d e  a i r c r a f t  and s a t e l l i t e  s p e c t r a l  d a t a  a r e  
c o l l e c t e d  over an a g r i c u l t u r a l  a rea  every 16 days f o r  a  period of one 
y e y .  MAC is an acronym f o r  Maricopa Agr i cu l tu ra l  Center,  a 2000 a c r e  
farm owned and operated by Univers i ty  of Arizona and loca ted  about 25 
miles  south of Phoenix. Since t h e  farm i s  dedicated t o  r e sea rch  and 
development, l a r g e  f i e l d s  a r e  monitored weekly t o  provide research  pro- 
j e c t s  with de ta i l ed  crop growth data.  

I n  genera l ,  da ta  a r e  being analyzed t o  a s c e r t a i n  t h e  r e l a t i o n s h i p s  bet- 
ween s p e c t r a l  da ta  and crops and s o i l  proper t ies .  More s p e c i f i c a l l y ,  
t h e r e  a re  pro jec ts  i n  progress  t o  use remotely sensed d a t a  f o r  estirna- 
t i o n  of 1) evapot ranspi ra t ion ,  2) s o i l  moisture,  3) phytomass, 4 )  s o i l  
hea t  f l u x  and 5) crop s t r e s s .  Components of these  p r o j e c t s  inc lude  
research  on canopy a r c h i t e c t u r e ,  s o i l  and crop physics,  atmospheric 
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c h a r a c t e r i z a t i o n ,  instrument absolu te  rad iometr ic  c a l i b r a t i o n ,  and aero- 
dynamic res i s tance .  

Landsat Thematic Mapper s p e c t r a l  d a t a  of MAC farm is ordered f o r  every 
unoccluded overpass. A s  each Landsat scene is received,  a window of 
d a t a  is ext rac ted  and then geometr ical ly cor rec ted  t o  correspond t o  t h e  
farm area.  Data a r e  displayed and assessed  v i s u a l l y  f o r  any i r r e g u l a r i -  
t i e s .  Several  f i e l d s  a r e  subsampled and t h e  s p e c t r a l  d a t a  a r e  regressed 
with p l an t  parameters, such as crop cover,  s o i l  moisture and crop type. 

The Remote Image Processing System (RIPS) i s  an i n t e g r a l  p a r t  of t h e  bfAC 
experiment s ince  the  s a t e l l i t e  s p e c t r a l  d a t a  a r e  d i g i t a l  and r equ i re  
complex computer programs f o r  processing. The RIPS c o n s i s t s  of a micro- 
computer with a graphics  board, a color  video monitor and custom s o f t -  
ware f o r  image enhancement and analys is .  A tape d r i v e  was r ecen t ly  
added t o  the system t o  a l low magnetic tapes  of Landsat d a t a  t o  be read 
d i r e c t l y  i n t o  RIPS memory and t o  floppy disks.  

Findings i n  1985. Data c o l l e c t i o n  f o r  t h e  MAC experiment w i l l  be 
complete i n  June 1986. Un t i l  r ecen t ly ,  t h e  major i ty  of e f f o r t  has been 
spen t  on da ta  acqu i s i t i on  and processing and on pre l iminary  d a t a  analy- 
sis. Data a c q u i s i t i o n ,  processing and a rch iv ing  f o r  an experiment of 
t h i s  magnitude was a fu l l - t ime p ro jec t  a t  the  beginning of t h e  experi- 
ment. Now the  time spent  on d a t a  c o l l e c t i o n  i s  minimal and more time is 
a v a i l a b l e  f o r  concurrent ana lys is .  Table 1 i s  a summary of da t a  co l lec-  
t i o n  progress  i n  1985. 

Evapotranspirat ion (ET) was evaluated by combining remotely sensed 
r e f l e c t e d  s o l a r  r a d i a t i o n  and su r face  temperatures with ground s t a t i o n  
meteorological  da t a  t o  c a l c u l a t e  net  r a d i a t i o n  and s e n s i b l e  heat  f lux .  
S o i l  heat f l u x  was est imated a s  a f r a c t i o n  of the  ne t  r a d i a t i o n ,  based 
on vegeta t ion  density.  Ins tan taneous  va lues  of ET were c a l c u l a t e d  over  
co t ton ,  wheat and bare s o i l  and compared with ET va lues  es t imated  us ing  
t h e  Bowen r a t i o  technique developed by D r .  Lloyd Gay (U of A). 
Prel iminary r e s u l t s  show good c o r r e l a t i o n  between t h e  two methods. 
Figures l a  and l b  a r e  graphic  r ep resen ta t ions  of remote ET es t imates  
u s g g  ground- and airplane-based radiometers  compared t o  va lues  obta ined  
by the  Bowen r a t i o  technique. 

To incorpora te  a i r c r a f t -  and s a t e l l i t e - b a s e d  s p e c t r a l  d a t a  i n  ground- 
based models, i t  is necessary t o  analyze t h e  rad iometr ic  and geometric 
changes tha t  occur as the instruments  a r e  r a i sed  t o  h igher  a l t i t u d e s .  
An i n i t i a l  s t e p  i n  t h i s  a n a l y s i s  is t o  sample s p e c t r a l  d a t a  from s i m i l a r  
radiometers a t  two a l t i t u d e s  (from a i r c r a f t  and s a t e l l i t e )  and compare 
t h e  genera l  t rends of the da ta  f o r  s e n s i t i v i t y  t o  a c t u a l  ground r e f l e c -  
tance  c h a r a c t e r i s t i c s .  Figure 2 i s  an example of t h i s  a n a l y s i s  over  a 
co t ton  f i e l d  of p a r t i a l ,  v a r i a b l e  cover. High c o r r e l a t i o n  c o e f f i c i e n t s  
were found between ground and s a t e l l i t e  d a t a  i n  TM wavelengths f o r  
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v i s i b l e ,  near-IR and mid-IR bands over s e v e r a l  cover types ,  inc luding  
p a r t i a l  canopy cover and bare s o i l .  There was l e s s  c o r r e l a t i o n  between 
t rends  i n  the  thermal band, probably due t o  g r e a t  d i f f e rences  i n  s p a t i a l  
reso lu t ion .  

I n t e r p r e t a t i o n .  It i s  premature t o  address  t h e  prel iminary r e s u l t s  of 
t h e  MAC experimenc. Data c o l l e c t i o n  procedures a r e  opera t ing  smoothly 
and progress is being made toward understanding the  type of dedicated 
system t h a t  may be necessary f o r  a g r i c u l t u r a l  use of h igh-a l t i tude  
radiometer data. Most p ro jec t s  a r e  f i n d i n g  t h a t  the  airplane-based 
s p e c t r a l  da ta  has good p o t e n t i a l  f o r  use i n  e x i s t i n g  crop and s o i l  
assessment models, The s a t e l l i t e  d a t a  w i l l  be of g r e a t e r  use when t h e  
atmospheric cor rec t ion  and absolu te  c a l i b r a t i o n  p;ocedures a r e  f u r t h e r  
re f ined .  

Cor re l a t ions  between remote es t imates  of ET a t  two a l t i t u d e s  and Bowen 
r a t i o  es t imates  of ET a r e  good. I n  p a r t i c u l a r ,  t h e  remote es t imates  of 
n e t  r ad ia t ion  have been found t o  be q u i t e  r e l i a b l e .  Sources of e r r o r  
i n  the  remote method have been i d e n t i f i e d  and a r e  being pursued t o  
inc rease  t h e  accuracy of ET est imates.  These sources inc lude  t h e  e s t i -  
mate of aerodynamic r e s i s t a n c e  co r rec t ed  f o r  atmospheric s t a b i l i t y  and 
t h e  s o i l  heat f l u x  est imate.  

Future plans. We plan t o  continue c o l l e c t i n g  da ta  every 16 days 
(weather permit t ing)  u n t i l  June 1986, r e f i n i n g  c o l l e c t i o n  methods a s  
necessary. Upon completion, r e s u l t s  w i l l  be analyzed and published. 
Research areas  t h a t  w e  p l an  t o  address  are:  

1) Remotely sensed ET es t imat ion;  

2) Phytomass modeling; 

3) An expert  system f o r  multi-database a n a l y s i s ;  

4 )  S o i l  moisture assessment; and 

j 5 )  Incorporat ion of a i r c r a f t -  and s a t e l l i t e - b a s e d  radiometer d a t a  
i n  ex i s t ing  ground-based modes. 

NEUTRON PROBE CALIBRATION 

The use of neutron s c a t t e r i n g  probes f o r  a g r i c u l t u r a l  has made substan- ' 

t i a l  progress  i n  the pas t  30 years.  Radioact ive source s t r e n g t h  and 
types of i so topes  have changed s i g n i f i c a n t l y  dur ing  t h i s  period,  and 
e l e c t r o n i c  measuring and recording systems a r e  now state-of-the-art .  It 
i s  becoming simpler t o  use neutron probes t o  rou t ine ly  measure s o i l  
water  content  and t o  be ab le  t o  p red ic t  when crops need t o  be i r r i g a t e d .  
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The major stumbling block i n  i ts  use ,  however, i s  i t s  c a l i b r a t i o n .  
Techniques f o r  c a l i b r a t i n g  neutron probes have ranged from t h e  use of 
d i f f e r e n t  concentrat ions of neutron absorbers  dissolved i n  water ,  t o  wet 
and dry sand o r  s o i l  packed i n  con ta ine r s ,  t o  i n  s i t u  f i e l d  measurements -- 
Each technique has i t s  b e n e f i t s  and suppor ters ,  but t h e r e  is no univer- 
s a l l y  accepted method f o r  c a l i b r a t i o n .  Since s o i l s  may d i f f e r  i n  t h e i r  
c a l i b r a t i o n s ,  then a t  a  minimum, t h e  s o i l  of i n t e r e s t  should be used i n  
t h e  c a l i b r a t i o n  procedure. 

Once a  neutron probe has been c a l i b r a t e d  f o r  a  p a r t i c u l a r  s o i l ,  t h e  
ques t ion  a r i s e s  as  t o  how t h a t  c a l i b r a t i o n  can be t r a n s f e r r e d  t o  another  
probe. This s i t u a t i o n  occurs when an ind iv idua l  or o rgan iza t ion  has 
s e v e r a l  neutron probes i n  use and needs the probes t o  be interchannge- 
able.  The purpose of t h i s  paper is t o  explore the use of p l a s t i c  cyl in-  
d e r s  as  s tandards t o  t r a n s f e r  t h e  c a l i b r a t i o n  from one neutron probe t o  
another  f o r  o ther  s o i l  types. 

Mater ia l s  and Methods. Eight neutron probes represent ing  two manufac- 
t u r e r s  were used t o  eva lua te  t h e  t r a n s f e r  procedure using p l a s t i c  s tan-  
dards. A desc r ip t ion  of t hese  probes is given i n  Table 2. Four of the 
probes contained B F j  d e t e c t o r s  while t h e  o t h e r  four  contained 3 ~ e  detec-  
t o r s ,  and one of the l a t t e r  probes was of a  d i f f e r e n t  manufacturer than 
t h e  o thers .  

The technique we used was t o  record four  15- o r  30-second counts  ( s e e  
Table 2)  with the probe i n  i t s  own housing, followed by f o u r  s i m i l a r  
counts  i n  each ma te r i a l  of i n t e r e s t  ( p l a s t i c  o r  s o i l ) .  This  way we were 
a b l e  t o  c a l c u l a t e  a  count r a t e  r a t i o  (counts  i n  mater ia l /counts  i n  
housing) f o r  each of the  measurements. The count r a t e  r a t i o  was then 
r e l a t e d  t o  the  volumetric s o i l  water content ,  and a s  d iscussed  l a t e r ,  an 
equiva lent  water content of the  p l a s t i c  cy l inders .  

P l a s t i c  cylinders.  A s e t  of f i v e  high dens i ty  ( s p e c i f i c  g r a v i t y  = 
0.941-0.965) polyethylene cy l inde r s  was used f o r  t h e  t r a n s f e r  s tandards .  
The cyl inders  were 60.0 cm t a l l  and had diameters of 7.24, 8.72, 9.95, 
11.55, and 12.40 cm. The i n s i d e  was bored out  t o  a diameter  of 5.0 cm 
toiccommodate the  s tandard  neutron probe without an access  tube ,  and t o  
a  depth of 45.0 em. This l e f t  15.0 cm of s o l i d  p l a s t i c  a t  t h e  bottom t o  
provide s t a b i l i t y  a s  t h e  probes were being i n s e r t e d  and removed from t h e  
cy l inders .  We chose not t o  bore out  t h e  cy l inde r s  t o  accommodate access  
tube  mater ia l ,  s ince  we wanted a  s tandard  conf igura t ion  and because 
tubing  ma te r i a l s  (aluminum, s t e e l ,  and p l a s t i c )  come i n  a v a r i e t y  of 
s i zes .  

Af t e r  taking counts with the  neutron probe i n  i ts  housing, t h e  probe was 
placed i n  one of the  cy l inde r s ,  t h e  cy l inde r  being about 1 m away from 
a l l  o the r  objec ts  (opera tor ,  housing, and o t h e r  cy l inders ) .  The probe 
r e s t e d  on the bottom of the bore hole.  We had some concern t h a t  t h e  
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pos i t ion  of the probe i n  the  bore hole might i n f luence  t h e  reading,  but 
a s imple t e s t  of taking counts with the  probe e leva ted  above t h e  bottom 
i n  2 cm increments t o  a he ight  of 10 cm showed t h a t  t h e  count r a t e  was 
cons tant  regard less  of probe pos i t ion .  Af ter  tak ing  f o u r  readings i n  
each of the f i v e  cy l inde r s ,  fou r  a d d i t i o n a l  readings were taken with t h e  
probe i n  i t s  housing. The four  readings i n  each of the  cy l inde r s  were 
averaged and the e i g h t  readings i n  the  housing were averaged s o  t h a t  a 
count r a t e  r a t i o  could be ca lcula ted  f o r  each cy l inde r  f o r  each neutron 
probe. 

S o i l  ca l ib ra t ion .  One s o i l  was used i n  the  d e t a i l e d , c a l i b r a t i o n  of the  
neutron probes: Avondale loam, a fine-loamy, mixed, ca lcareous ,  hyper- 
thermic, Anthropic Tor r i f luven t .  I n  t h i s  s o i l ,  t h ree  2 x 2 m p l o t s  were 
e s t ab l i shed ,  and s t e e l  access  tubes were i n s t a l l e d  i n  t h e  cen te r  of each 
p lo t  t o  a depth of 1.5 m. Each p lo t  was i r r i g a t e d  with a d i f f e r e n t  
q u a n t i t y  of water a t  d i f f e r e n t  times t o  e s t a b l i s h  d i f f e r e n t  water  
regimes. About a week a f t e r  the  l a s t  i r r i g a t i o n ,  four  readings with the  
neutron probe were taken every 20 cm t o  a depth of 120 cm. Of course, 
readings before and a f t e r  each access tube were taken with the  probe i n  
i ts  housing, so t h a t  count r a t e  r a t i o s  could be ca l cu la t ed  f o r  each 
depth i n  each p lo t  with each probe. 

Af ter  the  readings i n  the  access  tubes, s o i l  core samples were taken t o  
ob ta in  volumetric water content.  The core sampler,  7.5 cm i n s i d e  
diameter and 34.0 cm t a l l ,  was driven i n t o  the  s o i l  about 2 cm nor th  on 
t h e  access  tube t o  a depth of 30 cm, and then dug out  t o  o b t a i n  an 
i n t a c t  core 30 cm long. A second core  was taken on t h e  south  s i d e  of 
t h e  access  tube i n  the  same manner. Each core was put i n t o  a con ta ine r ,  
weighed within a couple of minutes of removing i t  from t h e  sampler, 
placed i n  an oven a t  105'C t o  be d r i ed  f o r  a t  l e a s t  24 hours ,  and then 
reweighed. Volumetric water content  and bulk dens i ty  were ca l cu la t ed  
f o r  each core. The d a t a  from t h e  two cores were averaged t o  y i e l d  one 
va lue  of s o i l  water content  f o r  t h a t  depth increment. Once t h e  upper 
30 cm l a y e r  had been sampled, t h e  ho le  around t h e  access  tube was 
enlarged and excavated t o  a uniform depth of 30 cm from t h e  s o i l  sur- 
face.  The next samples were taken by d r i v i n g  the  core sampler t o  a 
depth of 20 cm (30-50 cm l a y e r )  both on t h e  e a s t  and west s i d e s  of the 
a c l e s s  tube. Af ter  en larg ing  and excavat ing the  hole  t o  50 cm, the  pro- 
cess  was repeated, a l t e r n a t i n g  north-south and east-west sampling s i t e s  
f o r  succeeding depths. We f e l t  t h a t  a l t e r n a t i n g  the  sampling s i t e s  
would e l iminate  s o i l  compaction problems caused by tak ing  the  samples 
one d i r e c t l y  under another. Also, we assumed t h a t  the  water content  
measured a t  the  f i r s t  20 c m  depth was r e p r e s e n t a t i v e  of t h e  0-30 cm s o i l  
l a y e r ,  and tha t  each succeeding 20 cm reading would be assigned t o  a 
20-cm l a y e r  (30-50 cm, 50-70 cm, etc.) .  

From the  measured volumetric s o i l  water content  a t  each depth and the  
ca l cu la t ed  count r a t e  r a t i o  a t  t h a t  depth,  a c a l i b r a t i o n  f o r  each probe 
f o r  each s o i l  was obtained. Now, t o  eva lua te  how we could use the  
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p l a s t i c  cylinders t o  t ransfer  t he  ca l ib ra t ion  from one probe t o  another, 
one probe of each detector type was chosen a s  the standard: number 3960 
was chosen f o r  the BF3 detector  and 3898 f o r  the  3 ~ e  detector. Using 
the  d i r ec t  s o i l  cal ibrat ion re la t ionship f o r  the  s o i l  and the count r a t e  
r a t i o s  obtained i n  the  f i v e  p l a s t i c  cylinders,  an "equivalent volumetric 
s o i l  water content" was assigned t o  each cylinder. The next s t e p  was t o  
t ransfer  the cal ibrat ion t o  another probe by using the equivalent water 
content from the f i r s t  probe and the  count r a t e  r a t i o  from the second 
probe i n  each cylinder, and constructing a t ransfer  ca l ib ra t ion  rela- 
t ionship.  This way the slopes and in te rcep ts  of t he  d i r ec t  s o i l  ca l i -  
brat ion could be compared with the t r ans fe r  cal ibrat ion f o r  each probe 
i n  each s o i l .  The coeff ic ients  of determination (r2) f o r  the  d i r ec t  
ca l ib ra t ion  of the e ight  probes were a t  l e a s t  0.95. 

Results and discussion. The ca l ib ra t ion  coeff ic ients  ( intercepts  and 
slopes) f o r  each of the probes f o r  Avondale clay loam a r e  given i n  Table 
3. Our f i r s t  thought was t o  use one probe a s  the standard f o r  trans- 
f e r r ing  cal ibrat ions  regardless of detector  type o r  manufacturer. 
However, we immediately found tha t  t he  t ransfer  procedure would only 
work between s imilar  detectors. When a BF detector was used as the 
standard t o  t ransfer  the  ca l ib ra t ion  t o  a jHe detector,  the  t ransfer  
coef f ic ien ts  were la rger  f o r  both the in te rcep t  and slope than the  com- 
parable d i rec t  s o i l  cal ibrat ion.  Second, we found t h a t  the t ransfer  
procedure would only work f o r  detectors  of s imilar  geometry. It became 
obvious very quickly tha t  ca l ib ra t ions  could be transferred between l i k e  
detectors  only. It i s  postulated tha t  differences i n  detector  behavior 
(energy leve ls  measured by each detector) ,  and detector geometry could 
account f o r  the i nab i l i t y  of t ransfer r ing  cal ibrat ions  between unl ike 
detectors.  From Table 2, one notes t h a t  the  comparison between d i r ec t  
s o i l  cal ibrat ion and the t ransfer  ca l ib ra t ion  agree qu i t e  well  where t he  
detector type and manufacturer a r e  t he  same. 

To look a t  these r e su l t s  i n  a l i t t l e  d i f fe ren t  l i g h t ,  calculated volu- 
metric water contents were compared t o  measured water contents using 
both the d i rec t  and t ransfer  regression equations from each probe f o r  
eacJ s o i l .  These values a r e  shown i n  Table 4, where one can s e e  
excellent agreement between the ac tua l  s o i l  water contents and those 
derived from the t ransfer  procedure f o r  both the BF3 and %e detectors.  
The lone exception i s  the  Troxler probe which has a geometry d i f f e r en t  
than t h e  Campbell Pac i f ic  Nuclear (CPN) probes. Since we had access t o  
seven CPN probes and only one Troxler probe, the  r e su l t s  with t he  l a t t e r  
probe should be considered ten ta t ive  u n t i l  addi t ional  data i s  available.  

Taking the calibration t r ans fe r  procedure the next log ica l  s t ep ,  Table 5 
gives the equivalent s o i l  water contents f o r  the f i v e  standard p l a s t i c  
cylinders f o r  four s o i l  types found i n  Arizona. The data a r e  broken 
down in to  two types of detectors  (BF3 and 3 ~ e )  and two detector  geome- 
t r i e s  o r  manufacturers (Campbell and Troxler). It i s  envisioned t h a t  
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t h i s  t a b l e  w i l l  be used by 'o thers  who wish t o  c a l i b r a t e  t h e i r  probes f o r  
one of the s o i l s  without a c t u a l l y  going t o  t h e  f i e l d .  One would merely 
o b t a i n  a  count r a t e  r a t i o  i n  each of the  cy l inde r s ,  and with the equiva- 
l e n t  s o i l  water contents ,  c a l c u l a t e  the c a l i b r a t i o n  c o e f f i c i e n t s .  Since 
t h e  r e l a t ionsh ip  is  q u i t e  l i n e a r ,  not a l l  f i v e  cy l inde r s  a re  needed. 

IRRIGATION SCHEDULING 

Two methods of i r r i g a t i o n  scheduling a r e  cu r ren t ly  i n  use a t  the USWCL. 
The f i r s t ,  a  s o i l  technique,  is neutron measurements taken t h r e e  times a  
week and used to  determine the  amount of water needed t o  r e f i l l  t h e  s o i l  
p r o f i l e  i n  each p lo t .  Another method, a  p l an t  parameter measurement, is 
i n f r a r e d  thermometer (IRT) measurements taken d a i l y  and used i n  calcu- 
l a t i n g  a  crop water s t r e s s  index (CWSI) f o r  every p lo t .  A t h i r d  method 
was introduced i n  the  f i e l d  f o r  comparison with the  o t h e r  methods of 
i r r i g a t i o n  scheduling. This method, another  s o i l  technique,  uses gypsum 
r e s i s t a n c e  blocks i n s t a l l e d  beneath the s o i l  su r face  t o  measure t h e  
r e s i s t a n c e  i n  the  s o i l .  

Methods and materials .  P l o t s  2A and 4A were s e l e c t e d  a s  s i t e s  f o r  the  
i n s t a l l a t i o n  of gypsum r e s i s t a n c e  blocks under a  1-112 year  old a l f a l f a  
crop. Four blocks (Soi lmois ture  5201) were buried 15 cm deep, halfway 
between the  planks and south  border ,  d i r e c t l y  south of the  access  tube 
i n  both p lo ts .  The l e a d s  of t h e  f o u r  blocks were connected t o  a  d a t a  
c o l l e c t i o n  box loca ted  along t h e  south  border of each p lo t .  These 
c o l l e c t i o n  boxes (designed by John Cary of Kimberly, ID) au tomat ica l ly  
measure t h e  r a s i s t a n c e  of each block once a  day, s t o r i n g  the  information 
i n  a  10-day capaci ty memory. Af t e r  waiting t h e  requi red  3-day i n i t i a l i -  
za t ion  period, r e s i s t a n c e ,  s o i l  suc t ion ,  and est imated days u n t i l  irri- 
g a t i o n  f o r  various s o i l  f a c t o r s  were obtained from the  d a t a  c o l l e c t i o n  
box using a  HP-41CV hand held c a l c u l a t o r  which had been programmed t o  
c o l l e c t  and c a l c u l a t e  t h i s  data .  These d a i l y  measurements were compared 
wi th  the  volumetric water  content  and f r a c t i o n  of e x t r a c t a b l e  water  l e f t  
i n  the 0-30 cm l aye r ,  a s  ca l cu la t ed  from the  neutron measurements, and 
a l s o  compared with the CWSI ca l cu la t ed  from t h e  1330 time-of-day 
i n f r a r e d  thermometer measurements. The est imated days u n t i l  irrigation 
for,,each s o i l  f a c t o r  were evaluated i n  an e f f o r t  t o  determine which s o i l  
f a c t o r  was most c lose ly  r e l a t e d  t o  t h e  Avondale s o i l  i n  which the  blocks 
were located. 

Resul ts  and discussion. Resul t s  from both p l o t s  were s i m i l a r ,  but only  
d a t a  from 4A a r e  discussed because a  g r e a t e r  cons is tency  was observed i n  
t h i s  plot .  Figure 3 shows crop water  s t r e s s  index, s o i l  suc t ion  and 
f r a c t i o n  ex t r ac t ab le  water l e f t  i n  0-30 c m  l a y e r  a s  r e l a t e d  t o  day of 
year. The r e l a t i o n s h i p  is agreeable among a l l  t h r e e  measurements except 
crop water s t r e s s  index seems t o  be out  of phase with t h e  o t h e r  two 
parameters. S o i l  suc t ion  measurements were very c o n s i s t e n t  with t h e  
f r a c t i o n  of e x t r a c t a b l e  water u n t i l  high l e v e l s  of s t r e s s  were encoun- 
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tered.  A t  t h i s  point  (day 306-312) s u c t i o n  measurements suddenly 
increased  dramatical ly and 'Data Error '  messages were con t inua l ly  
d isp layed  on the  hand-held c a l c u l a t o r  while  at tempting t o  t ransmi t  the  
da ta .  Measurements immediately dropped t o  t h e i r  previous l e v e l s  though 
upon app l i ca t ion  of water  t o  t h e  p lo t .  

The r e l a t i o n s h i p  between s o i l  s u c t i o n  and t h e  f r a c t i o n  of e x t r a c t a b l e  
water l e f t  i n  the top 30 cm of s o i l  i s  q u i t e  unique (Figure  4). The 
s o i l  s u c t i o n  remains very low (<.5 bar)  u n t i l  40% of the  e x t r a c t a b l e  
water  remains. While t h e  next 10% of water  i s  being removed, the  s o i l  
suc t ion  inc reases  another  one-half bar. A t  t h a t  poin t  (30% remaining),  
t h e  s o i l  suc t ion  inc reases  dramatical ly.  Following on from t h i s  obser- 
va t ion ,  we inves t iga t ed  t h e  r e l a t i o n s h i p  between Ehe s o i l  suc t ion  and 
t h e  CWSI (Figure 5). Note the  apparent  l a c k  of a  unique r e l a t ionsh ip .  
This  was not unexpected s i n c e ,  from Figure 3, we observed t h a t  t h e  CWSI 
was gene ra l ly  out of phase with e x t r a c t a b l e  water. This  may be 
explained by the f a c t  t h a t  the  a l f a l f a  r o o t s  a r e  a t  l e a s t  2 m deep, as  
determined from s o i l  water  e x t r a c t i o n  p a t t e r n s ,  which means t h a t  t h e  
water  can run out i n  the  top 30-cm l a y e r  and t h e  p l a n t s  still  have 
enough water  a t  deeper depths t o  maintain good crop growth under very 
l i t t l e  s t r e s s .  

The c a l c u l a t o r  used t o  t ransmi t  s o i l  s u c t i o n  da ta  from t h e  c o l l e c t i o n  
boxes was programmed t o  p r e d i c t  the number of days u n t i l  s o i l  s u c t i o n  
reached va lues  of 0.3, 0.5, 1, 3, 3.5, 5 and 10 under va r ious  s o i l  
f ac to r s .  S o i l  f a c t o r s  used i n  these  c a l c u l a t i o n s  inc luded 1.5, 2.0, 
2.5, 3.0, 3.5 and 4.0. Evaluat ion of t hese  d a t a  determined t h a t  estima- 
a t i o n s  from the 3.0 s o i l  f a c t o r  corresponded t o  the a c t u a l  s o i l  s u c t i o n  
measurements b e t t e r  than the  o thers .  The est imated l e n g t h s  of time were 
a l s o  found t o  be more accura t e  f o r  time per iods  exceeding 10 days than 
f o r  those of l e s s  time. 

Conclusion. Measurements from gypsum blocks buried i n  s o i l  followed t h e  
same p a t t e r n  of changing s o i l  condi t ions  a s  f r a c t i o n s  of e x t r a c t a b l e  
water  va lues  ca lcula ted  from neutron measurements. On t h e  o t h e r  hand, 
no c o r r e l a t i o n  could be found between CWSI and e i t h e r  of these  s o i l  
me+urements. I f  we had been i n v e s t i g a t i n g  a  shal lower rooted crop ,  t h e  
r e s u l t s  may have been q u i t e  d i f f e r e n t .  O r ,  perhaps, i f  t h e  r e s i s t a n c e  
blocks had been buried a t  deeper depths ,  the  r e l a t i o n s h i p  with the  CWSI 
may have been be t te r .  Aside from t h e  abnormally high readings under 
extremely s t r e s s e d  cond i t ions ,  t h e  s o i l  moisture blocks performed very 
w e l l  and may prove a  r e l i a b l e  method of i r r i g a t i o n  schedul ing  i n  t h e  
fu tu re .  

ALFALFA 84/85/86 

Ground-based remote sens ing  i n v e s t i g a t i o n s  continued dur ing  1985 i n  t h e  
f i e l d  lys imeter  p lo t s  loca ted  i n  the  "backyard" of t h e  U.S. Water 
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Conservation Laboratory. These p l o t s  were planted t o  a l f a l f a  (Medicago 
s a t i v a  L. cv Lew) i n  February 1984. They were sub jec t ed  t o  d i f f e r e n t i a l  
i r r i g a t i o n ' t r e a t m e n t s  beginning i n  l a t e  August 1984, which were continued 
during most of 1985. S t r e s s  t reatments  were r o t a t e d  during t h i s  period 
s o  t h a t  experimental p l o t s  which experienced some s t r e s s  during a  
p a r t i c u l a r  harvest  cyc le  would have two subsequent growth and harves t  
cyc les  t o  recover. Our experience i n  1985 showed t h i s  was s u f f i c i e n t  t o  
permit recovery of p l o t s  which experienced very seve re  s t r e s s  throughout 
one e n t i r e  cycle. Carryover e f f e c t s  of antecedent s t r e s s  were sometimes 
evident  i n  regrowch behavior of the  f i r s t  harvest  fol lowing one of the  
d r i e r  i r r i g a t i o n  regimes, but no e f f e c t s  were noted i n  t h e  biomass 
accumulation of subsequent harvests.  

Treatments - 21 Aug 84 u n t i l  08 Ju ly  85. 

The a l f a l f a  s t r e s s  experiment cons is ted  of 2 r e p l i c a t e s  of 4 i r r i g a t i o n  
frequency treatments.  The WET treatment experienced no apprec iable  
water  s t r e s s  between c u t t i n g s  (usua l ly  2 i r r i g a t i o n s ) .  The EARLY t r e a t -  
ment received one i r r i g a t i o n  s h o r t l y  a f t e r  harves t ,  and o f t e n  developed 
s u b s t a n t i a l  s t r e s s  l e v e l s  p r i o r  t o  t h e  next  cu t t ing .  The LATE treatment  
received one i r r i g a t i o n  midway i n t o  the  regrowth period. Depending on 
antecedent  s o i l  moisture condi t ions ,  ambient evapora t ive  demand and 
l eng th  of the period between ha rves t s ,  the LATE t rea tments  sometimes 
showed considerable symptoms of s t r e s s  before the  i r r i g a t i o n  was 
applied.  A DRY treatment received no supplemental water  by i r r i g a t i o n  
from one harvest  to  t h e  next. Expression of s t r e s s  i n  t h i s  t reatment  
a l s o  depended s t rong ly  on antecedent s o i l  moisture condi t ions  
e s t ab l i shed  p r i o r  t o  t h e  treatment period. Usually t h e  amount of water  
given during an i r r i g a t i o n  was s u f f i c i e n t  t o  r ep len i sh  t h e  ex t r ac t ed  
s o i l  moisture t o  a  minimum depth of 1.5 m. The amount of water app l i ed  
t o  intended DRY and EARLY treatments  was usual ly  ad jus t ed  t o  r e f i l l  t h e  
upper 0.9 m. This ensured t h a t  some s t r e s s  would develop during 
regrowth. During t h e  cooler  months we observed t h a t  f a i l u r e  t o  observe 
t h i s  precaut ion would r e s u l t  i n  near-normal regrowth and l i t t l e  d i f -  
fe rence  between these  t reatments  and t h e  WET i r r i g a t i o n  t reatment .  The 
t o t a l  amount of i r r i g a t i o n  given a t  any one time d i d  not  u sua l ly  exceed 
1 5 j m  i n  depth t o  minimize problems with sca ld ing  dur ing  t h e  summer 
months. P lo t s  which were not i n  the  i r r i g a t i o n  t rea tment  r o t a t i o n ,  were 
occas ional ly  i r r i g a t e d  more than twice during a  ha rves t  per iod ,  s o  t h a t  
s o i l  moisture a t  deeper l e v e l s  could be replenished.  

Treatments - 08 J u l y  85 continuing i n t o  1986. 

Harvest on 8 Ju ly  85 marked the  end of the  previous wet, e a r l y ,  l a t e ,  
and dry treatments.  We embarked on an i r r i g a t i o n  schedul ing  program 
based on the  empir ica l  method of c a l c u l a t i n g  t h e  Crop Water S t r e s s  Index 
(CWSI). Baseline c o e f f i c i e n t s  f o r  a l f a l f a  were: i n t e r c e p t  = 0.5l0C and 
s lope  -1.92" C kpa-1. The t reatments  were IJET, LOW CWSI, MED CWSI and 
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H I G H  CWSI. Ae before  w e  e s t a b l i s h e d  two r e p l i c a t e  f i e l d  p l o t s  pe r  
t reatment  l eve l .  AI.1 p l o t s  were i r r i g a t e d  s h o r t l y  before  h a r v e s t ,  t hen  
t h e  WET p l o t s  were i r r i g a t e d  whenever t h e  neutron probe measurements 
ind ica t ed  t h a t  t h e  p l a n t s  had e x t r a c t e d  15 cm o r  more o f  t h e  s o i l  water  
below f i e l d  capaci ty.  The LOW CWSI treatment  was i r r i g a t e d  whenever t h e  
3-term d a i l y  running average of t h e  CNSI exceeded 0.1 u n i t s .  The MED 
CWSI was i r r i g a t e d  when t h e  3-term running average exceeded 0.2 and t h e  
H I G H  CWSI when i t  was g r e a t e r  than 0.32. 

Harvests. In  1985, we harves ted  t h e  a l f a l f a  p l o t s  9 t imes (compared 
wi th  6 ha rves t s  i n  1984, t h e  f i r s t  yea r  of growth). Beginning wi th  t h e  
November 1984 harves t ,  s e p a r a t e  e s t ima tes  of biomass were taken  from t h e  
s p e c t r a l  r e f l e c t a n c e  t a r g e t  a r e a s  pos i t ioned  on t h e  s o u t h  s i d e  of t h e  
boardwalks i n  each p l o t .  These d e s t r u c t i v e  samples were u s u a l l y  har- 
ves t ed  t h e  day before t h e  r e s t  of  t h e  f i e l d  was cut .  W e  used gasol ine-  
powered hedge trimmers and c u t  a swath averaging 0.74 cm i n  width,  about  
8 t o  10 m i n  length  and p a r a l l e l  t o  t h e  boardwalk. This  a r e a  was 
d iv ided  i n t o  e a s t  and west t a r g e t  a r e a  segments which were measured wi th  
t h e  Exotech radiometer,  t h e  Barnes Multiband Modular radiometer  and t h e  
i n f r a r e d  thermometer. The a l f a l f a  f o r  t h e  ha rves t  biomass samples was 
cu t  a t  a r e l a t i v e l y  uniform average h e i g h t  of 4.2 cm (0.7 cm s t d  dev) 
wi th  t h e  hedge trimmers. In t h e  r e s t  of  t h e  f i e l d  a t ractor-mounted 
c u t t e r  b a r  was used t o  mow t h e  a l f a l f a  l eav ing  a more ragged s tubb le  
averaging 6.6 m (1.6 cm s t d  dev) i n  he igh t .  The c u t  a l f a l f a  was ime- 
d i a t e l y  t ranspor ted  t o  a t r i p o d  supported s c a l e  and its mass determined 
t o  t h e  n e a r e s t  0.1 lb .  Subsamples from each f i e l d  sample were s e a l e d  i n  
a p l a s t i c  zip-lock bag, weighed t o  t h e  n e a r e s t  0.1 g, d r i e d  i n  a convec- 
t i o n  oven a t  70% f o r  a minimum of 72 hours  and reweighed. The f r a c t i o n  
of water  contained i n  t h e  subsample was used t o  e s t i m a t e  t h e  t o t a l  d ry  
weight of t h e  o r i g i n a l  f i e l d  sample. Biomass (Megagrams ha-l) was 
ca l cu la t ed  by d iv id ing  t h e  d ry  weight by t h e  ground a r e a  subtended by 
t h e  o r i g i n a l  sample. 

Biomass from t h e  ly s ime te r s  was es t imated  on t h e  day t h e  e n t i r e  f i e l d  
was harvested us ing  a curved blade l inoleum kn i fe .  A l l  t h e  above- 
groynd p l a n t  m a t e r i a l  was c u t  l eav ing  a s t u b b l e  h e i g h t  of  about  2-3 cm. 
The e n t i r e  sample was processed f o r  d ry  weight. No e f f o r t  was made t o  
s e p a r a t e  t h e  sample i n t o  green  and brown f r a c t i o n s  of p l a n t  mater ia l .  

Table 6 shows t h e  r e s u l t s  o f  biomass h a r v e s t s  of  t h e  t a r g e t  a r e a s  i n  
each t reatment  during 1984-85. The h ighes t  y i e l d s  obta ined  f o r  t h e  wet 
p l o t s  occurred dur ing  t h e  summer when a n  average of 4.76 Mg ha-1 was 
recorded. The wet t rea tments  y i e lded  a cumulative 29 Mg hae l  f o r  1985. 
With t h e  exception of t h e  February and March h a r v e s t s  t h e  fo rage  y i e l d s  
of  t h e  dry t reatments  showed cons iderable  r educ t ion  below y i e l d s  of  t h e  
we t t e r  t reatments .  Winter r a i n s  prevented t h e  d i f f e r e n t i a l  development 
of  water  s t r e s s  from November 1984 u n t i l  March 1985 and October 1985. 
Downy mildew d i sease  and i n f e s t a t i o n s  of  aphids and Egyptian a l f a l f a  
weevils  were a l s o  a s e r i o u s  problem dur ing  t h i s  same period.  
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The i r r i g a t i o n  scheduling treatment we designated t h e  HIGH CWSI d i d  not  
produce a reduction i n  y i e l d  desp i t e  t h e  f a c t  t h a t  t h e s e  p l o t s  were 
s t r e s s e d  t o  a three-day running average CWSI of 0.32 u n i t s  before irri- 
gat ion.  One reason f o r  t h e  apparent lack  of response was the  p l o t s  were 
usual ly  i r r i g a t e d  immediately a f t e r  harvest  and thus s t a r t e d  out  each 
regrowth period with an ample supply of water. I n  August, the s o i l  pro- 
f i l e  was e s s e n t i a l l y  f u l l ,  r e s u l t i n g  i n  very l i t t l e  s t r e s s  developing i n  
t h e  H I G H  CWSI treatment before  the  September harvest .  Regrowth i n  t h e  
fol lowing cycles,  occurred during periods of l e s s e r  evapora t ive  demand. 
The p l an t s  were ab le  t o  e x t r a c t  s u f f i c i e n t  water from t h e  s o i l  a t  these  
lower evaporative r a t e s  and maintain adequate production. A reduct ion 
i n  y i e l d  did begin t o  occur by the October and December harves ts .  This  
i s  an expression of the  cumulative e f f e c t s  of d e f i c i t  i r r i g a t i o n  on t h a t  
treatment.  

P l an t  Biomass between Harvests.  Est imates of p lan t  biomass were 
obtained on a rout ine  bas i s  from August 84 u n t i l  J u l y  85. These pro- 
vided a means to  c h a r a c t e r i z e  the  p a t t e r n  of a l f a l f a  growth a s  i t  was 
a f f ec t ed  by s t r e s s  imposed during the  cycle. Samples were taken i n  t h e  
8 f i e l d  p l o t s  designated a s  treatment p l o t s  during any given harves t  
i n t e rva l .  The procedure involved c u t t i n g  t h e  a l f a l f a  stems a t  an 
average height of about 3.75 cm above t h e  s o i l  su r face  wi th  a curved- 
blade linoleum kni fe ,  immediately s e a l i n g  the  p l a n t s  w i th in  a zip-lock 
p l a s t i c  bag and t r anspor t ing  them t o  the  labora tory  f o r  processing. 
Four c i r c u l a r  0.25 m2 samples were taken from each of the  f i e l d  p l o t s :  2 
from the north half  and 2 from the  south. Even though the  t reatment  
p l o t s  were ro ta ted  s o  t h a t  maximum recovery was l i k e l y  before they were 
aga in  subjected t o  another  water  s t r e s s  t reatment ,  a s p e c i a l  e f f o r t  was 
made t o  insure  tha t  previous ly  sampled a reas  were not resampled u n t i l  at  
l e a s t  4 t o  6 subsequent ha rves t s  had elapsed. Accordingly, sampling 
l o c a t i o n s  were pos i t ioned  i n  opposing corners  of each f i e l d  and these  
l o c a t i o n s  were a l t e r n a t e d  each time a p l o t  came i n t o  " treatment"  s t a t u s .  
The s i z e  of the ground a r e a  t h a t  was sampled was c o n t r o l l e d  by a t t a c h i n g  
a swivel-hook to  the wooden handle of the  k n i f e  such t h a t  i t  could be 
pivoted around a small  metal s t a k e  pos i t ioned  i n  t h e  c e n t e r  of the  

The "reach" of t h e  k n i f e  was f ixed  s o  t h a t  when i t  was used i n  
the  cu t  a rea  would be 0.25 m-2. 

A wet weight was obtained f o r  t h e  p l a n t s  a s  soon a s  they were taken t o  
t h e  laboratory. Then they were s to red  i n  a r e f r i g e r a t o r  u n t i l  process- 
i n g  could take place. Samples were separa ted  i n t o  dry and green f r ac -  
t i o n s  and dried i n  an oven a t  60-70°C f o r  a minimum of 48 hours. Dry 
weights of each f r a c t i o n  were recorded and biomass (Mg ha-1) ca l cu la t ed .  
F rac t iona l  water content  was computed a s  (Wet weight - Dry weight)/Wet 
weight. Separate e s t ima tes  of leaf  and stem biomass were not  made. 
Leaf a rea  index was monitored during t h e  June 85 regrowth period. 

The sampling frequency was determined mainly by the  r a t e  of growth of 
t h e  a l f a l f a .  From August through 5 November 1984, p lan t  samples were 
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taken 3 times a  week. A s  t h e  p l an t s  slowed i n  t h e i r  growth, t h e  saui- 
p l ing  i n t e r v a l  was ad jus t ed  t o  twice a  week ( u n t i l  6 December) and then 
once a  week ( u n t i l  1 Apr i l  85). The sampling frequency was then 
increased  t o  2-3 times weekly u n t i l  5  J u l y  85. 

Comparison of Biomass Estimates.  T r a d i t i o n a l  biomass sampling opera- 
t i o n s  a r e  very l abor  i n t e n s i v e  and time consuming. A s  a  r e s u l t  the  
techniques we used were t a i l o r e d  t o  accommodate t h e  s i z e  of the  sample 
required. The gasoline-powered hedge trimmers proved very e f f i c i e n t  f o r  
es t imat ing  the  biomass of the  remote sensing t a r g e t  a r e a s  p r i o r  t o  har- 
v e s t ,  while hand trimming with a  kn i f e  was s a f e r  and more e f f e c t i v e  
wi th in  the  lys imeters  and a l s o  f o r  the f r equen t ,  D.25 m2 samples which 
were obtained a s  o f t e n  a s  3 times a  week. The two techniques l e f t  d i f -  
f e r e n t  amounts of s tubb le  behind a f t e r  t h e  above ground por t ion  of the 
p l an t  was harvested. Our measurements ind ica t ed  t h e  hedge trimmers l e f t  
about 4 m s tubb le  a f t e r  ha rves t ,  while hand ha rves t ing  wi th  the k n i f e  
l e f t  a  s tubb le  about 2-3 cm i n  height.  Since t h e  stems i n  t h e  s tubb le  
a r e  o f t e n  r a t h e r  woody and comprise a  f a i r l y  heavy l a y e r  i n  the  canopy, 
we expected the hand-cut samples t o  be much l a r g e r .  However, t h e  l a s t  
hand-cut samples p r i o r  t o  harves t  of ten  occurred 3-4 days before the  
t a r g e t  a reas  were sampled, and had accrued l e s s  growth. Thus, i n  a  com- 
parison of the  two techniques,  d i f f e rences  i n  t iming and c u t t i n g  he ight  
were expected to  be at l e a s t  p a r t i a l l y  compensatory. However, the  e s t i -  
mates obtained with the  hedge trimmers i n  t h e  t a r g e t  a r e a  averaged about 
5 t o  10% lower than t h e  l a s t  d a i l y  hand-cut e s t i m a t e  p r i o r  t o  harves t  
(Figure 6). 'Much of t h i s  d i f f e rence  is probably due t o  c u t t i n g  he ight  
alone s ince  growth o f t e n  slows before harves t  a s  t h e  p l a n t s  s i n k  propor- 
t i o n a t e l y  more carbohydrates i n t o  root  reserves .  

Biomass samples a l s o  provided a means f o r  comparing above-ground growth 
of p l a n t s  confined wi th in  t h e  weighing lys ime te r s  ( 1  x 1 m s u r f a c e  a rea ,  
1.5 m root ing  depth) wi th  growth of p l a n t s  i n  t h e  surrounding f i e l d  
p lo t s .  Figure 7A shows t h a t  r e l a t i o n s h i p  f o r  ha rves t  cyc le s  when t h e  
p l a n t s  were not exposed t o  any water stress treatments .  The ly s ime te r  
biomass es t imates  which were obtained by hand-cutting, show a f a i r l y  
c o y t a n t  p o s i t i v e  o f f s e t  when compared wi th  t h e  f i e l d  biomass e s t ima tes  
of the  t a r g e t  areas.  This  b i a s  is again due t o  t h e  d i f f e r e n c e s  i n  
sampling technique; p l a n t s  cu t  by hand were l a r g e r  than those  harvested 
with the hedge trimmers. Although the v a r i a t i o n  i n  t h e s e  d a t a  a r e  con- 
s i d e r a b l e ,  i t  is not  apprec iably  d i f f e r e n t  from t h e  v a r i a t i o n  shown i n  
Figure 6. Because the  s lope  of the t rend  l i n e  i s  c l o s e  t o  1.0, t h e  
growth pa t t e rns  of p l a n t s  i n  t h e  reasonably well-watered ly s ime te r s  were 
s i m i l a r  t o  those growing i n  the  surrounding f i e l d  p lo t s .  

Figure 7B shows s i m i l a r  d a t a  f o r  lys imeters  and a s s o c i a t e d  f i e l d  p l o t s  
which experienced some water  s t r e s s  during a  h a r v e s t  cycle .  These 
represented only the  EARLY i r r i g a t i o n  t reatments .  DRY o r  LATE t r e a t -  
ments were not imposed on t h e  lys imeter  p l o t s  s i n c e  we f e l t  t h a t  extreme 
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water  s t r e s s  f o r  extended periods of time would be de t r imen ta l  t o  
a l f a l f a  growing i n  a confined root ing  zone. The v a r i a t i o n  i n  these  da ta  
i s  considerable.  I n  c o n t r a s t  t o  t h e  uns t ressed  condi t ions  where 
(because of the c u t t i n g  height  advantage),  biomass es t imates  wi th in  t h e  
ly s ime te r  were s l i g h t l y  l a r g e r  than those of the  surrounding f i e l d ,  
biomass from lys imeters  i n  a s t r e s s  treatment was usual ly  lower than 
t h a t  found i n  t h e  surrounding f i e l d .  During cooler  months and when 
n a t u r a l  r a i n f a l l  prevented t h e  development of s i g n i f i c a n t  s t r e s s  i n  t h e  
EARLY i r r i g a t i o n  t reatment ,  the  lys imeter  biomass more c l o s e l y  approxi- 
mated t h a t  of the surrounding f i e l d .  Our conclusions a r e  t h a t  the  smal l  
l y s ime te r s  do not provide s u f f i c i e n t  s o i l  volume f o r  a deeply-rooted 
perennia l  crop l i k e  a l f a l f a  t o  be ab le  t o  achievevgrowth p a t t e r n s  
s i m i l a r  t o  the r e s t  of the  f i e l d  when water stress condi t ions  a r e  
imposed. However, when water i s  not  l i m i t i n g ,  growth wi th in  t h e  
lys imeters  compare favorably with those observed i n  the  r e s t  of t h e  
l a r g e r  f i e l d  where root ing volume i s  not l imi ted .  

Leaf Area Index. A l f a l f a  leaf  a rea  was est imated f o r  each of t h e  irri- 
g a t i o n  treatment p lo t s  during t h e  June-July harves t  cyc le  i n  1985 using 
an o p t i c a l l y  i n t e g r a t i n g  l ea f  a rea  meter (Licor  Model 3100; 0.1 mm reso- 
l u t i o n  l ens  i n  place).  The p l an t  ma te r i a l s  used i n  t h i s  s tudy were sub- 
samples taken from two of the fou r ,  rou t ine  twice-weekly biomass samples 
co l l ec t ed  from each treament p l o t  during the  same period. The ground 
a r e a  subtended by the biomass samples was f ixed  a t  0.25 m z ,  but the  
ground a rea  subtended by the  leaves  used i n  the  LA1 subsample va r i ed  
inve r se ly  with the  biomass of t h e  sample. Harvest reduced the  canopy t o  
s tubb le  with very few leaves i n  t h e  sample. A week l a t e r ,  however, 
regrowth had progressed t o  t h e  poin t  where the t o t a l  number of l eaves  
from a given 0.25 m2 biomass sample was more than could be processed i n  
a reasonable amount of time. Thus, a time l i m i t  of 10 minutes per  
sample was imposed on the processing procedure. A l l  t h e  leaves  t h a t  
could be run through the  LA1 meter during the  10-minute i n t e r v a l  were 
used i n  the  es t imate  of LAI. Af t e r  measurement, the  subsample l e a v e s  
and stems were dried i n  an oven at 60-70°C f o r  a minimum of 7% h. Dry 
weights were then measured and recorded. I f  t h e  e n t i r e  sample was not  
p rwessed  during the 10 minute time period,  the  r a t i o  of dry weight of 
t h e  processed leaves  (p lus  t h e i r  a s soc ia t ed  s tems) t o  the  t o t a l  dry 
weight of the  whole biomass sample was used t o  put  t h e  measured l e a f  
a r e a  on a ground area  bas is  f o r  t h e  c a l c u l a t i o n  of l e a f  a rea  index. 
Leaves were included i n  t h e  e s t ima te  of LA1 only i f  t h e  l e a f l e t s  had 
f u l l y  emerged from t h e  bud. Experience revealed t h a t  t h e  samples could 
be processed much more e f f i c i e n t l y  i f  they were not r e f r i g e r a t e d  p r i o r  
t o  placing them on the  conveyor b e l t  of the  meter. 

P l an t  Canopy Temperature. A por t ab le  i n f r a r e d  thermometer (IKT, Everes t  
In t e r sc i ence ,  Model 110, nominal 4' field-of-view) was used r o u t i n e l y  
during 1985 t o  measure canopy temperatures  of the  a l f a l f a .  Data co l l ec -  
t i o n  began seve ra l  days a f t e r  ha rves t  and continued u n t i l  t h e  fo l lowing 
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harves t .  Measurements were obtained on most workdays from 1330 t o  1400 
h MST. From Apr i l  u n t i l  August, canopy temperatures were a l s o  monitored 
dur ing  weekends t o  provide a continuous h i s t o r y  of p l a n t  s t r e s s  f o r  
i r r i g a t i o n  management purposes. A l l  p l o t s  were observed i n  both n a d i r  
and obl ique d i r ec t ions .  This provided u s  with d a t a  sets s i m i l a r  t o  
those  which might be acquired by a i rborne  platforms o r  ground-based 
grower monitoring programs, respec t ive ly .  In  t h e  i r r i g a t i o n  t reatment  
p l o t s  ( 8  p l o t s  per  ha rves t  cycle) ,  t h e  south  h a l f  of each p l o t  was 
viewed with t h e  IRT pointed i n  each of t h e  fou r  c a r d i n a l  d i r e c t i o n s  and 
he ld  a t  a dec l ina t ion  ang le  of  about 30" from t h e  ho r i zon ta l .  Non- 
t reatment  p l o t s  were observed only i n  t h e  e a s t  and west viewing d i rec-  
t i ons .  Nadir measurements were taken with the  I R T  poin ted  perpendicular  
t o  t h e  canopy su r face  wi th in  t h e  two r e f l e c t a n c e  t a r g e t  a r e a s  loca ted  t o  
t h e  south  of t h e  access  boardwalks. S ix  s e p a r a t e  measurements were made 
i n  each view d i r e c t i o n .  Concomittant measurements of d ry  and wet bulb 
temperatures a t  1.5 m were obtained p r i o r  t o  IRT use  wi th  a hand-held, 
mechanically a s p i r a t e d  psychrometer (Bendix Model 566) and fol lowing t h e  
IRT readings with a s t a t i o n a r y  ceramic wick thermocouple psychrometer 
(1984 USNCL Annual Report) loca ted  i n  t h e  "B" p l o t s .  Psychrometric 
observat ions preceding and following t h e  canopy temperature measurements 
were averaged t o  g ive  mean a i r  temperature and vapor p r e s s u r e  d e f i c i t s .  
Net r a d i a t i o n  was obta ined  with minia ture  n e t  rad iometers  (F r i t s chen  
MHR) posi t ioned i n  t h e  "B" p l o t s .  These micrometeorological parameters 
were used t o  c a l c u l a t e  t h e  CWSI on a d a i l y  bas i s .  

Canopy Reflectance. Routine measurements of canopy r e f l e c t a n c e  were 
obtained us ing  a n  Exotech Model 100-A radiometer configured wi th  t h e  
Landsat MSS bandpass f i l t e r s  and lSO f i e ld -o f -v iew ape r tu res .  Canopy 
re f l ec t ances  were ca l cu la t ed  by r a t i o i n g  canopy r ad iances  t o  incoming 
i r r a d i a n c e s  determined by f requent  measurements of a h o r i z o n t a l l y  posi- 
t ioned ,  painted BaS04 re fe rence  panel. Correct ions were app l i ed  t o  t h e  
re ference  panel  d a t a  t o  a d j u s t  f o r  t h e  non-Lambertian p r o p e r t i e s  of i t s  
sur face .  Measurements of t h e  Bas04 panel  were made a t  t h e  s t a r t ,  mid- 
po in t  and f i n i s h  of each sequence of f i e l d  observa t ions .  A time-based 
l i n e a r  i n t e r p o l a t i o n  w a s  used t o  e s t ima te  i r r a d i a n c e s  a t  t h e  t ime of 
men urement of  each f i e l d  p lo t .  Data were co l l ec t ed  a t  a d a i l y  time 9 wh ch corresponded t o  a nominal s o l a r  z e n i t h  angle  of  57'. an ang le  
which could be  accommodated on a year-round bas i s .  Measurements were 
obtained on most non-raining days. Anci l la ry  obse rva t ions  inc luded 
q u a l i t a t i v e  information on whether t h e  s o l a r  d i s k  was unobs t ruc ted  o r  
obscured by clouds t o  vary ing  degrees,  t h e  type  and e x t e n t  of cloud 
cover ,  haze l e v e l s ,  wind speed and t h e  r e l a t i v e  amount of moisture on 
t h e  p l a n t  sur faces .  

Measurements were obtained over  both t h e  west and e a s t  t a r g e t  a r e a s  
loca ted  t o  t h e  south  o f  t h e  boardwalks i n  each p l o t .  S i x  r e p l i c a t e  
"scans" of  t h e  f o u r  wavebands were taken  i n  each t a r g e t  a r e a  wi th  t h e  
radiometer he ld  a t  arm's l e n g t h  above t h e  canopy and p o s i t i o n e d  towards 
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t h e  south. Data from t h e  two t a r g e t s  were averaged t o  y i e l d  a mean 
r e f l e c t a n c e  f o r  t h e  p l o t .  These t a r g e t  a r e a s  were i d e n t i c a l  t o  those  
viewed by t h e  IRT and a l s o  were t h e  same a r e a s  l a t e r  harves ted  f o r  y i e l d  
information. Measurements were a l s o  taken over  each of  t h e  ly s ime te r s  
and a dry s o i l  t a r g e t  of Avondale loam, t h e  background s o i l  f o r  t h e  
a l f a l f a  canopy. The e n t i r e  measurement sequence took approximately 14 
minutes t o  complete. A t  i r r e g u l a r  i n t e r v a l s  canopy r e f l e c t a n c e  measure- 
ments were obtained on a f requent  b a s i s  throughout t h e  day. 

Anticipated use of t h i s  d a t a  set inc ludes  t h e  development of a r e l a -  
t i onsh ip  between biomass and canopy r e f l e c t a n c e ,  t h e  t e s t i n g  of a model 
which p r e d i c t s  d a i l y  a l f a l f a  canopy growth from a-combination of canopy 
r e f l e c t a n c e  and emit tance information,  a eva lua t ion  of  t h e  e f f e c t s  of 
cloud cover on t h e  r e f l e c t a n c e  of  a l f a l f a  and i ts  use  i n  p r e d i c t i n g  
biomass, the  cha rac te r i za t ion  of  regrowth p a t t e r n s  fo l lowing ha rves t  and 
t h e  use  of r e f l ec t ance  d a t a  a s  a su r roga te  f o r  growth i n  eva lua t ing  t h e  
water  use  e f f i c i ency  of  a l f a l f a .  

A Barnes Modular Mul t i spec t r a l  8-band Radiometer (MMR) was mounted on a 
backpack device t o  c o l l e c t  s p e c t r a l  r e f l e c t a n c e  da ta  i n  t h e  Thematic 
Mapper wavebands over  t h e  a l f a l f a  p l o t s  on c l e a r  days only.  Data were 
c o l l e c t e d  a t  a t ime corresponding t o  t h e  approximate overpass of  Landsat 
5 (1030h). This r e s u l t e d  i n  81 c o l l e c t i o n  days from January through 
August. A p a r t i c u l a r l y  c l e a r  per iod  occurred i n  June when s p e c t r a l  d a t a  
were co l l ec t ed  on a l l  bu t  f i v e  days i n  one growing period.  

The MMR has waveband f i l t e r s  which mimic those  of t h e  v i s i b l e ,  near-IR, 
mid-IR and thermal channels of t h e  Thematic Mapper radiometer.  It a l s o  
has a n  a d d i t i o n a l  near-IR channel which i s  proportedly s e n s i t i v e  t o  
l i q u i d  water  i n  p l a n t  t i s sues .  An example of t h e  response of t h e  seven 
bands over  a wet and a dry a l f a l f a  p l o t  i s  shown i n  F igure  8. 

A po r t ab le  micrometeorology s t a t i o n  was deployed t o  record  measurements 
of i r r a d i a n c e ,  windspeed, and dry- and wet-bulb temperatures  a t  6-second 
i n t e r v a l s .  Estimates of evapot ranspi ra t ion  (ET) were ca l cu la t ed  based 
onJhese meteorological  d a t a  and ground r e f l ec t ance .  Figure 9 shows 
t h a t  t h e  instantaneous remote sens ing  ET es t imates  correspond wi th  hour- 
long averages measured us ing  t h e  ly s ime te r s .  

S o i l  Water Content. Volumetric s o i l  mois ture  measurements were de te r -  
mined i n  t h e  cen te r  o f  each of  t h e  18 a l f a l f a  p l o t s  and t h e  3 l y s i m e t e r s  
on a 2 t o  3 day i n t e r v a l  u s ing  a Campbell P a c i f i c  Hydroprobe Model 503 
(SN 2648). This probe c o n s i s t s  of a n  Americium-241/Beryllium f a s t -  
neutron source and a Boron-10 t r i f l u o r i d e  de tec to r .  The number of  slow 
neutrons r e f l e c t e d  back t o  t h e  d e t e c t o r  from t h e  s o i l  i s  d i r e c t l y  pro- 
p o r t i o n a l  t o  t h e  concent ra t ion  of  hydrogen (mainly i n  water)  i n  a sphere  
of  s o i l  surrounding t h e  probe. The neutron probe was c a l i b r a t e d  f o r  
Avondale loam s o i l  and t h e  s t e e l  access  tubes  used i n  t h e  a l f a l f a  
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experiment. Each access  tube  was pos i t ioned  i n  t h e  same l o c a t i o n  used 
i n  t h e  previous s e v e r a l  y e a r s  of wheat experiments (SERIAL CEREAL 78-80, 
ANZA 82, CIMMYT 83). S o i l  moisture was determined f o r  each  20 cm s o i l  
l a y e r  down t o  a maximum depth  of  2.8 m. Fourteen of t h e  a l f a l f a  p l o t s  
were monitored t o  t h a t  depth. P l o t s  i n  t h e  sou theas t  p o r t i o n  of t h e  
f i e l d  however, a r e  unde r l a in  by a g rave l  l a y e r  which r e s t r i c t e d  t h e  
depth t o  which t h e  access  tubes  could be  i n s t a l l e d .  The access  tube 
depth i n  P lo t  3C i s  on ly  2.6 m; 4C i s  2.2 m;  5C i s  2.0 m; and 6C i s  
2.4 m. The ly s ime te r s  were measured t o  a maximum depth  of 120 cm. 
Rubber s toppe r s  prevented water  from e n t e r i n g  t h e  tops  of  access  tubes 
dur ing  i r r i g a t i o n .  Occasional ly water  c o l l e c t e d  i n  t h e  bottom of a n  
access  tube  during a n  i r r i g a t i o n ,  i n  which case  t h e  a f f e c t e d  depths were 
skipped. 

Counting time was f i x e d  a t  30  seconds p e r  depth. Daily v a r i a t i o n  i n  
d e t e c t o r  counting e f f i c i e n c y  was compensated f o r  by t ak ing  5 s tandard  
r e fe rence  counts (30  s e c  each)  a t  t h e  beginning and a t  t h e  end of t h e  
f i e l d  p l o t  measurement sequence. These r e fe rence  counts  were taken wi th  
t h e  e n t i r e  u n i t  pos i t ioned  on a free-standing access  tube  about  1 m above 
t h e  ground and t h e  probe withdrawn i n t o  i t s  p r o t e c t i v e  housing. During 
t h e  re ference  counts t h e  ope ra to r  s t ands  w e l l  awas from t h e  probe t o  
minimize any in f luence  h e  may have on t h e  counting r a t e .  Previous 
experience i n  a l f a l f a  had shown t h a t  when standard r e fe rence  counts a r e  
taken i n  t h e  f i e l d ,  t h e  t o t a l  counts were inf luenced  by t h e  proximity of 
t h e  ope ra to r  and changing condi t ions  of  t h e  p l a n t  biomass surrounding 
t h e  probe housing. 

The measurement sequence u s u a l l y  requi red  3 hours t o  complete. To mini- 
mize damage t o  t h e  p l a n t  canopy, s o i l  moisture measurements were only 
done i n  t h e  lys imeters  when t h e  p l a n t s  were r e l a t i v e l y  sma l l  fo l lowing 
ha rves t  o r  j u s t  p r i o r  t o  a n  a n t i c i p a t e d  i r r i g a t i o n .  Because t h e  i n s e r -  
t i o n  of t h e  probe changed t h e  weight of t h e  ly s ime te r s ,  evapotranspira-  
t i o n  e s t ima tes  were a l s o  a f f e c t e d .  This  was kep t  t o  a minimum by 
measuring a l l  t h e  ly s ime te r s  w i th in  a s i n g l e  30 minute averaging  
i n t e r v a l .  

i 
Data from t h e  neutron access  probe were processed t o  y i e l d  volumetr ic  
water  content  f o r  each 20 c m  l e v e l  of s o i l .  Upper and lower  l i m i t s  of  
volumetr ic  s o i l  moisture had been e s t a b l i s h e d  dur ing  p r i o r  y e a r s  experi-  
ments wi th  wheat. I n i t i a l l y ,  t h e s e  l i m i t s  were used t o  s e t  t h e  upper 
and lower limits of e x t r a c t a b l e  water  f o r  a l f a l f a .  As our  h i s t o r y  of 
water  contents  f o r  t h e  a l f a l f a  expands t h e s e  l i m i t s  w i l l  be ad jus t ed  t o  
r e f l e c t  t h e  d i f f e rences  i n  roo t ing  p a t t e r n s  and e x t r a c t i o n  of water  f o r  
t h i s  deeply rooted pe renn ia l  crop. 

P l a n t  Water Potent ia l .  A l f a l f a  water r e l a t i o n s  were c h a r a c t e r i z e d  by 
water  p o t e n t i a l  measurements obtained us ing  t h e  Scholander p re s su re  bomb 
technique. These measurements were taken 2 o r  3 t imes each week between 
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February and Ju ly  1985. Measurements were obtained between 1300 and 
1430 h ,  a time period which coincided wi th  t h e  d a i l y  IRT observat ions.  
Bomb measurements were usua l ly  only acquired from t h e  8 p l o t s  designated 
a s  t reatment  p l o t s  (4  t reatments  X 2 r e p l i c a t e s )  during a p a r t i c u l a r  
ha rves t  cycle.  Our f i e l d  procedure involved t ak ing  t h r e e  s e p a r a t e  p l a n t  
samples pe r  p l o t ,  each from a d i f f e r e n t  s i t e  l oca ted  2-3 meters  i n  from 
t h e  nor th  berm. Sampling was r o t a t e d  s o  t h a t  t h e  3 r e p l i c a t e  measure- 
ments pe r  p l o t  were r ep resen ta t ive  of an average time pe r iod  over  t h e  1 
t o  1.5 h period in s t ead  of  being c l u s t e r e d  toge the r  i n  time. Each stem 
was ind iv idua l ly  cu t  wi th  a r azo r  blade,  immediately placed i n  a l i g h t  
proof ,  moistened c l o t h  bag t o  minimize t i s s u e  water  l o s s ,  t ranspor ted  t o  
t h e  pressure  chamber and sea l ed  wi th in  a n  elongated chamber. Pressure 
was appl ied  slowly u n t i l  t h e  xylem f l u i d s  could j u s t  be  seen  exuding 
from t h e  c u t  end of  t h e  stem. Then t h e  p res su re  a t  t h a t  t ime was 
recorded. Stems were only cu t  once i n  t h e  f i e l d  and water  r e l a t i o n s  
were usual ly  determined l e s s  than  a minute l a t e r .  

Short s tubb le  and slow regrowth precluded pressure  bomb measurements 
immediately a f t e r  harves t .  Usually measurements could be  obtained 
a f t e r  t h e  p l an t s  a t t a i n e d  a he ight  of 15-20 cm. A t  t imes t h e  p l an t  
stems were s o f t  and succulent .  This caused problems when t h e  chamber was 
pressur ized  and t h e  p l an t  stem w a l l  co l lapsed  before  reaching  a s u i t a b l e  
end poin t .  Uneven r a t e s  of s o i l  water  dep le t ion  were p a r t i c u l a r l y  evi-  
dent  i n  t h e  southmost p l o t s  of t h e  backyard f i e l d  e ,  t h e  "C" p l o t s ) .  
This was most no t i ceab le  during t h e  s p r i n g  and summer of  1985 when those  
p l o t s  were subjected t o  a water  s t r e s s  t reatment .  The common p a t t e r n  
was t h a t  t h e  south  h a l f  of these  p l o t s  would run  out  of water f i r s t ,  
becoming very s t r e s s e d  and with a s i g n i f i c a n t  reduct ion  i n  growth when 
compared with t h e  no r th  h a l f .  The d iv id ing  l i n e  was coinc ident  wi th  t h e  
eas t -wes t  access  boardwalk. Unfortunately,  t h e  IRT canopy temperature 
measurements were always taken from t h e  sou th  h a l f ,  where d e s t r u c t i v e  
p l a n t  sampling procedures were k e p t  t o  a minimum. Pressure  bomb 
measurements were taken from t h e  no r th  p o r t i o n  of t h e  f i e l d  u n t i l  t h e  
problem became very evident ,  then  they  were switched t o  t h e  south  h a l f .  
The r e s u l t  was t h a t  some of  t h e  p res su re  bomb measurements d i d  not  
corjespond we l l  wi th  t h e  IRT d a t a  taken. Future  a n a l y s i s  and experiment 
designs w i l l  have t o  keep t h i s  i n  mind. 

Leaf Diffusion Resistance. Measurements of s tomata1 r e s i s t a n c e  
c h a r a c t e r i s t i c s  were observed i n  t h e  t rea tment  p l o t s  u s ing  a LiCor Model 
LI-1600 s t ead  s t a t e  porometer and a Polycorder  d a t a  logger  from January 
u n t i l  June 1985. Readings were taken from 1300 t o  1400h twice weekly 
from January u n t i l  mid-April 1985. A t  t h a t  t ime t h e  frequency was 
increased  t o  3 times weekly. Three upper and t h r e e  lower l e a f  su r faces  
were observed f o r  p l a n t s  i n  each t reatment  p l o t .  Two r e p l i c a t e  p l o t s  
were included per treatment.  Combined l e a f  r e s i s t a n c e s  and conductan- 
c e s  were ca l cu la t ed  by considering t h e  upper and lower s u r f a c e s  t o  be  
opera t ing  a s  p a r a l l e l  r e s i s t ances .  

Annual Report of the U.S. Water Conservation Laboratory



Plant  Photographs. A permanent v i s u a l  record of t h e  cond i t ion  of  t h e  
a l f a l f a  f i e l d  p l o t s  was provided by weekly photographs. Color s l i d e  
f i l m  (Kodachrome 64) was used i n  a 35 mm camera equipped wi th  a 55 mm 
f o c a l  l eng th  lens.  Several  panoramic views of  t h e  e n t i r e  f i e l d  were 
taken from t h e  top of t h e  ly s ime te r  l a b  bui lding.  Then n a d i r  viewing 
photographs were taken from a he igh t  of about  4 f e e t  i n  t h e  cen te r  of 
each of  t h e  two t a r g e t  a r e a s  i n  each f i e l d  p l o t  (a  t o t a l  of 36 photo- 
graphs). Alignment of photographs i n  t h e  same p lace  each week was made 
poss ib l e  red marks on t h e  east-west access  planks which t r a v e r s e  each 
p lo t .  A s i n g l e  obl ique  photograph was taken i n  each p l o t  from t h e  south  
i r r i g a t i o n  berm looking towards t h e  north.  Nadir viewing photographs 
were taken of each lysimeter .  Af ter  processing at' a commercial labora-  
t o ry ,  t h e  s l i d e s  a r e  l abe led  and archived f o r  a n t i c i p a t e d  a n a l y s i s  of 
percentage p l an t  cover,  r e l a t i v e  s tand  v igo r  and co lo r ,  lodging  i n f o r -  
mation and percent  bloom. 

P lan t  Pes ts .  During 1985, t h e  i n s e c t  p e s t  populat ion i n  t h e  a l f a l f a  
experiment grew q u i t e  l a r g e  and, a t  times caused cons iderable  damage t o  
our  a l f a l f a .  To a s s e s s  t h e  e f f e c t  of t h e  i n s e c t  popula t ion ,  we 
r egu la r ly  took sweep samples i n  t h e  a l f a l f a ,  and i d e n t i f i e d  and counted 
t h e  i n s e c t s .  Samples were taken  only from t h e  t reatment  p l o t s  s o  we 
could determine i f  t h e  i r r i g a t i o n  t rea tments  had any e f f e c t  on t h e  
i n s e c t  populations. 

Ear ly  January, before w e  s t a r t e d  wi th  t h e  samples,  t h e  a l f a l f a  was 
sprayed with i n s e c t i c i d e  t o  c o n t r o l  a l a r g e  i n f e s t a t i o n  of  aphids.  Five 
days l a t e r  most of  t h e  aphids were dead and s o  were almost a l l  of  t h e  
predators .  Because of t h e  de t r imen ta l  e f f e c t  on t h e  p r e d a t o r s ,  t h e  nex t  
time aphid i n f e s t a t i o n  was c o n t r o l l e d  by r e l e a s i n g  l a d y b i r d  b e e t l e  
a d u l t s ,  Hippodamia convergens, purchased from a n  i n s e c t  supply house. 

Ten sweeps were taken from each treatment  p l o t  each sample time. 
Samples were taken from t h e  n o r t h  end of each p l o t  on one day and from 
t h e  south  end t h e  next  day. Since samples were never  taken  more than  
twice a week, one end o f  t h e  f i e l d  was never  sampled more than  once a 
wee&. The a r e a  t h a t  t h e  sweep samples were taken from was about  one 
meter i n t o  t h e  p l o t  and r a n  t h e  e n t i r e  width of t h e  p l o t .  The depth 
t h a t  t h e  sweep n e t  pene t r a t ed  i n t o  t h e  a l f a l f a  was about  4 t o  8 i n c h e s ,  
s o  only t h e  top  one-half t o  one-third of t h e  a l f a l f a  was be ing  sampled. 
Once t h e  samples were taken from a p l o t  t hey  were p laced  i n t o  one p i n t  
i c e  cream car tons  and pu t  i n t o  a f r e e z e r  f o r  approximately one-half t o  
one hour. This would k i l l  most of  t h e  i n s e c t s  and slow t h e  r e s t  of  them 
down long enough s o  they  could be  counted. 

Af ter  s t a r t i n g  t h e  sweep samples we had one i n f e s t a t i o n  of  b lue  a l f a l f a  
aphids and one of Egyptian a l f a l f a  weevils .  From t h e  informat ion  
obtained from t h e  sweep samples we were a b l e  t o  determine t h a t  we had a 
problem e a r l y  enough t o  do something about i t .  Ladybird b e e t l e s  were 
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r e l eased  on t h e  13th and 1 5 t h  of March and t h e  aphid popula t ion  s t a r t e d  
decreasing almost immediately (Table 7). Since t h e r e  were no con t ro l  
p l o t s  where t h e r e  were no  l adyb i rd  b e e t l e s ,  we could n o t  determine i f  
they were e n t i r e l y  r e spons ib le  f o r  t h e  decrease  i n  t h e  aphid populat ion,  
bu t  one has  t o  expect t h a t  they  had a major impact on t h e  p e s t s .  There 
was no s i g n i f i c a n t  d i f f e r e n c e  ( a t  t h e  95% confidence l e v e l )  i n  t h e  
average number of i n s e c t s  between t h e  t reatment  p l o t s .  

EFFECTS OF PARTIAL CANOPY COVER ON THE CWSI 

The CWSI derived from r a d i a n t  canopy temperatures  .and ambient micro- 
meteorogical condit ions i s  a very u s e f u l  parameter f o r  quant i fy ing  water  
s t r e s s .  Its s e n s i t i v i t y  t o  p l a n t  s t r e s s  i s  enhanced by condi t ions  of 
moderate t o  high evapora t ive  demand--prerequisites f o r  maximum tempera- 
t u r e  d i f f e rences  between well-watered and non-transpir ing canopies. 
The CWSI's e f f ec t iveness  i s  diminished however, when used f o r  l e s s  than 
complete canopy cover because varying propor t ions  of s o i l  a r e  viewed by 
t h e  i n f r a r e d  radiometer.  The consequence of  viewing t h e  s o i l ,  which is  
usua l ly  warmer than  t h e  p l a n t s ,  i s  t h a t  i t  i n f l a t e s  t h e  CWSI t o  l e v e l s  
which a r e  much h igher  than  independent observa t ions  of p l a n t  water  
s t a t u s  would a c t u a l l y  i n d i c a t e .  

This  problem becomes e s p e c i a l l y  acute  when s o i l  s u r f a c e s  a r e  d ry  and 
have been exposed t o  h i g h  i n t e n s i t y  i n s o l a t i o n .  The problem i s  l e s s  
s e r i o u s  fol lowing a n  i r r i g a t i o n  o r  r a i n f a l l  which wets and coo l s  t h e  
background s o i l  temperature o r  when t h e  s u r f a c e  of  t h e  s o i l  i s  shaded by 
r e l a t i v e l y  t a l l ,  spa r se  vegeta t ion .  It can  be  minimized by viewing t h e  
canopy a t  an obl ique  ang le  t o  reduce t h e  i n f l u e n c e  o f  t h e  background 
s o i l  temperature on t h e  composite temperature viewed by t h e  IRT. 
I n t e r p r e t a t i o n  of  a i r c r a f t  o r  s a t e l l i t e  d a t a  i s  complicated by t h e  n a d i r  
view which increases  t h e  amount of viewed s o i l .  Successfu l  u s e  of t h e  
CWSI dur ing  t h e  s tand  es tab l i shment  of a g r i c u l t u r a l  c rops  w i l l  r e q u i r e  a 
more comprehensive understanding of t h i s  problem. For pe renn ia l  fo rage  
crops such a s  a l f a l f a  which a r e  harves ted  a s  o f t e n  as every  4 weeks 
during t h e  summer months, i t  i s  a problem which must be  addressed du r ing  
thwregrowth period fo l lowing every cu t t ing .  

Theore t ica l ly  t h e  CWSI should vary  between z e r o  and u n i t y  over  t h e  range 
of  water  s t r e s s  condi t ions  experienced i n  t h e  f i e l d .  A CWSI c l o s e  t o  
ze ro  i s  t y p i c a l  f o r  a v igorous  canopy t h a t  i s  growing a t  a n  optimum r a t e  
and which, by v i r t u e  of  a r ecen t  i r r i g a t i o n ,  i s  judged t o  have optimum 
water  s t a t u s .  A t  t h e  o t h e r  extreme, a CWSI of  1.0 i n d i c a t e s  a canopy 
which has  ceased t r a n s p i r a t i o n  i n  response t o  seve re  water  s t r e s s  con- 
d i t i o n s .  Figure 10 shows CWSI da ta  c o l l e c t e d  i n  t h e  backyard a l f a l f a  
experiment during a h a r v e s t  cyc le  i n  J u l y  and e a r l y  August 1985. Four 
f i e l d  p l o t s  were chosen which d i f f e r e d  i n  t h e i r  antecedent  moisture 
h i s t o r y  and thus  could be  expected t o  e x h i b i t  vary ing  r a t e s  of regrowth. 
The timing of t h e  i n i t i a l  p o s t  ha rves t  i r r i g a t i o n  of  t hese  p l o t s  was 

Annual Report of the U.S. Water Conservation Laboratory



a l s o  allowed t o  vary t o  provide a range of background s o i l  s u r f a c e  tem- 
p e r a t u r e s  on any given day. The CWSI was c a l c u l a t e d  according t o  t h e  
empi r i ca l  methodology of Idso  -- e t  a l .  (19811, u s ing  obl ique  canopy tem- 
p e r a t u r e s  obtained wi th  t h e  i n f r a r e d  thermometer he ld  a t  a n  ang le  of  
about  30' from t h e  ho r i zon ta l .  Immediately apparent  from a n  i n s p e c t i o n  
of F igure  10, i s  t h a t  t h e  CWSI i s  much g r e a t e r  t han  t h e  expected upper 
limit of  1.0 f o r  t h e  f i r s t  10 days a f t e r  ha rves t .  Considerable s c a t t e r  
i s  a l s o  evident  i n  t h i s  f  igure.  This  i s  most ly a func t ion  of t h e  d i f -  
f e r e n t  regrowth r a t e s  induced by antecedent  s t r e s s  and t iming of  t h e  
f i r s t  pos t  harves t  i r r i g a t i o n .  The l a t t e r  was a l s o  r e spons ib le  f o r  d i f -  
f e rences  i n  background s o i l  temperature. Adding t o  t h e  s c a t t e r  was t h e  
f a c t  t h a t  a l l  days were used i n  t h e  c a l c u l a t i o n  of  t h e  CWSI, i nc lud ing  
some when t h e  cloud cover might have a f f e c t e d  t h e  s u r f a c e  temperatures.  

The CWSI does not  behave a s  expected and y i e l d  va lues  near  ze ro  whea 
t h e  p l a n t s  a r e  known t o  be i n  near-optimum water  s t a t u s ,  u n t i l  almost 
two weeks fol lowing ha rves t .  The reason i s  simple: t h e  p l a n t s  have t o  
a t t a i n  a c e r t a i n  minimum s i z e  be fo re  t h e  IRT measures apparent  canopy 
temperatures  which a r e  not  inf luenced  e i t h e r  d i r e c t l y  o r  i n d i r e c t l y  by 
t h e  thermal  energy of t h e  background s o i l .  The l eng th  of  t h i s  i n t e r v a l  
du r ing  which t h e  CWSI i s  n o t  u s e f u l  f o r  monitoring s t r e s s  would be  
expected t o  sh r ink  o r  expand depending on water  a p p l i c a t i o n ,  ambient 
temperatures ,  s o l a r  r a d i a t i o n ,  e t c .  It is n o t  expected t o  become much 
s h o r t e r  t han  12-14 days b u t  could e a s i l y  last  a month o r  more i n  coo le r  
c l imates .  Similar  problems exist dur ing  t h e  es tab l i shment  of  most 
annual  crops.' For example, t h e  p a r t i a l  canopy problem e x i s t s  f o r  a 2-3 
month per iod  fol lowing a l a t e  November p l a n t i n g  of s p r i n g  wheat i n  
c e n t r a l  Arizona. 

A p l a n t  growth parameter l i k e  t h e  vege ta t ion  index  d iscussed  i n  t h e  nex t  
s e c t i o n  and shown i n  F igure  12 i s  more germaine t o  desc r ib ing  t h e  
problem than  t h e  number of days a f t e r  ha rves t .  In  f a c t ,  i f  one looks  
more c l o s e l y  a t  F igure  10 and examines t h e  d a t a  f o r  each f i e l d  separa-  
t e l y  (not  shown), t h e  d a t a  f o r  t h e  f a s t e r  regrowing p l o t s  f a l l  t o  t h e  
l e f t  of  t h e  t rend  l i n e  whi le  t h e  f i e l d s  which were s lower i n  regrowth 
f a g  t o  i t s  r i g h t .  Using t h e  NIR/Red r a t i o  t o  c h a r a c t e r i z e  regrowth 
would g ive  each p l o t  a common denominator and might a l low t h e  same 
fundamental r e l a t i o n s h i p  t o  be  a p p l i e d  t o  d i f f e r e n t  l o c a t i o n s  and crops .  

Graphing t h e  CWSI versus  t h e  vege ta t ion  index  (Figure  11) does reduce 
most of t h e  s c a t t e r  seen i n  t h e  previous f i g u r e  and permi ts  a n  e m p i r i c a l  
s o l u t i o n  t o  t h e  p a r t i a l  canopy problem. The l a r g e  amount of  s c a t t e r  
s een  i n  t h e  CWSI when t h e  vege ta t ion  index  i s  between 2 and 4 i s  pre- 
dominately a func t ion  of  d i f f e r e n c e s  i n  mois ture  of t h e  s u r f a c e  s o i l s .  
P l o t s  which were i r r i g a t e d  e x h i b i t  CWSI va lues  between 1.0 and 2.0 w i t h  
t h e  non- i r r iga ted  p l o t s  showing h i g h e r  va lues .  The r e l a t i o n s h i p  between 
t h e  CWSI and t h e  vege ta t ion  index i s  f a i r l y  w e l l  defined because t h e  
d a t a  a r e  independent of  i t s  rate of  p l o t  regrowth. Once t h e  v e g e t a t i o n  
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index reaches a va lue  g r e a t e r  than  10 o r  11 t h e  CWSI begins t o  behave as 
expected f o r  a non-stressed canopy. This po in t  corresponds t o  100% 
canopy cover when t h e  p l a n t s  a r e  viewed from t h e  same ob l ique  ang le  used 
w i t h  t h e  IRT. 

The most encouraging aspec t  of t h e  r e l a t i o n s h i p  por t rayed  i n  Figure 11 
i s  t h a t  i t  o f f e r s  t h e  p o s s i b i l i t y  of  co r rec t ing  t h e  CWSI t o  remove t h e  
e f f e c t  of background s o i l  temperatures o r  of developing a new index 
which combines remotely sensed canopy r e f l e c t a n c e s  and temperatures i n t o  
a s i n g l e  number which descr ibes  p l a n t  growth. 

MONITORING ALFALFA BIOHASS V I A  SPECTRAL REFLECTANCE MEASUREMENTS 

Conventional e s t ima tes  of above ground p l a n t  biomass r e q u i r e  i n t e n s i v e  
d e s t r u c t i v e  sampling of  vege ta t ion  on a r o u t i n e  bas is .  For a r igorous  
a n a l y s i s  of  a l f a l f a  growth, t h e  s i z e  and number of  samples needed t o  
minimize sampling e r r o r s  a r e  la rge .  Because t h e  p l a n t s  grow s o  quickly ,  
t h e  frequency wi th  which samples should be taken i s  o f t e n  g r e a t e r  t han  
can  be accommodated wi th  l i m i t e d  f i e l d  s i z e ,  l abor ,  and oven dry ing  
space. The a b i l i t y  t o  c h a r a c t e r i z e  biomass accumulation us ing  non- 
invas ive ,  remote sens ing  techniques would avoid many of  t h e s e  problems 
and provide researchers  wi th  a u s e f u l  new t o o l  f o r  growth ana lys i s .  

The phys ica l  b a s i s  f o r  remote assessment of p l a n t  biomass a r i s e s  from 
t h e  b i d i r e c t i o n a l  s p e c t r a l  r e f l e c t a n c e  p rope r t i e s  of  p l a n t  canopies 
and those of t h e  underlying s o i l .  Healthy green p l a n t  f o l i a g e  has  a 
very  low r e f l e c t a n c e  i n  t h e  v i s i b l e  por t ion  of t h e  spectrum. Reflec- 
t ance  i n  t h e  red  reg ion  i s  p a r t i c u l a r l y  low ( 2  t o  4%) because i t  i s  
l i g h t  i n  t h e s e  wavelengths which i s  trapped and used i n  t h e  photosyn- 
t h e t i c  pathways. By c o n t r a s t ,  l i g h t  i n  t h e  near - inf rared  po r t ion  of  t h e  
spectrum i s  r e f l e c t e d  very s t rong ly  by vigorous vegeta t ion .  The r e f l ec -  
t ance  c h a r a c t e r i s t i c s  of most a g r i c u l t u r a l  s o i l s  a r e  q u i t e  d i f f e r e n t  
from those of p l a n t s  and a r e  dependent on t h e  s u r f a c e  wa te r  content .  
Reflectance of v i s i b l e  l i g h t  from t h e  s o i l  may be u p  t o  a n  o r d e r  of 
magnitude g r e a t e r  t han  f o r  green p l a n t s ,  while  t h a t  i n  t h e  near-IR might 
be  Ja l f  t h a t  of t h e  p l a n t s .  

Vegetation i n d i c e s  are gene r i c  terms used t o  r e f e r  t o  multiband com- 
b ina t ions  of t a r g e t  r e f l e c t a n c e s  t h a t  tend t o  maximize t h e  d i f f e r e n c e s  
i n  s p e c t r a l  information between p l a n t  canopies and background s o i l s .  
They can take  t h e  form of  s imple band r a t i o s ,  normalized d i f f e r e n c e s  
between bands o r  l i n e a r i z e d  combination of bands which have been o p t i -  
mized t o  y i e l d  s p e c i f i c  information about a p a r t i c u l a r  t a r g e t  of  
i n t e r e s t .  The simple r a t i o  of NIR/Red r e f l e c t a n c e s  and a normalized 
d i f f e rence  between these  bands [(NIR-Red)/(NIR+Red) I a r e  common 
examples of vegeta t ion  i n d i c e s  u s e f u l  f o r  biomass assessment.  They a r e  
p a r t i c u l a r l y  s e n s i t i v e  t o  green biomass, r e l a t i v e l y  i n s e n s i t i v e  t o  
changes i n  wetness of t h e  s o i l  background and have t h e  d i s t i n c t  advan- 
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t age  of  r e t a i n i n g  mrtch of  t h e i r  information content  even under condi- 
t i o n s  of  varying i l l umina t ion  i n t e n s i t y  and cloud cover. This  f e a t u r e  
makes t h e s e  r a t i o  type i n d i c e s  s u p e r i o r  t o  many of  t h e  o t h e r  vege ta t ion  
i n d i c e s  which a r e  a d d i t i v e  combinations of  t h e  r e f l e c t a n c e s  i n  s e v e r a l  
d i f f e r e n t  bandwidths. 

The ongoing a l f a l f a  experiment a t  t h e  U.S. Water Conservation Laboratory 
backyard ly s ime te r  f i e l d  p l o t s  provided a n  oppor tuni ty  t o  e s t a b l i s h  t h e  
r e l a t i o n s h i p  between a l f a l f a  biomass and v a r i o u s  vege ta t ion  i n d i c e s  
c a l c u l a t e d  from t h e  s p e c t r a l  r e f l e c t a n c e s  measured r o u t i n e l y  with 
ground-based por t ab le  radiometers.  A secondary o b j e c t i v e  was t o  examine 
t h e  e f f e c t  of  va r i ab le  sky  condi t ions  and cloud cover on t h a t  r e l a t i o n .  

Radiometric Observations. Crop canopy r e f l e c t a n c e s  were measured us ing  
a n  Exotech Model lOOA po r t ab le  radiometer equipped wi th  15'  f i e l d - o f -  
view o p t i c s  and s p e c t r a l  bandpass f i l t e r s  s i m i l a r  t o  those  of t h e  
Landsat Mul t i spec t r a l  Scanner: 

Exotech Landsat Region Wavelength 

Band 1 MSS4 Green 0.5-0.5 rn 
Band 2 MSS5 Red 0.6-0.7 rn 
Band 3 MSS5 N I R  0.7-0.8 m 
Band 4 MSS7 N I R  0.8-1.1 rn 

The radiometer  was handheld a t  arm's l e n g t h  over  pre-designated t a r g e t  
a r e a s  measuring approximately 1 by 9 m. Access t o  t h e s e  t a r g e t s  was 
provided by east-west boardwalks which were e l eva ted  about  20 cm above 
t h e  s u r f a c e  of  t h e  s o i l  i n  each f i e l d  p l o t .  A l l  measurements were taken 
w i t h  t h e  radiometer extended towards t h e  s o u t h  and viewing t h e  p l a n t s  i n  
a n a d i r  fash ion .  Each l e n s  of  t h e  radiometer  viewed a n  a r e a  approxi- 
mately 30 cm i n  diameter  when t h e  p l a n t s  were 50 cm i n  he igh t .  

Observations were made d a i l y  from 01 Apr i l  u n t i l  04 June 85 a t  a t ime 
per iod  corresponding t o  a cons tant  s o l a r  z e n i t h  ang le  of  57'. Data were 
c o v e c t e d  regardless of  sky  o r  cloud condi t ions .  Analog s i g n a l s  from 
t h e  radiometer  were recorded on Polycorder  p o r t a b l e  d a t a  loggers  which 
a l s o  recorded t h e  time when measurements were taken. Reflectances were 
c a l c u l a t e d  a s  t h e  r a t i o  of radiances measured over  each a l f a l f a  t a r g e t  
t o  i r r a d i a n c e s  i n f e r r e d  from a time-based l i n e a r  i n t e r p o l a t i o n  of  d a t a  
c o l l e c t e d  a t  6-8 minute i n t e r v a l s  over  a 0.5 by 0.6 m, h o r i z o n t a l l y  
pos i t ioned  pa in ted  Bas04 r e fe rence  panel .  Correc t ion  f a c t o r s  were 
app l i ed  t o  t h e  Bas04 d a t a  t o  compensate f o r  t h e  non-lambertian 
r e f l e c t a n c e  p rope r t i e s  of t h e  panel  a t  a s o l a r  z e n i t h  of 57'. Twelve 
measurements were made i n  each a l f a l f a  p l o t .  These were combined t o  
y i e l d  a n  average r e f l e c t a n c e  f o r  each p l o t .  

Biomass Sampling. Above ground p l a n t  biomass was es t imated  from 4 - 
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0.25 m2 c i r c u l a r  d e s t r u c t i v e  samples taken  a t  3 t o  4 day i n t e r v a l s  over  
two ha rves t  cyc les  du r ing  t h e  Spring i n  1985. P lan t s  were cu t  i n  i n  t h e  
f i e l d  us ing  a sharpened, curved-blade linoleum k n i f e  l e a v i n g  a s t u b b l e  
h e i g h t  of about 2.0 t o  3.0 cm. Wet weights  were obta ined  i n  t h e  labora-  
t o ry  and green and brown p l a n t  f r a c t i o n s  were separa ted  and d r i e d  f o r  a t  
l e a s t  48 h a t  60-70°C. Dry biomass was ca l cu la t ed  a s  t h e  average d r y  
weight pe r  0.25 m2 sample mul t ip l i ed  by f o u r  ( g  me2). 

Observed l e v e l s  of biomass increased  r e g u l a r l y  wi th  time between har-  
ves t s .  I f  water was n o t  l i m i t i n g ,  regrowth was usua l ly  ve ry  r ap id  
fol lowing harvest  then slowed a s  t h e  canopy matured and t h e  t i m e  of  n e x t  
c u t t i n g  approached. When p l a n t s  were s t r e s s e d  f o r  mois ture ,  t h e  biomass 
sampling technique was s e n s i t i v e  enough t o  r evea l  a l e v e l i n g  o f f  and i n  
some cases  a decrease i n  above ground biomass l e v e l s .  Behavior of t h e  
observed d a t a  was c o n s i s t e n t  w i th  t h e  t rea tments  imposed on t h e  experi-  
mental f i e l d s  and d i d  n o t  r e v e a l  l a r g e  unexpected f l u c t u a t i o n s  which a r e  
o f t e n  seen i n  t h i s  type  of  da t a .  Since t h e  r e f l e c t a n c e  d a t a  and biomass 
were sampled on a d i f f e r e n t  t ime s c a l e ,  i t  was d e s i r a b l e  t o  have biomass 
d a t a  f o r  every day t h a t  r e f l e c t a n c e s  were measured. This  was achieved by 
applying a second degree s l i d i n g  polynomial curve f i t t i n g  procedure t o  
t h e  twice weekly biomass da ta .  

Relat ionship between Biomass and S p e c t r a l  Reflectance. The s e n s i t i v i t y  
of  a vegeta t ion  index, i n  t h i s  case  t h e  s imple r a t i o  of r e f l e c t a n c e s  i n  
t h e  Near-IR t o  those  i n  t h e  Red wavelengths i s  shown i n  F igure  12. This  
f i g u r e  shows i n t e r p o l a t e d  d a i l y  va lues  of  t o t a l  dry biomass ve r sus  t h e  
index measured on those  days when t h e  d i r e c t  beam s o l a r  i r r a d i a n c e  was 
unobstructed by clouds. These d a t a  were c o l l e c t e d  from one r e p l i c a t e  of 
a l l  4 i r r i g a t i o n  t rea tments  and two h a r v e s t  cyc le s  dur ing  t h e  Spring. A 
conspicuous f e a t u r e  of t h e s e  d a t a  i s  t h e  i n f l e c t i o n  p o i n t  when t h e  va lue  
of  t h e  index i s  approximately 12. This  corresponds t o  a p o i n t  i n  t ime 
when biomass is  about 125-150 g m2 and canopy c l o s u r e  approaches 100%. 
We have chosen t o  desc r ibe  t h i s  r e l a t i o n s h i p  by two l i n e a r  r e l a t i o n s  
which i n t e r s e c t  a t  t h i s  100% canopy cover  poin t .  

P r i p r  t o  complete canopy cover  t h e  r a t i o  index shows h igh  s e n s i t i v i t y  t o  
inc reas ing  amounts of vege ta t ion ,  w i th  r e l a t i v e l y  l i t t l e  s c a t t e r  around 
t h e  t r end  l i n e .  A r e l a t i v e l y  small  increment of growth e l i c i t s  a l a r g e  
i n c r e a s e  i n  t h e  vege ta t ion  index. Our d a i l y  d a t a  du r ing  t h i s  e a r l y  
regrowth period r e v e a l  growth from day t o  day very  c l e a r l y .  In s e v e r a l  
s h o r t  term s t u d i e s  t h e  e f f e c t  of antecedent  moisture s t r e s s  was evident  
i n  t h e  i n i t i a l  regrowth p a t t e r n s  of p l o t s  i r r i g a t e d  a t  t h e  same time. 
I n  cases  where morning and af te rnoon measurements were conducted dur ing  
t h e  same day, i t  was even poss ib l e  t o  s e e  changes i n  t h e  r a t i o  index 
dur ing  t h a t  period which were a s soc ia t ed  wi th  very s h o r t  term i n c r e a s e s  
i n  biomass. 

Af ter  t h e  developing canopy completely covers  t h e  s o i l ,  however, t h e  
s lope  of  t h e  r e l a t i o n  between t h e  index and biomass i n c r e a s e s  dramati- 
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c a l l y .  A l a r g e r  change i n  biomass i s  requi red  t o  evoke a u n i t  i nc rease  
i n  t h e  vegeta t ion  index. Note a l s o ,  t h a t  t h e  amount of s c a t t e r  i n  t h e  
d a t a  inc reases  markedly and t h e  v a r i a t i o n  appears  t o  r i s e  proportion- 
a t e l y  with increas ing  biomass. A suggested reason f o r  increased  var ia-  
b l i t y  i s  t h a t  the  index i s  very  s e n s i t i v e  t o  s u b t l e  changes i n  canopy 
a rch i t ec tu re .  As  t he  p l a n t s  inc rease  i n  biomass t h e r e  i s  a correspon- 
d ing  inc rease  i n  he ight  making t h e  canopies more s u s c e p t i b l e  t o  day-to- 
day rearrangement hy wind. It i s  a l s o  p o s s i b l e  t h a t  t h e  index i s  
responding more t o  changes i n  apparent  LA1 than t o t a l  biomass and, if 
s t r e s s  a l t e r s  the  r a t i o  between LA1 and biomass (lower l e a f  drop was 
evident  i n  t h e  EARLY and DRY treatments)  then  t h i s  w i l l  i n t roduce  
a d d i t i o n a l  v a r i a b i l i t y .  A l f a l f a  f lowering a l s o  begins a t  h igher  biomass 
l e v e l s .  Its i n t e n s i t y  i s  dependent on moisture s t r e s s  and may have 
a f f e c t e d  t h e  q u a l i t y  of r e f l e c t e d  l i g h t  measured with t h e  radiometer.  

Effect  of Cloud Cover on Biomass Est imates.  Reports i n  t h e  l i t e r a t u r e  
have ind ica ted  t h a t  r a t i o  type i n d i c e s  a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  
changing i l luminat ion  i n t e n s i t i e s  because both  bands tend t o  behave i n  a  
similar fashion  when d i r e c t  beam s o l a r  i r r a d i a n c e  i s  reduced. In a s  
much as s p e c t r a l  r e f l e c t a n c e  measurements were c o l l e c t e d  a s  o f t e n  a s  
poss ib le  during t h e  s p r i n g  and c a r e f u l  q u a l i t a t i v e  observat ions  of sky 
condi t ions  were a l s o  made, i t  was poss ib le  t o  s o r t  t h e  d a t a  according t o  
t h e  cloud condit ions which might have a f f e c t e d  t h e i r  q u a l i t y .  This 
provided an  exce l l en t  oppor tuni ty  t o  t e s t  t h e  hypothes is  t h a t  r e f l ec tan -  
ces  and derived vegeta t ion  i n d i c e s  could b e  used t o  p r e d i c t  biomass even 
under condit ions which have t r a d i t i o n a l l y  been considered unsu i t ab le  f o r  
making q u a l i t y  remote sens ing  measurements. 

Figure 13 por t r ays  t h e  same information on t h e  NIRlRed index and t o t a l  
biomass shown e a r l i e r  bu t  d a t a  f o r  days when t h e  sun  was obscured by 
varying degrees of cloud cover (open square  symbols) a r e  superimposed on 
t h e  unobscured sun d a t a  po in t s  ( s o l i d  square  symbols) and t h e  r eg ress ion  
l i n e s  derived from them. The v a r i a t i o n  exh ib i t ed  by t h e  d a t a  po in t s  f o r  
cloudy condit ions appear t o  be  s c a t t e r e d  randomly above and below t h e  
t r end  l i n e s  and no g r e a t e r  i n  amplitude t h a n  t h e  "clear" data.  This is 
pa@icu la r ly  encouraging because i t  impl i e s  t h a t  ground-based remote 
sens ing  techniques can be used t o  p r e d i c t  biomass under extreme cases  of 
changing i r radiance .  

S ingle  band canopy radiance  o r  r e f l e c t a n c e  d a t a  a r e  w e l l  c o r r e l a t e d  wi th  
t o t a l  biomass l e v e l s  under condi t ions  when i l l u m i n a t i o n  condi t ions  a r e  
f a i r l y  constant  and t h e  sun  i s  unobstructed ( s o l i d  square  symbols i n  
Figures 14A and B). However, cloud cover i n t e r f e r e n c e  wi th  t h e  d i r e c t  
beam of t h e  sun  introduces cons iderable  s c a t t e r  i n t o  t h e  r e l a t i o n s h i p  
(open square symbols) and precludes t h e i r  u se  under a l l  bu t  optimum con- 
d i t i o n s .  The v a r i a b i l i t y  i n  t h e s e  s i n g l e  bands when t h e r e  i s  cloud 
cover expla ins  why l i n e a r  combinations of t h e  bands a l s o  a r e  inadequate 
f o r  p r e d i c t i n g  biomass under l e s s  than  optimum i l lumina t ion  condit ions.  
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Figure 15, f o r  example shows t h a t  t h e  performance of a  2-space greenness 
index derived from t h e  Red and Near-IR re f l ec t ances  i s  a l s o  s e r i o u s l y  
degraded by clouds. Judic ious  s e l e c t i o n  of t h e  type of  vege ta t ion  index 
used t o  i n f e r  biomass l e v e l s  has  an important bearing on t h e  r e s u l t s  
when va r i ab le  cloud condi t ions  have occurred during d a t a  c o l l e c t i o n .  
Rat io  type  ind ices  appear s u p e r i o r  t o  l i n e a r  combinations of bands under 
these  conditions. 

MEASURING CANOPY GEOMETRY I N  ALFALFA 

Remote sens ing  techniques have p o t e n t i a l  f o r  d e t e c t i n g  and quan t i fy ing  
t h e  degree and a r e a l  ex ten t  of crop s t r e s s .  In  p a r t i c u l a r ,  t h e  
r e f l e c t e d  s o l a r  and thermal i n f r a r e d  (IR) po r t ions  of t h e  electromag- 
n e t i c  spectrum have been used t o  i n f e r  crop condit ion.  Measured canopy 
s p e c t r a  i s  complicated by t h e  changes i n  both l e a f  physiology and canopy 
geometry a s  t h e  leaves  dehydrate.  Fur ther  complications ensue when you 
consider  a  h e l i o t r o p i c  crop,  such a s  a l f a l f a ,  where d i u r n a l  s p e c t r a l  
measurements a r e  inf luenced  by l e a f  motion t h a t  may be r e l a t i v e l y  inde- 
pendent of s t r e s s  l eve l .  

Solar  t racking ,  o r  he l io t ropism,  i s  t h e  phenomenon of  sun-following by 
leaves.  Solar  t r ack ing  w i t h i n  t h e  a l f a l f a  canopy is i n t e r r u p t e d  midday 
by l e a f l e t  cupping. The cupping response i s  t y p i f i e d  by a n  e l e v a t i o n  of 
l e a f l e t s  converging on t h e  c e n t r a l  a x i s .  The midday cupping response 
observed i n  a l f a l f a  leaves  i s  repor t ed ly  a  response t o  wa te r  s t r e s s .  

So la r  t r ack ing  measurements were co l l ec t ed  i n  s t r e s s e d  and uns t r e s sed  
a l f a l f a  f i e l d s .  Two s u n l i t  l e a v e s  were s e l e c t e d  from e i g h t  p l a n t s  per  
f i e l d  and t h r e e  parameters were measured from s u n r i s e  t o  sunse t :  l e a f  
spread,  l e a f l e t  z e n i t h  and l e a f l e t  azimuth. Leaf spread  i s  t h e  d i s t a n c e  
between t i p s  of  oppos i te  l e a f l e t s  a t  r e s t .  Lea f l e t  z e n i t h  i s  t h e  ang le  
between t h e  l e a f l e t  s u r f a c e  and a v e r t i c a l  a x i s  a s  measured w i t h  a  
hanging p ro t r ac to r .  Lea f l e t  azimuth i s  t h e  compass d i r e c t i o n  of  a  l i n e  
perpendicular  t o  and o r i g i n a t i n g  a t  t h e  middle l e a f l e t  su r face .  Exact 
time was recorded a s  each l e a f  was measured and t h e  s o l a r  azimuth and 
zeqi'th were ca l cu la t ed  t o  correspond wi th  l e a f l e t  o r i e n t a t i o n .  A t  end 
of  day, t h e  t o t a l  l e a f  spread was measured by expanding oppos i t e  
l e a f l e t s  t o  f u l l  extension.  

Two ind ices  of canopy a r c h i t e c t u r e  were c a l c u l a t e d  from t h e s e  measure- 
ments: cosine of  incidence and cuppedness. The cos ine  of  i nc idence  i s  a 
measure of  i n t eg ra t ed  i n c i d e n t  s o l a r  r a d i a t i o n  i n t e r c e p t i o n  by t h e  
l e a f l e t  su r face ,  ca l cu la t ed  as follows: 

cos incidence = cos ( l e a f  azimuth - s o l a r  azimuth) * 
cos ( l e a f  z e n i t h  - s o l a r  zen i th )  

where t h e  cosine of  t h e  d i f f e r e n c e s  between l e a f  and s o l a r  ang les  i n d i -  
c a t e s  the  f r a c t i o n  of  t h e  maximum poss ib l e  i n c i d e n t  s o l a r  r a d i a t i o n  t h a t  
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t h e  l e a f l e t  i n t e r c e p t s  due t o  e i t h e r  i t s  azimuthal o r  e l e v a t i o n a l  orien- 
t a t i o n .  

The cuppedness index i s  simply t h e  l e a f  spread a t  rest s tandardized  by 
t h e  t o t a l  poss ib l e  l e a f  spread: 

cuppedness = l e a f  spread a t  r e s t l t o t a l  l e a f  spread.  

Diurnal measurements were made on two days, i n  l a t e  s p r i n g  and i n  e a r l y  
f a l l .  A t h i r d  c o l l e c t i o n  w i l l  be  conducted i n  mid-winter  f o r  seasonal  
ana lys i s .  On measurement days, t h e  a r c h i t e c t u r e  d a t a  was c o l l e c t e d  ( a s  
descr ibed)  i n  a d d i t i o n  t o  d i u r n a l  s p e c t r a l  readings ,  p l a n t  water  poten- 
t i a l  and p lan t  biomass. 

The r e l a t i o n s h i p  between cupping and t r ack ing  i s  in f luenced  by sun angle  
and fol lows t rends  found by previous research  on s i m i l a r  crops.  Both 
t h e  well-watered (wet) and s t r e s s e d  (dry)  f i e l d  canopies  s t a r t  t h e  day 
wi th  a s t r o n g  tendency toward he l io t ropism and l i t t l e  o r  no cupping. 
Tracking degrades toward s o l a r  noon a s  cupping i n c r e a s e s .  Cupping 
decreases about 2 hours  a f t e r  s o l a r  noon and t r a c k i n g  a c t i v i t y  i s  
res tored .  Diurnal h y s t e r e s i s  i s  evident  i n  both t h e  cos ine  of  incidence 
and t h e  cuppedness index;  t r ack ing  a b i l i t y  i n  t h e  a f t e rnoon  i s  not  
r e s t o r e d  t o  t h e  h igh  l e v e l  achieved i n  t h e  morning a t  corresponding sun 
angles .  

Several  d i f f e r e n c e s  i n  t h e  response i n  t h e  wet and d r y  f i e l d s  should be 
noted. The d ry  f i e l d  canopies begin cupping sooner  and t o  a g r e a t e r  
degree than  t h e  w e t  f i e l d  canopies.  Also, t h e  dry canopies  show g r e a t e r  
h y s t e r e s i s  i n  cuppedness and cos ine  of inc idence  than  t h e  w e t ,  even 
though i t  i s  n o t  uncommon f o r  both  f i e l d s  t o  have similar canopy i n d i c e s  
i n  t h e  morning measurements. 

Corresponding s p e c t r a l  r e f l e c t a n c e  measurements show similar t r e n d s  of 
d i u r n a l  h y s t e r e s i s .  Hys te re s i s  i s  g r e a t e r  f o r  t h e  d r y  than  t h e  w e t  
p l o t s  and t h e r e  i s  some confusion a t  s o l a r  noon. However, u n l i k e  t h e  
cugIjedness index and t h e  cos ine  of  inc idence ,  w e t  and d r y  canopies  d o  
n o t  tend t o  s t a r t  t h e  day wi th  s i m i l a r  r e f l e c t a n c e s  i n  each waveband. 
The i n i t i a l  r e f l e c t a n c e s  appear dominated by t h e  d e n s i t y  of  g reen  bio- 
mass present  i n  t h e  f i e l d .  

Smaller da t a  s e t s  o f  a r c h i t e c t u r e  measurements were c o l l e c t e d  on two 
winter  d a t e s  (Jan. 17 and Jan. 25, '85). These s e t s  d o  n o t  show t h e  
t r ends  obvious i n  t h e  l a t e  s p r i n g  and e a r l y  f a l l  samples,  d iscussed  
above. Cupping d i f f e rences  a t  s o l a r  noon a r e  much l e s s  pronounced, 
perhaps not  s i g n i f i c a n t  a t  a l l .  The cos ine  of i nc idence  i s  c o n s i s t e n t l y  
moderate and does not  vary s i g n i f i c a n t l y  over  t h e  day. Also, e a r l y  
morning and l a t e  evening t r ack ing  a b i l i t y  appears  e q u a l  i n  magnitude. 
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Resu l t s  show t h a t  t h e  a l f a l f a  canopy i s  h e l i o t r o p i c  and experience4 
cupping t o  varying degrees depending on season and stress l eve l .  
Furthermore, well-watered p l a n t s  e x h i b i t  d i f f e r e n t  canopy geometry 
t r e n d s  than those of drought s t r e s s e d  p l an t s .  Comparisons of canopy 
geometry indices  wi th  s p e c t r a l  r e f l e c t a n c e  observa t ions  show t h a t  both 
e x h i b i t  pa t t e rns  which vary  with s o l a r  zen i th  angle  and d i u r n a l  
h y s t e r e s i s  which i s  g r e a t e s t  f o r  p l a n t s  under h igher  l e v e l s  of water  
s t r e s s .  

Unfortunately,  t h e  l e a f  water  p o t e n t i a l  a l s o  fo l lows  t h e s e  t r ends  and 
thus ,  we have not i s o l a t e d  t h e  r e l a t i v e  e f f e c t s  of  p l a n t  physiology and 
canopy geonetry on s p e c t r a l  r e f l ec t ance .  However, t h e r e  i s  one t r e n d  
t h a t  deserves f u r t h e r  research .  It appears t h a t  t h e  canopy geometry of 
d r y  and wet f i e l d s  i s  r e l a t i v e l y  i d e n t i c a l  a t  low sun angles  i n  t h e  
morning. The s p e c t r a l  response,  on t h e  o t h e r  hand, i s  s i g n i f i c a n t l y  
d i f f e r e n t  between t h e  f i e l d s  a t  t h a t  t ime of day. Fur the r  d a t a  co l l ec -  
t i o n  i s  necessary t o  s t r eng then  t h i s  hypothesis .  

Severa l  hypotheses have a r i s e n  from a smal l  but  i n t e n s i v e  sample of 
a l f a l f a  canopy geometry: 

1) Geometry d i f f e r s  s i g n i f i c a n t l y  i n  winter  and summer; 
2 )  Geometry i s  a f f e c t e d  by p l a n t  s t r e s s ;  and 
3) Geometry e f f e c t s  can  be i s o l a t e d  from e f f e c t s  of  changes 

i n  p l an t  physiology a t  low sun  angles  i n  t h e  morning. 

These hypotheses w i l l  be expanded and t e s t e d  by c o l l e c t i o n  of a  l a r g e r  
d a t a  s e t  wi th  more r e p l i c a t i o n s  f o r  each condi t ion ,  e.g., w in te r ,  
summer, s t r e s sed ,  uns t ressed ,  morning, afternoon. 

PERSONNEL 

R.  J. Reginato, R. D. Jackson, S. B. Idso ,  P. J. P i n t e r ,  Jr., 
K. L. Clawson, M. S. Moran, R. S. Seay, S. M. Schnel l ,  H. L. Kelly,  Jr., 
T.J. Clarke, B. L. Carney, B. L. Murphy. 
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TabIe 1. MAC farm data eollectioa a-n for 1985. 
Key: F - field number Q - qualtty of data: 

c - cover type: 1 - cxcctlenc 
V - uhentlbarlsy 2 - 80-d 
c catron -. 3 - poor 
A - alfalfa 
5 - bore aoil 
P - place 
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Table 2. Neutron probes used i n  f i e l d  c a l i b r a t i o n s .  

Probe Detector  Source Count 
Manufacturer Model Probe I .D.  Type S t r eng th  Ti  me 

( m C i )  (see)  

Campbell 

Campbell 

Campbell 

Campbell 

Campbell 

Campbell 

Campbell 

Troxler  

Table 3. Cal ibra t ion  c o e f f i c i e n t s  f o r  two types  of neut ron  probe 
d e t e c t o r s  i n  Avondale c l a y  loam. 

BE3 Detector  

Probe No. CPN 3960 CPN 2648 CPN 3070 CPN 3383 
i 

Cal ib ra t ion  Direct  D i rec t  Transfer  D i rec t  T rans fe r  Direc t  Transfer  

I n t e r c e p t  -0.110 -0.098 -0.090 -0.096 -0.090 -0.086 -0.081 
Slope 0.394 0.427 0.409 0.383 0.367 0.374 0.368 

3He Detector  

Probe No. CPN 3898 CPN 44900 CPN 5882 TROX 137 

Cal ib ra t ion  Direct  D i rec t  Transfer  Direc t  T rans fe r  D i rec t  Transfer  

I n t e r c e p t  -0.104 -0.108 -0.108 -0.108 -0.104 -0.036 -0.087 
Slope 0.322 0.315 0.313 0.277 0.277 0.630 0.496 
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Table 4. Measured and c a l c u l a t e d  volumetr ic  water  con ten t s  i n  Avondale 
c lay  loam. 

Measured Calculated 4, 

BF3 Detectors  

Sample 3960 - 2648 - 3070 - 3383 - 
NO. @v Direct  Direc t  Transfer  Direct  Transfer  Direct  Transfer  

3 ~ e  Detec tors  

3898 - 4498 - 5882 - 137 - 
% Direct  M r e c t  Transfer  M r e c t  T rans fe r  M r e c t  Transfer  

- 

*Data were not  used i n  c a l c u l a t i n g  s lope  and i n t e r c e  t va lues  because of  I; compaction of s o i l  sample (bulk d e n s i t y  = 1.79 g/cm ). 

Annual Report of the U.S. Water Conservation Laboratory



Table  5. Equ iva len t  v o l u m e t r i c  s o i l  water c o n t e n t s  f o r  f i v e  p l a s t i c  
c y l i n d e r s  from f o u r  s o i l s ,  two d e t e c t o r  t y p e s  and two d e t e c t o r  
geomet r i e s .  

C y l i n d e r  No. 1 2 3 4 5 

BF3 D e t e c t o r  (CPN) 
S o i l  Type 

Avondale .0158 .I974 .3956 .6417 ,7425 
Mohall -.0011 -1560 ,3244 .5367 ,6213 
S u p e r s t i t i o n  .0285 .I522 .2876- ,4555 .5243 
Cibo la  .0902 .2404 .4048 ,6086 ,6921 

3 ~ e  D e t e c t o r  (CPN) 
S o i l  Type 

Avondale -.0267 .I195 .2851 .4926 .5831 
Mohall -.0357 .0939 .2362 .4216 .SO25 
Supers  t i t i o n  .0120 .I028 .2085 .3417 .3722 
Cibo la  .0557 .I756 .3153 .4914 .5652 

3 ~ e  D e t e c t o r  ( T r o x l e r )  

Avondale .0633 ,2188 .4247 .TO50 .8303 

Tab le  6. R e s u l t s  of t a r g e t  a r e a  a l f a l f a  biomass samples  t aken  i n  
1984 and 1985. 

Average Y i e l d s  (Mg ha-1 d r y  we igh t )  

I r r i g a t i o n  Treatment  

i 
DATE WET EARLY LATE DRY 

14 Nov 84 
06 Feb 85 
26 Mar 85 
03 Hay 85 
04 J u n  85 
05 J u l  85 

05 Aug 85 
09 Sep 85  
15 Oct 85 
16 Dec 85 

LOW MED H I G H  
CWSI CWSI CWSI 
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DAY 156 

- 
Figure la. Ground-based remote ET estimates over a cotton field at MAC 

farm compared with Bowen ratio-based ET. 
#' 

650 1 
AIRPLANE-BASED REMOTE ET 

I 

Figure lb. Airplane-based remote ET estimates over a cotton Eield at 
MAC farm compared with Bowen ratio-based ET. 
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01 
0 .2 .I .B .B 1 1.2 1.4 

DISTANCE ALONG TRANSECT (KM) 

Figu* 2. Comparison of Thematic Mapper satellite data and Exotech 
ground spectral data over cotton on 23 July 1985. 
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P L O T  4 A  
1 * 

0 0.5 1.0 

F R A C T I O N  E X T R A C T A B L E  WATER 

Figure 4. Fraction extractable water remaining in 0-30 cm soil 
layer versus soil suction. 

CROP WATER S T R E S S  I N D E X  

2 

1 

0 

Figure 5. Crop water stress index as a function of soil suction. 
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DAILY BIOMASS SAMPLE 1 

(Mg ha-') 

Figure 6. A comparison of two biomass sampling techniques 
used in the alfalfa experiment. Target area bio- 
mass estimates were obtained wlth hedge trimners 

rr just prior to cutting the rest of the field. Daily 
biomass samples were actually the average of the 
last 0.25 m2 samples taken prior to harvest. 
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5 - Y - 0.428 + 0.957 X - 

4 - - 

3 - - 

2 - - 

1 - A  - 
NON-STRESSED CONDITIONS ONLY 

0 I 1 .  I .  , 
0 1 2 3 4 5 6 

FIELD BIOMASS ESTIMATES 
(Mg ha-") 

FIELD BIOMASS ESTIMATES 
(Mg ha-') 

Figure 7. Comparison of biomass samples from the 
lysimeters with estimates obtained from 
the target areas of the surrounding field 
during harvest cycles when alfalfa was not 
subjected to water stress (?A) and when 
alfalfa was in a water stress treatment (7B). 
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DAY OF YEAR 

DAY OF YEAR 

Figure 8. Spectral reflectance over well-watered (A) and 
stressed (B) alfalfa plots in the MMR wavebands. 
(B1, 0.45-0.52; 82, 0.52-0.60; B3, 0.63-0.69; 
B4, 0.76-0.90; B5, 1.15-1.30; B6, 1.55-1.75; 
B7, 2.08-2.35 urn). 
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DAYS AFTER HARVEST 

Figure 10. Crop water stress indcx values for alEalfa Eollowing 
harvest in July 85. 

5 - PLOTS 2 A  58 4C 5C 

R2-. 92 

- . . 

n I - . I I - L L -  

VEGETATIVE INDEX 

Figure 11. The crop water stress index shorn as il function of the 
vegetative index (ratio NIR to Red reflectance) measured 
following h l ~ e s t  in July 85. 
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Figure 12. Daily va lues  of a l f a l f a  biomass ve r sus  t h e  
r a t i o  of N I R  t o  Red r e f l e c t a n c e s  measured 
using t h e  Exotech radiometer on days when 
t h e  s o l a r  d i s k  was not  obs t ruc ted  by c louds .  
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Figure  13. Daily va lues  of a l f a l f a  biomass ve r sus  t h e  
r a t i o  of N I R  t o  Red r e f l e c t a n c e s  measured wi th  
t h e  Exotech radiometer .  Days when c louds  
i n t e r f e r e d  wi th  t h e  s o l a r  d i s k  a r e  shown 
superimposed on t h e  t rend  l i n e  f o r  c loud-f ree  
data .  Annual Report of the U.S. Water Conservation Laboratory
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Figure 14. Daily a l f a l f a  biomass versus s i n g l e  band reflectances measured 
with the Exotech radiometer. 
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Figure 15. Daily a l f a l f a  biomass versus a spectral  greenness iddex 

measured with the Exotech radiometer. 
(Greenness = - 0 . 7 6 l h  Red + 0.649 *NIR). 
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SUMMARY AND CONCLUSIONS 

PERSONNEL 

INTRODUCTION 

This was the third year of a project whose main objective is to deter- 
mine the long term effects of continuous C02 enrichment on the yield, 
water use, and photosynthesis of a variety of plants under optimal and 
limiting levels of water and fertility. The purpose is to document the 
possible effects of the future doubling of global atmospheric C02 con- 
centrations on crop production. Secondary objectives are to determine 
the effects of increased C02 on physiological determinants of crop pro- 
ductivity, on water stress and stomata1 behavior, and on biochemical 
reactions that limit photosynthesis. Staff members from the U. S. Water 
Conservation Laboratory and the IJestern Cotton Research Laboratory are 
cooperating on the project. 

Like 1983 and 1984 (Kimball et al., 1983, 1984), the 1985 experiment was 
conducted on field-grown cotton (Gossypium hirsutum L.) using open-top 
C02-enrichment chambers. The C02 treatments were ambient. 500. and 650 
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IIK 2-1 i n  the  chambers, a s  wel l  as  open-field con t ro l  p l o t s .  There were 
two r e p l i c a t e s  of each treatment.  The 1985 experiment included well- 
watered and water-s tress  i r r i g a t i o n  l e v e l  t rea tments ,  s i m i l a r  t o  1984. A 
major improvement i n  1985, however, was a switch from f l o o d  t o  d r i p  
i r r i g a t i o n ,  thereby achieving much more p r e c i s e  con t ro l  of the  water 
app l i ca t ion .  In  o ther  r e spec t s ,  t h e  1985 experiment sought t o  r e p l i c a t e  
t h e  1984 experiment and t h e  well-watered t reatment  of 1983. 

MATERIALS AND METHODS 

A. Cul ture  of the  Experimental Crop 

The cot ton  crop was grown on t h e  f i e l d  j u s t  west of t h e  Western Cotton 
Research Laboratory, Phoenix, Arizona, on t h e  same p l o t s  a s  t h e  1984 
experiment (Kimball et a l . ,  1984). A p l o t  p lan  is shown i n  Figure 1. 
The s o i l  is Avondale c lay  loam (Fine-loamy, mixed ( ca l ca reous ) ,  hyper- 
thermic, Anthropic Tor r i f luven t ) .  Following t h e  ha rves t  of the  sampled 
p l a n t s  f o r  t h e  1984 experiment, t h e  remaining p l a n t s  were pul led  out  of 
t h e  s o i l  with as  many roo t s  a t tached  a s  poss ib le .  The p l a s t i c  wa l l s  and 
a i r  d i s t r i b u t i o n  tubes of t h e  chambers were removed, but  t h e  p o s t s ,  
c a b l e s ,  and blowers remained i n  place.  The p l o t s  were r o t o t i l l e d  on 23 
and 24 January 1985 around the  chamber p o s t s ,  s t a k e s ,  and neutron access  
tubes. The s o i l  was raked i n t o  beds f o r  each row, but  they were m c h  
lower than t h e  r idges  used with furrow i r r i g a t i o n .  A d r i p  i r r i g a t i o n  
system was i n s t a l l e d ,  a s  w i l l  be described i n  more d e t a i l  i n  t h e  next  
s ec t ion .  The cot ton was p lanted  i n t o  dry s o i l  us ing  a one-row hand 
p l a n t e r  on 9 Apr i l ,  1985, us ing  t h e  v a r i e t y  Deltapine-61 ( t h e  same a s  
1984) i n  north-south rows spaced 1 m a p a r t .  

Af t e r  t h e  cot ton was planted,  new polyethylene f i l m  wa l l s  and a i r  
d i s t r i b u t i o n  tubes were i n s t a l l e d .  The chamber design was e s s e n t i a l l y  
t h e  same as described i n  d e t a i l  i n  t h e  1983 r epor t  (Kimball e t  al . ,  
1983). One change was t h a t  t h e r e  were two doors i n  t h e  1985 chambers, 
and t h e r e  were two walkways between t h e  t h r e e  rows. Also,  t h e  s t e e l  
walkways were r a i sed  off  t h e  ground by 30-mm t h i c k  wood planks r a t h e r  
than  t h e  200-mm high concrete  blocks. The lower e l eva t ion  and t h e  addi- 
t i o n a l  walkway gea t ly  f a c i l i t a t e d  f lower  counting, photosynthes is ,  and 
o t h e r  p l an t  measurements. Another change was t h a t  a 225-mm-diameter 
evaporat ion pan was placed a t  t h e  nor th  end of t h e  e a s t  walkway i n  each 
chamber on a p i l l e r  of concrete  blocks,  a s  w i l l  be descr ibed  i n  more 
d e t a i l  l a t e r .  

Following chamber e rec t ion ,  the  f i e l d  was i r r i g a t e d  on 11 Apr i l  with 50 
mm of water (Table 1). Most of t h e  co t ton  emerged on 16 Apr i l .  The 
seed l ings  showed some s igns  of water  stress, as  t h e  s o i l  su r face  d r i ed , ,  
s o  a d d i t i o n a l  i r r i g a t i o n s  of about 25 mm each were appl ied  on 22, 24, 
and 25 Apr i l  (Table 1). On 23, 30 Apr i l ,  and 6 May, a d d i t i o n a l  p l a n t s  
were t ransplanted  i n t o  rows where germination o r  s e e d l i n g  d i sease  had 
reduced the  populat ion below 10 plants/m2. On 13 and 21 May, the  p l o t s  
were uniformly thinned t o  10 plants/m2. The seed l ings  removed by t h i s  
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process were used f o r  leaf  a rea  and dry weight determinat ions f o r  t hese  
da tes .  

The blowers were s t a r t e d ,  and t h e  C02 treatments  were imposed on 2 May 
when the  cot ton was beginning t o  d isp lay  t h e  f i r s t  t r u e  l e a f .  The con- 
cen t r a t ions  used were ambient, 500, and 650 u.t P1, plus  t h e  open-field 
p l o t s  (Figure 1). D i f f e r e n t i a l  i r r i g a t i o n  t reatments  began on 24 May 
(Table 1). On a weekly schedule, t h e  wet ( o r  well-watered) p l o t  
received an amount of water equal  t o  the open-pan evapora t ion  of the  
previous week with an adjustment f o r  leaf  a rea ,  a s  w i l l  be discussed i n  
more d e t a i l  i n  t h e  next sec t ion .  The dry ( o r  water -s t ressed)  p l o t s  
received 213 a s  much water  as  t h e  wet p l o t s  (Table 1). On 6 June, 
weekly des t ruc t ive  sampling of the  p l a n t s  wi th in  each p l o t  began. Three 
p l a n t s  were marked each Tuesday. They were used f o r  a n a l y s i s  of carbo- 
hydrates  and of leaf water p o t e n t i a l  on Wednesdays and removed f o r  l ea f  
a rea  and dry weight p a r t i t i o n i n g  on Thursdays. I r r i g a t i o n s  were gener- 
a l l y  done on Fridays. 

Nitrogen f e r t i l i z e r  was applied a s  u rea  through the  d r i p  i r r i g a t i o n  
system (Table 2). A water-pressure-driven s u c t i o n  device was used t o  
i n j e c t  a concentrated urea s tock  s o l u t i o n  i n t o  t h e  i r r i g a t i o n  water 
about half-way through each i r r i g a t i o n  s o  t h a t  u n f e r t i l i z e d  water r an  
through the system before and a f t e r  each i n j e c t i o n .  The t o t a l  amount 
appl ied  was 183 kg/ha (Table 2 ) ,  which is a l i b e r a l  a p p l i c a t i o n  intended 
t o  prevent  n u t r i e n t  s t r e s s .  No s igns  of n u t r i e n t  de f i c i ency  were 
observed, and p e t i o l e  nitrate-N analyses d id  not  r evea l  any concentra- 
t i o n s  below normal f o r  a hea l thy  cot ton  crop (Table 3). There was a 
tendency f o r  the  p l an t s  i n  t h e  CO2-enriched p l o t s  t o  have lower N con- 
cen t r a t ions  than those i n  t h e  ambient-chamber o r  open f i e l d  p l o t s  l a t e  
i n  t h e  season, however. 

In sec t s  were a problem i n  1985, much more s o  than  i n  t h e  two p r i o r  
years .  Early i n  the  season, t h r i p s  a t tacked  t h e  squares  of t h e  young 
p l a n t s ,  s o  spray app l i ca t ions  of or thenel /  were made (Table 4 ) .  
Beginning 21 June, a l l  chambers received a weekly t reatment  of Vapona by 
p lac ing  some of t h e  i n s e c t i c i d e  i n  a p e t r i  d i sh  wi th  a napkin wick 
i n s i d e  each blower cabinet .  I n  add i t ion ,  c e r t a i n  enc losures  were spot- 
sprayed with Kelthsne f o r  mites as needed (IIW4 on 25 June,  1 July ,  8 
J u l y ,  24 July;  IXW3 on 24 July;  and IW4 on 8 J u l y  and a l l  p l o t s  received 
Kelthane on 29 Ju ly ,  5 August, 12 August, 19 August, 26 August, 3 
September, and 11 September). A l l  p l o t s  received Thur ic ide  on 12 Ju ly  
and 19 Ju ly  f o r  an outbreak of leaf  pe r fo ra to r .  White f l i e s  were preva- 
l e n t  much of the season. Control by a l l  of t h e s e  agents  was only par- 
t i a l .  The complete i n s e c t i c i d e  app l i ca t ion  h i s t o r y  is given i n  Table 4. 

In sec t s  were again captured us ing  s t i c k y  t r a p s ,  and populat ion counts 
were made. These da ta  a r e  s t i l l  being reduced. However, because of t h e  

1/ Trade names and company names a re  included f o r  t h e  b e n e f i t  of t h e  
reader  and do not imply any endorsement o r  p r e f e r e n t i a l  t reatment  of 
t h e  l i s t e d  product by t h e  U. S. Department of Agr icul ture .  
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f requent  p e s t i c i d e  a p p l i c a t i o n s  (Table 4 ) ,  i t  i s  u n l i k e l y  t h a t  any 
s i g n i f i c a n t  r e l a t i o n s h i p s  between i n s e c t  popula t ion  and C02 con- 
c e n t r a t i o n  can be found, i n  c o n t r a s t  t o  1984 when popula t ions  of 4 
i n s e c t  s p e c i e s  dec l ined  wi th  inc reas ing  C02 concent ra t ion  while  popula- 
t i o n s  of  two o the r s  were unchanged by C02. 

B. I r r i g a t i o n  and Water Use 

A d r i p  i r r i g a t i o n  system was i n s t a l l e d  i n  1985 t o  provide  p r e c i s e  
c o n t r o l  of  t h e  water  app l i ca t ions ,  a s  mentioned previous ly .  Emitters (2 
l i t e r s / h o u r  a t  10 m of head) were spaced every meter as i t  came from 
t h e  f ac to ry .  Ant ic ipa t ing  t h a t  t h i s  wide spac ing  would n o t  put  the  
water  s u f f i c i e n t l y  c l o s e  t o  t h e  p l a n t s  when they were sma l l ,  a d d i t i o n a l  
e m i t t e r s  were i n s t a l l e d  i n  t h e  l i n e s  between each of  t h e  o r i g i n a l  fac-  
t o r y  e m i t t e r s  t o  g ive  a  spac ing  of 1 e m i t t e r  pe r  0.532 m o f  d r i p  l i n e .  
The l i n e s  were l a i d  down t h e  rows adjacent  t o  t h e  p l a n t s ,  b r i n g  t h e  
f i r s t  i r r i g a t i o n ,  i t  became obvious t h a t  even wi th  double t h e  number of 
e m i t t e r s ,  t h e  s o i l  midway between e m i t t e r s  was not  adequate ly  wett ing.  
Therefore about halfway through each i r r i g a t i o n ,  t h e  d r i p  l i n e s  were a l l  
moved manually about 0.25 m down each row t o  improve t h e  uni formi ty  of 
wett ing.  The manual p u l l i n g  dur ing  each i r r i g a t i o n  continued u n t i l  t h e  
p l a n t s  were about  0.7 m t a l l  and t h e  water  a p p l i c a t i o n  amounts were 
l a r g e  (21 June).  

The well-watered (wet) p l o t s  were i r r i g a t e d  weekly w i t h  a n  amount o f  
water  determined by t h e  formula: 

i r r i g a t i o n  amount pan evaporat ion x (LAI/3) (1) 

where LA1 i s  t h e  l e a f  a r e a  index  determined from d e s t r u c t i v e  p l a n t  har- 
v e s t s  up t o  a  LAI of 3. Above a LA1 of 3 ,  t h e  i r r i g a t i o n  amount was t h e  
pan evapora t ion  amount of t h e  previous week. The pan evapora t ion  was 
t h a t  from a s tandard  C las s  A pan loca ted  bes ide  t h e  f i e l d .  As w i l l  be 
discussed l a t e r ,  t h e  pan evaporat ion r a t e  i n  t h e  chambers was 9% l e s s  
than  i n  t h e  open-field p l o t s ,  and t h e  pan evapora t ion  r a t e  i n  t h e  open- 
f i e l d  p l o t s  was 24% less than  bes ide  t h e  f i e l d ,  s o  u s i n g  t h i s  measure of  
Class  A pan evaporat ion should have provided a generous e s t ima te  of  t h e  
evapora t ive  demand. Un t i l  15 June, t h e  LA1 used i n  t h e  formula was t h a t  
of t h e  day preceding t h e  i r r i g a t i o n .  However, v i s i b l e  symptoms of water  
s t r e s s  a f t e r  a  week ind ica t ed  t h a t  t h e  p l a n t s  were n o t  r ece iv ing  suf -  
f i c i e n t  water ,  s o  a f t e r  15 June, t h e  LAI used was a  p ro jec t ed  LA1 f o r  
t h e  forthcoming week from p a s t  weeks' da t a .  One v a l u e  of LAI was de te r -  
mined each week from each of  t h e  8 wet p l o t s .  To be  s u r e  t h e  i r r i g a t i o n  
amount was generous, t h e  l a r g e s t  a v a i l a b l e  LA1 was used,  which gene ra l ly  
meant t h a t  t h e  l e a f  a r e a  of one of t h e  650 U L  L-l C02 chambers was used 
t o  determine t h e  i r r i g a t i o n  amount. As  mentioned p rev ious ly ,  t h e  water- 
s t r e s s e d  (dry)  p l o t s  received 2/3 of t h e  amount of wa te r  appl ied  t o  t h e  
wet p l o t s .  

R a i n f a l l  was a l s o  measured i n  gauges bes ide  t h e  f i e l d .  R a i n f a l l  amounts 
were sub t r ac t ed  from t h e  ca l cu la t ed  i r r i g a t i o n  requirement each week. 
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The amounts of i r r i g a t i o n  water and r a i n f a l l  appl ied  t o  t h e  wet and dry 
p l o t s  a r e  p lo t t ed  i n  Figure 2 aga ins t  day of year ,  i gnor ing  t h e  i n i t i a l  
Apr i l  i r r i g a t i o n s  used f o r  germination and s t and  establ ishment .  Also 
p l o t t e d  a r e  the cumulative pan evaporat ion (x L W 3 )  from Equation 1 f o r  
t h e  wet p l o t s  and 2/3 of the wet amount f o r  t h e  dry p l o t s .  It i s  
obvious from the graph t h a t  the  d r i p  i r r i g a t i o n  system enabled us t o  
c l o s e l y  t r ack  the ad jus ted  pan evaporat ion curves,  thereby applying the  
planned amount of water. The recommended water a p p l i c a t i o n  curve from 
E r i e  e t  a l . ,  (1981) f o r  well-watered co t ton  is a l s o  shown f o r  t h e  wet 
p l o t s  and 2/3 of the  wet curve f o r  t h e  dry p lo t s .  The t o t a l  amount of 
water appl ied over t h e  whole season (1230 mm f o r  t h e  wet p l o t s ,  Table 1)  
exceeded the  Erie  e t  a l .  amount (1050 mm) by 17%, i n d i c a t i n g  we were 
applying a generous amount of water t o  the  wet p l o t s .  However, as  
r e s u l t s  of some of the  p l an t  measurements w i l l  show, t h e  wet p l o t s  pro- 
bably could have used a d d i t i o n a l  water. 

P r o f i l e s  of volumetric water content from the  350 812. P1 C02 p l o t s  
(open-field and ambient chambers) a r e  presented i n  Figure 3. Early i n  
t h e  season (01 May), the  upper p a r t  of t h e  s o i l  p r o f i l e  was q u i t e  wet 
(0.34 m3/m3), and t h e r e  was l i t l e  d i f f e rence  between wet and dry above 1 
m. As  the  season progressed,  t h e  upper 1 m became d r i e r  f o r  both dry 
and wet p l o t s ,  but the  p l a n t s  i n  t h e  dry p l o t s  withdrew more water from 
s to rage  than those i n  t h e  wet p lo t s .  By the  end of t h e  season (2  Oct),  
t h e  p r o f i l e s  were both nea r ly  v e r t i c a l  with t h e  drys  a t  about 0.17 m3/m3 
and wets a t  about 0.22 m3/m3. 

The t o t a l  water use f o r  each of t h e  p l o t s  is presented i n  Table 5. The 
change i n  s o i l  water s to rage  between 17 Apr i l  and 2 October was calcu- 
l a t e d  from the  neutron data.  Comparing t h e  seasonal  change i n  s o i l  
water  content between t h e  wet and dry p l o t s ,  t h e  p l a n t s  i n  t h e  wet p l o t s  
used an average of about 10 mm of water from s t o r a g e  while  those  i n  t h e  
d ry  p l o t s  used about 51 mm. There was a tendency toward g r e a t e r  
withdrawal of s tored  s o i l  moisture with inc reas ing  C02 concent ra t ion ,  
but  the da ta  a re  somewhat sca t t e red .  Compared t o  t h e  amounts of water 
appl ied  by i r r i g a t i o n  and r a i n f a l l  between 20 Apr i l  and 27 September, 
t h e  s o i l  s torage  changes a re  very small  (about I% f o r  t h e  w e t s  and 6% 
f o r  t h e  drys) .  Therefore, t h e  t o t a l  water  use was very c l o s e  t o  the  
t o t a l  amount of water app l i ed ,  and d i f f e rences  among t h e  CO2 treatments  
amount t o  l e s s  than 2% (Table 5). 

C. Carbon Dioxide Concentrations 

C02 concentrat ions were con t inua l ly  monitored, a s  descr ibed  previous ly  
i n  the 1983 and 1984 r e p o r t s  (Kimball e t  a l . ,  1983, 1984). The d iu rna l  
p a t t e r n s  of mean C02 concent ra t ion  f o r  t h e  1985 experiment a r e  presented 
i n  Figures 4-7. Like the  previous yea r s ,  i t  is again  apparent  t h a t  t h e  
ambient concentrat ions undergo a d i u r n a l  v a r i a t i o n  from about 350 PY. .P1 
i n  daytime t o  400 812. 2.-1 a t  n ight .  The enriched p l o t s  a l s o  have some 
d i u r n a l  va r i a t ion  but l e s s  pronounced because of t h e  c o n t r o l l e d  s e t  
po in t s  a t  500 and 650 819. 2.-1. Af t e r  s u n r i s e  each day, t h e  concentra- 
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t ions  decreased below s e t  points f o r  an hour o r  two u n t i l  the  system 
responded t o  the  higher l eve l  of atmospheric turbulence. Afer sunset,  
concentrations rose above the s e t  points u n t i l  they s imilar ly  responded 
t o  calmer night conditions. 

The overal l  C02 concentration means and the standard deviations of the 
individual observations a r e  tabulated i n  Table 6. In 1985, they 
averaged 363 + 48, 367 + 51, 507 t 66, and 646 * 79 u E  E-I f o r  the  open 
f i e l d  p lo t s ,  ambient, "500", and "650" chambers, respectively. 

RESULTS 

A. Leaf Area, Biomass, and Yield 

The accumulation of leaf area through the season i s  presented i n  Figures 
8 and 9 f o r  the  wet and dry chambers, respectively. The leaf area accu- 
mulation was delayed (compared t o  1984) apparently by the water s t r e s s  
ear ly  i n  the  season (when the LA1 used i n  Equation 1 was tha t  from the 
past week ra ther  than that  projected f o r  the  next week). There appears 
t o  be an e f f e c t  of the 650 vf. ~ 0 2  treatment t o  a l l e v i a t e  t he  water 
s t r e s s  i n  t he  dry p lo t s  p r ior  t o  day 180 (Figure 9). This may explain 
the greater  yie ld  response of the  650-dry compared t o  the  ambient-dry 
(104%) over the  650-wet compared t o  ambient-wet (52%, Table 7). 

A comparison of the  leaf-area per  act ive bo l l  (bo l l  loading) through the 
growing season i n  Figures 10 and 11 shows tha t  the  d r  treatments 3 declined t o  minimum leaf-area:boll r a t i o s  (200-300 cm /bo l l )  more 
rapidly and "cut-out" sooner than the wet treatmnts. "Cut-out" i s  indi- 
cated i n  the  graphs by the increase i n  leaf  area  per b o l l  which occurs 
when the crop ceases adding bo l l s  t o  the load and reduces the act ive 
( l e s s  than 40 days o ld)  bo l l  number. The only treatment which did not 
cut-out was the 650-wet which continued flowering throughout the  season. 

A comprehensive tabulation of t he  f i n a l  destruct ive harvest r e su l t s  i s  
presented i n  Table 7. The dry weight was increased by 40 and 51% by C02 
enrichment t o  500 and 650 11-I, respectively,  i n  t he  wet plots .  In 
the  dry plots  the  dry weight st imulation amounted t o  52 and 71% a t  500 
and 650 UP. COZ. The r e l a t i ve  C02 stimulation of seed cotton yield  
( l i n t  + seed) was 45 and 52% a t  500 and 650 u11 E-l C02 enrichment, 
respectively. In the  dry p lo t s ,  seed cotton y i e ld  was increased even 
more, by 64 and 104% a t  500 and 650 WE bT1, respectively.  There was 
l i t t l e  e f fec t  of C02 on % l i n t  per bo l l ,  on seed index, o r  on harvest 
index (Table 7). There was a reduction i n  harvest  index i n  the  dry 
plots i n  contrast  t o  the  e f fec t  i n  1984. The sever i ty  and season-long 
duration of the  s t r e s s  i n  1985 compared t o  t h a t  i n  1984 probably 
explains the  change. 

The seed cotton yields  for  the past  three years a r e  plotted together i n  
Figure 12. The 1985 yields  from the wet p lo t s  were lower than those 
from 1984, a trend reported widely by other researchers and farm obser- 
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vers .  The 1985 y ie lds  from t h e  ambient chamber - dry p l o t s  were the  
lowest we have observed, i n d i c a t i n g  t h a t  the water-s tress  t reatment  was 
administered p rec i se ly  with t h e  d r i p  i r r i g a t i o n  system a s  des i red .  

In  Figure 12, the y i e l d s  from t h e  dry p l o t s  appear t o  be in t e r spe r sed  
among those from the  wet p l o t s ,  i n d i c a t i n g  no s i g n i f i c a n t  i n t e r a c t i o n  
between 602 response and water  stress. However, the  high y i e l d s  from 
t h e  dry p l o t s  i n  1984 can be a t t r i b u t e d  t o  poor water a p p l i c a t i o n  
con t ro l  from flood i r r i g a t i o n  and unusually high r a i n f a l l .  Therefore,  
1985 was the only year with a well-control led water-s tress  t rea tment ,  
and the  r e l a t i v e  y i e l d  inc reases  from C02 enrichment (upper graph) were 
h igher  f o r  the  dry p l o t s  than t h e  wet p l o t s  i n  1985. Thus, our  b e t t e r  
1985 da ta  suggest t he re  may be a p o s i t i v e  i n t e r a c t i o n  between C02 
enrichment and water s t r e s s ,  but t h e  1984 d a t a  do not. A p o s i t i v e  
C02-enrichment, water-s tress  i n t e r a c t i o n  would be c o n s i s t e n t  with the  
r e s u l t s  of some o ther  p r i o r  experiments with o t h e r  crops t h a t  have 
repor ted  a somewhat g r e a t e r  response t o  C02 under water-s tressed than 
under well-watered condi t ions .  

Focusing on the  upper graph i n  Figure 12 of r e l a t i v e  y i e l d s ,  i t  is 
obvious tha t  cot ton i s  highly responsive t o  inc reases  i n  atmospheric CO2 
concentrat ion.  A near-doubling of C02 (650 p11 11-11 produced y i e l d  
inc reases  ranging from 44 t o  134% with an average (from t h e  regress ion  
l i n e )  of 80%. 

B. Flower Production and B o l l  Retention 

Flowers were counted and tagged d a i l y  on the  day of a n t h e s i s  except f o r  
weekends and on 4 and 8 Ju ly .  The tags were recovered, s o r t e d ,  and 
counted a t  t h e  end of the  season. The da ta  i n  Tables 8-14 do not 
inc lude  in t e rpo la t ed  values. 

More flowers were produced i n  t h e  ambient chambers than i n  t h e  open 
p l o t s  (Table 8). C02 enrichment g r e a t l y  increased  the  number of f lowers  
produced, with the  e f f e c t  be ing  more i n  t h e  dry (+103% a t  650 1.111 11-11 
than  i n  the  wet (+64X a t  650 !I& 11-1) p l o t s .  Except f o r  t h e  ambient 
chambers, water d e f i c i t  had v i r t u a l l y  no e f f e c t  on t h e  number of f lowers  
produced. 

I n  the  wet treatment more b o l l s  were produced i n  t h e  ambient chambers 
than i n  t h e  open p l o t s ,  but  not i n  dry t reatment  (Table 9).  C02 enrich-  
ment increased the  number of b o l l s  produced, but  t h e  i n c r e a s e  between 
500 and 650 1111 11-I C02 was r e l a t i v e l y  small.  Water d e f i c i t  decreased 
t h e  number of bo l l s  produced, and t h e  e f f e c t  was much g r e a t e r  i n  t h e  
chambers (70 t o  80% reduct ion)  than i n  t h e  open (17% reduc t ion ) .  

Although C02 enrichment increased  f lower ing ,  i t  did not  i n c r e a s e  b o l l  
r e t e n t i o n  percentage (Table 10). Water d e f i c i t  decreased b o l l  re ten-  
t i o n ,  e spec ia l ly  i n s i d e  t h e  chambers. Bol l  r e t e n t i o n  r a t e s  i n s i d e  t h e  
chambers were extremely low through day of year  207 (26 Ju ly )  i n  t h e  dry 
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p l o t s  (Tables 13 and 14). Retent ion r a t e s  were much b e t t e r  i n  t h e  open 
than  i n  the  chambers. Something happened dur ing  t h e  week of 210 through 
214 (29 Ju ly  through 2 August); t h e  dry chamber p l o t s  set almost ha l f  of 
a l l  of t h e i r  bo l l s  dur ing  t h a t  one week because of abrupt  i nc reases  i n  
f lowering - and r e t e n t i o n  (Tables 13 and 14). The same changes occurred 
i n  the  wet p l o t s ,  but were not as  pronounced (Tables 11 and 12). 

Water d e f i c i t  was a dominant f e a t u r e  and cause of poor f r u i t  r e t e n t i o n  
e a r l y  i n  t h e  season. The small  p l a n t s  were unable t o  s e t  many b o l l s ,  
e s p e c i a l l y  i n  the  dry p lo t s .  B o l l  r e t e n t i o n  i n  t h e  dry p l o t s  was t h e  
lowest we have ever  measured. 

C. Photosynthesis a t  Chamber Concentrations 

Net leaf  photosynthesis  a t  mldday was measured i n  a l l  of t h e  p l o t s  on 
seven c l e a r  days during t h e  1985 season,  u sua l ly  3 o r  4 days fol lowing 
an i r r i g a t i o n .  Two instruments  were used: 1. A Li-Cor Model 6000 
Por tab le  Photosynthesis System and 2. an Ana ly t i ca l  Development Co. 
(ADC) Portable Photosynthesis System, which c o n s i s t s  of a Model LCA-2 
C02 analyzer ,  Model PLC l ea f  cuve t t e ,  and Model ASU a i r  pump. The 
Li-Cor is a t r a n s i e n t  measurement device because it c a l c u l a t e s  the  pho- 
t o s y n t h e t i c  r a t e  from t h e  dec l ine  i n  C02 concent ra t ion  a f t e r  a s ea l ed  
chamber i s  clamped on a l e a f .  It can s i m i l a r l y  measure t r a n s p i r a t i o n  
and stomata1 r e s i s t a n c e  from t h e  r a t e  of i n c r e a s e  of r e l a t i v e  humidity 
i n s i d e  t h e  chamber. The ADC, on t h e  o the r  hand, is a s t eady- s t a t e  
instrument  i n  t h a t  it measures t h e  drop i n  CO2 concent ra t ion  of an a i r  
s t ream flowing through a small  leaf  chamber. 

A t  ambient a i r  temperatures below 40C, both ins t ruments  appeared t o  work 
w e l l .  Above about 40C, t h e  Li-Cor became e r r a t i c  and would not s u s t a i n  
a c a l i b r a t i o n ,  so we taped b o t t l e s  of "blue i c e "  t o  t h e  console and 
under t h e  C02 analyzer  before each run. The whole package was placed 
i n s i d e  a styrofoam half-box f o r  shading. With t h i s  e x t r a  cool ing ,  t h e  
Li-Cor appeared t o  give r e l i a b l e  r e s u l t s .  The ADC was gene ra l ly  s t a b l e  
even when ambient a i r  temperatures were above 45C. However, t h e  l i q u i d  
c r y s t a l  d isp lay  would blank-out i f  l e f t  i n  t h e  sun ,  s o  i t  was necessary 
t o  cont inual ly  shade t h i s  instrument  a l so .  

The usual  sampling procedure was f o r  two ope ra to r s  t o  each take  one of 
t h e  instruments  and sample a l l  chambers. They would s t a r t  i n  p l o t  I W 1 ,  
each randomly sampling 3 s u n l i t  l eaves  from t h e  top  of t h e  canopy i n  t h e  
c e n t e r  row. Usually, t h e  youngest f u l l y  expanded l e a f  on a p l a n t  was 
s e l e c t e d ,  which would be t h e  4 th  o r  5 th  from t h e  apex of a branch. The 
opera tors  did not use  t h e  same leaves  f o r  both in s t rumen t s ,  s o  i n  f a c t  
u s u a l l y  s ix leaves were sampled per  p l o t  on each sampling day. 

The r e s u l t s  were analyzed f i r s t  by p a i r i n g  obse rva t ions  from t h e  same 
t rea tments  obtained a t  c l o s e  t o  t h e  same time f o r  t h e  two instruments .  
The mean of 255 observa t ions  with t h e  Li-Cor was 28.8 P mole m-2s-1 
while  t h a t  with the  ADC was 32.2 P mole m-2s-1 o r  about  12% higher .  Our 
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a n a l y s i s  of variance showed t h a t  these  means f o r  t h e  two instruments  
were s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  0.001 p robab i l i t y  l e v e l .  Poss ib ly  
t h e  Li-Cor was sys temat ica l ly  measuring a t  a  lower CO2 concent ra t ion .  
The software i n  the  system computed t h e  photosynthesis  r a t e  a t  t h e  
beginning of the measurement period (about 20 s e c  f o r  10 C02 concentra- 
t i o n  observat ions) ,  but the  measurement period wasn't u s u a l l y  s t a r t e d  
u n t i l  about 10 s e c  a f t e r  t h e  chamber was clamped on a  l e a f .  However, 
t h e  C02 concentrat ion did not decrease near ly  12% i n  these  few seconds, 
s o  i t  is unl ike ly  t h a t  t h i s  can be the  f u l l  explanat ion f o r  t h e  d i f -  
f e r e n c e  between the  Li-Cor and the  ADC. 

An ana lys i s  of the variance due t o  t h e  t reatments  was performed next.  
The da ta  from the  Li-Cor and ADC were considered a s  add i t iona l  r ep l i ca -  
tes, as  were the  successive samplings over t h e  s e v e r a l  days dur ing  t h e  
season. Some data were discarded because of various problems l eav ing  69 
observa t ions  of net  leaf  photosynthe t ic  r a t e  f o r  each i rr igat ion-C02 
treatment  combination. The da ta  were analyzed us ing  a  s p l i t  p l o t  analy- 
s is  of variance with i r r i g a t i o n  as  t h e  main p l o t  and C02 treatment  f o r  
t h e  sub-plot. 

The r e s u l t s  of the ana lys is  of var iance  a r e  presented i n  Table 15. The 
i n t e r a c t i o n  between i r r i g a t i o n  and C02 treatment was not s i g n i f i c a n t .  
The average leaf  net photosynthet ic  r a t e  was only about 10% higher  on 
t h e  average i n  the  wet p l o t s  than i n  t h e  dry p l o t s  f o r  t hese  d a t a  
u s u a l l y  taken 3 o r  4 days a f t e r  an i r r i g a t i o n .  There was no s i g n i f i c a n t  
d i f f e r e n c e  between the  p l an t s  i n  t h e  open f i e l d  p l o t s  and those i n  t h e  
ambient chambers. The mean net  photosynthe t ic  r a t e s  i n  t h e  ambient, 
500, and 650 ue 8-I C02 chambers were 22.8, 36.6, and 40.4 M mole m-2 
s-1, s o  C02 concentrat ion had a  l a r g e  s i g n i f i c a n t  e f f e c t .  The 77% 
i n c r e a s e  of the  p l an t s  i n  t h e  650 MP. 11-1 chambers over those  i n  t h e  
ambient chambers i s  comparable t o  t h e  inc reases  i n  biomass accumulation 
and seed cot ton y i e l d  (Table 7). 

Photosynthet ic  Responses t o  Changes i n  C02 Concentrat ion 

Photosynthesis was measured a t  varying CO2 concent ra t ions  on p l a n t s  i n  
t h e  ambient and 650 p11/8-1 chambers us ing  the  po r t ab le  photosynthesis  
system (Analy t ica l  Development Co.), b r i e f l y  described i n  t h e  previous 
sec t ion .  The system includes a  constant-flow a i r  pump, a  clip-on 
c u v e t t e  f o r  single-leaf gas exchange, and a  compact i n f r a r e d  C02 ana- 
l y z e r .  The GO2 source was a  cy l inder  of a i r  conta in ing  about 2000 irf./i 
C02. This gas was divided i n t o  two streams by an a d j u s t a b l e  valve on 
t h e  a i r  pump. One of the gas s t reams was scrubbed of i t s  C02 by passage 
through soda lime columns, a f t e r  which i t  was recombined with t h e  
una l t e red  gas stream. Control of CO2 concent ra t ions  was e a s i l y  
achieved over the  range of 0 t o  1000 u11/8. 

Stomata1 conductances were determined with a  LiCor LI-1600 s t eady- s t a t e  
porometer. Three leaves were measured both before and a f t e r  t h e  s e r i e s  
of measurements of photosynthesis.  In  those  few cases  i n  which conduc- 
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t ance  changed during a  run ,  values were l i n e a r l y  i n t e r p o l a t e d  t o  e s t i -  
mate conductances a t  t h e  a c t u a l  times of t h e  photosynthes is  
measurements. The conductances thus  est imated were used t o  c a l c u l a t e  
i n t e r n a l  C02 concent ra t ion  ( c i )  a t  any given e x t e r n a l  concent ra t ion  
c .  Photosynthesis r a t e  (A) was p l o t t e d  a s  a  f u n c t i o n  of c i .  This 
method depends upon t h e  r ap id  at tainment  of a  s teady s t a t e  i n  t h e  gas 
exchange system, s o  t h a t  t h e  stomata have too l i t t l e  t ime t o  r e a c t  t o  
a l t e r e d  ce i n  the  cuvet te .  The t y p i c a l  time needed f o r  t h e  at tainment  
of a  s teady s t a t e  was 20 seconds. A l l  measurements were made i n  t h e  
l a t e  morning (0930-1200 hours). The r e l a t i o n s h i p s  between A and c i  
were estimated by q u a d r a t i c  regress ions .  

To d i s t ingu i sh  between t h e  changeable t e s t  CO2 concen t ra t ion  and the  
chamber C02 concent ra t ion  a t  which t h e  p l a n t s  were grown, we s h a l l  r e f e r  
t o  t h e  chamber concent ra t ion  a s  the  "growth" C02 concent ra t ion .  I n  
genera l ,  there  was no e f f e c t  of growth C02 concent ra t ion  on photosyn- 
t h e t i c  capaci ty or  photosynthe t ic  response t o  C02 u n t i l  very l a t e  i n  t h e  
season. During July and August, the  A(ci)  curves f o r  p l a n t s  grown a t  
ambient C02 and 650 p e l %  were v i r t u a l l y  i d e n t i c a l .  With well-watered 
p l a n t s ,  the  curves were notable  f o r  t h e i r  f a i l u r e  t o  show s a t u r a t i o n  of 
photosynthesis  with r e spec t  t o  CO2 except  a t  extremely h igh  c i  (Figures 
13, 14, 15). Photosynthesis  of water-s tressed p l a n t s  d i d  show sa tura-  
t i o n  a t  much lower c i  dur ing  t h e  same per iod ,  but  t h e  curves were aga in  
l i t t l e  a f f ec t ed  by C02 concent ra t ion .  In mid-September, t h e  p a t t e r n  was 
q u i t e  d i f f e ren t .  A t  t h i s  t ime,  growth a t  650 u t l i l  C02 s i g n i f i c a n t l y  
decreased photosynthe t ic  response t o  CO2 below t h a t  of p l a n t s  grown a t  
ambient CO2. 

Stomata1 conductances were very high i n  well-watered p l a n t s  during Ju ly  
and August (Tables 16, 17, 18),  and were almost unaf fec ted  by growth C02 
l e v e l .  Water s t r e s s  increased  s tomatal  s e n s i t i v i t y  t o  growth C02 l e v e l .  
I n  September, when daytime temperatures were m c h  coo le r  t han  i n  J u l y  
and August, conductance was m c h  lower i n  accordance wi th  known respon- 
ses t o  temperature. 

These da ta  provide a  f i r m  b a s i s  f o r  i n t e r p r e t i n g  t h e  l a r g e  y i e l d  
response of cot ton t o  C02 increases .  The very high s tomata l  conductan- 
c e s ,  even a t  high C02, a l low extremely r a p i d  e n t r y  of C02 i n t o  t h e  l e a f .  
The l i n e a r  response of photosynthesis  t o  c i ,  and t h e  f a i l u r e  of high CO2 
t o  depress photosynthe t ic  capac i ty ,  ensure t h a t  t h e  p l e n t i f u l  supply of 
C02 is used e f f i c i e n t l y  f o r  photosynthesis .  The cond i t ions  which pro- 
mote t h i s  great  response t o  C02 a r e  p resen t  f o r  most of t h e  season,  and 
may be r e l a t ed  t o  t h e  very high temperatures  dur ing  t h e  day. Enriched 
C02 (650 p9.lX) increased  t h e  photosynthe t ic  r a t e  by 75% a t  midseason i n  
t h e  wet p l o t s  (Table 16),  i n  exce l l en t  agreement wi th  t h e  o t h e r  photo- 
syn thes i s  measurements a t  chamber C02 concent ra t ions  (Table 15). I n  t h e  
dry p l o t s ,  water s t r e s s  apparent ly  caused s a t u r a t i o n  a t  lower c i  (F igure  
13),  which apparent ly decreased the  C02 promotion of photosynthes is  t o  
43% (Table 16), although t h e  longer  term measurements a t  chamber CO2 
concentrat ion do not show such a r educ t ion  (Table 15). The measurements 

Annual Report of the U.S. Water Conservation Laboratory



of photosynthet ic  response t o  changes i n  C02 (Tables 16, 17, 18) were 
a l l  taken near the ends of t h e  weekly i r r i g a t i o n  cyc le s ,  when water  
s t r e s s  was maximal, whereas the  long-term measurements (Table 15) were 
made sooner a f t e r  the  i r r i g a t i o n s .  This d i f f e rence  i n  days fol lowing 
i r r i g a t i o n  t h a t  the measurements were taken may exp la ins  t h e  d i f f e r e n t  
e f f e c t s  of s t r e s s  found by the  two methods. In any event ,  t hese  
inc reases  i n  photosynthesis ,  due t o  C02 enrichment, a r e  q u i t e  c o n s i s t e n t  
with the  y i e l d  increases  (Table 6). 

E. Diurnal Variat ion of Carbohydrates 

A study was conducted t o  determine how t h e  concent ra t ion  of leaf  car- 
bohydrates va r i e s  d iu rna l ly  and how i t  would be a f f e c t e d  by t h e  C02 and 
i r r i g a t i o n  treatments.  Mature, f u l l y  expanded leaves from field-grown 
co t ton  p l an t s  i n  varying a e r i a l  C02 enrichments and i r r i g a t i o n  t r e a t -  
ments were sampled a t  dawn (6:30 AM) by punching s i x  one-cm d i s c s  with a 
cork borer.  These d i s c s  were immediately placed i n  ice-cold 80% e thano l  
and quickly moved t o  a -85-C f r e e z e r  f o r  s to rage  p r i o r  t o  ana lys is .  S i x  
smal le r  d i sc s  (ca. 0.28 cm2) were a l s o  taken f o r  anatomical  a n a l y s i s  and 
placed i n t o  ice-cold f i x a t i v e  (FAA) cons i s t ing  of 90 p a r t s  50% e thano l ,  
5 p a r t s  g l a c i a l  a c e t i c  ac id  and 5 p a r t s  formalin so lu t ion .  The anatomi- 
c a l  samples were i n f i l t r a t e d  by quickly t r a n s f e r r i n g  them t o  a vacuum 
f o r  30 sec .  Both samplings were repeated a t  the  end of t h e  photoperiod 
( 7  PEO. The dawn and predarkness sampling times were chosen t o  
correspond t o  the  d a i l y  maximum and minimum of co t ton  l ea f  s t a r c h  
(Hendrix and Huber, 1986). These samplings took p lace  near  t h e  end of 
t h e  season,  on 29 August 1985. 

The anatomical s ec t ions  were i n f i l t r a t e d  with n-butyl a lchohol  followed 
by p a r a f f i n  wax f o r  microtoming i n  a s tandard  manner. The r e s u l t i n g  
s e c t i o n s  were s t a ined  by t h e  p e r i o d i c  acid-Schiff method f o r  s t a r c h  and 
counters ta ined  with aqueous t o l u i d i n e  b lue  0 f o r  c e l l u l a r  d e t a i l .  Under 
t h e s e  condi t ions ,  s t a r c h  gra ins  a r e  b r i g h t  red aga ins t  a green t o  b lue  
c e l l u l a r  background. 

Carbohydrate samples, immersed i n  4 ml  of 80% e thanol ,  were t r a n s f e r r e d  
d i r e c t l y  from -85'C t o  a 80°C water ba th  f o r  25 min and then ground wi th  
a Brinkman Polytron equipped with a PT-10 generator .  Following c e n t r i -  
fuga t ion ,  the  in so lub le  matter  was re-extracted t h r e e  t imes with 80% 
e thanol  a t  80°C f o r  15 min. Aliquots  of t h e  r e s u l t i n g  a l coho l  e x t r a c t  
were evaporated and analyzed enzymatical ly f o r  sucrose ,  f r u c t o s e  and 
glucose by following t h e  change i n  absorbance of NADP a t  340 nm i n  t h e  
presence of glucose-6-P dehydrogenase, hexokinase, phosphoglucose i s o -  
merase, i n v e r t a s e  and ATP, as  appropr ia te .  Starch i n  t h e  r e s idue  was 
s i m i l a r l y  determined a s  glucose,  fol lowing d iges t ion  of t h e  r e s idues  by 
amyloglucosidase. 

The long-term chronic exposure t o  e l eva ted  a e r i a l  C02 i n  e i t h e r  dry o r  
wet s o i l s  s t rongly  promoted s t a r c h  accumulation i n  t h e  co t ton  l eaves  
(Table 19). It is c l e a r  t h a t  these  e l eva ted  l e v e l s  of s t a r c h  were not 
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t h e  r e s u l t  of elevated r a t e s  of synthes is  a s  much as  they were due t o  
t h e  lack  of complete breakdown during t h e  subsequent dark period.  Under 
dry condi t ions ,  f o r  example, s t a r c h  l e v e l s  a t  dawn d i f f e r e d  s t rong ly  
with C02 l e v e l s  ( 8  t o  98 mg/dm2) but the  amount of s t a r c h  synthes ized  
du r in  t h e  day was approximately the  same i n  a l l  C02 regimes (ca. 30 E! mg/dm ). The 'wet' s e r i e s  exhib i ted  t h e  same p a t t e r n  except  t h a t  t h e  
amount of s t a r c h  synthesized during t h e  day was twice a s  g r e a t  (ca.  70 
mg/dm2). The wet treatment with 650 ppm C02 may be an except ion  i n  t h a t  
i t  synthesized a t  a somewhat slower r a t e  than the  two lower C02 regimes; 
however, t h i s  could well  have been due t o  a phys ica l  l i m i t a t i o n  upon the  
s t a r c h  synthes iz ing  mechanism wi th in  ch lo rop las t s  a l r eady  f i l l e d  with 
tremendous amounts of s t a r c h  (115 mg/dm2) at the  s t a r t  of t h e  l i g h t  
period. 

Visual  observat ions of l ea f  s ec t ions  confirmed t h e  chemical ana lys i s .  
The s t a r c h  gra ins  were found t o  be widely d i s t r i b u t e d  ac ross  both 
mesophyll l aye r s  i n  co t ton  leaves  and were shown t o  be very abundant i n  
a l l  s l i d e s  except f o r  those sampled i n  ambient a i r  and dry s o i l  a t  dawn. 
Elevated C02 and changing s o i l  water s t a t u s  had l i t t l e  e f f e c t  on 
ethanol-soluble carbohydrates; we o f t e n  f i n d  no f r u c t o s e  i n  co t ton  
t i s s u e .  

The amount of s t a r c h  added t o  co t ton  leaves  during a s i n g l e  photoperiod 
seemed t o  be governed by t h e  water s t a t u s  of the  p l a n t s .  The ' r e s i d u a l '  
l e v e l  of s t a r c h  i n  co t ton  leaves  upon which these  d a i l y  syntheses  b u i l t  
seemed t o  depend upon a e r i a l  C02 concentrat ions.  

There have been r epor t s  i n  t h e  l i t e r a t u r e  (Mauney e t  a l . ,  1979, f o r  
example) descr ib ing  a dec l ine  i n  photosynthe t ic  r a t e  a f t e r  long-term 
exposure t o  high C02, and such dec l ines  have been blamed on high s t a r c h  
accumulation a t  high C02. Therefore,  t h e  photosynthe t ic  r e s u l t s  i n  t h e  
previous two sec t ions  along with these  s t a r c h  r e s u l t s  a r e  somewhat 
su rp r i s ing .  The photosynthesis  da ta  showed t h a t  h igh  pho tosyn the t i c  
r a t e s  were maintained a t  high C02 i n  co t ton  p l a n t s  accl imated t o  high 
C02, and these  s t a r c h  r e s u l t s  (Table 19) show t h a t  t h i s  h igh  photo- 
s y n t h e t i c  r a t e  was maintained i n  s p i t e  of h igh  s t a r c h  contents .  Thus 
perhaps another mechanism mst be pos tu l a t ed  t o  e x p l a i n  t h e  photosynthe- 
t i c  dec l ine  i n  t h e  o t h e r  s tud ie s .  

F. Stomatal Resistance 

Stomatal r e s i s t a n c e  a t  midday was measured i n  a l l  of t h e  p l o t s  on seven 
c l e a r  days during t h e  1985 season. They were determined wi th  t h e  Li-Cor 
Model 6000 Portable Photosynthesis System simultaneously with t h e  ne t  
photosynthesis  measurements described i n  Sect ion C. B r i e f l y ,  t h r e e  
s u n l i t  leaves near the  top of t h e  canopy were randomly s e l e c t e d  from t h e  
cen te r  row of each p l o t ,  which toge the r  with the  two r e p l i c a t e s  i n  t h e  
experimental design (Figure 1) gave 6 observa t ions  pe r  day pe r  
i r r igat ion-C02 treatment combination. The observat ions f o r  t h e  s e v e r a l  
days were handled as  a d d i t i o n a l  r e p l i c a t i o n s  f o r  t h e  s t a t i s t i c a l  analy- 
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sis. Discarding some da ta  due t o  various instrument problems, a t o t a l  
of 39 observat ions were a v a i l a b l e  per  treatment combination. There was 
a s i g n i f i c a n t  i n t e r a c t i o n  between t h e  C02 and i r r i g a t i o n  t rea tments ,  s o  
t h e  data  from the  wet and t h e  dry p l o t s  were analyzed sepa ra t e ly .  

The mean stomatal  r e s i s t a n c e  and t h e i r  corresponding s tandard  devia t ions  
a r e  presented i n  Table 20. The upper por t ion  of the  t a b l e  shows t h e  
means f o r  a l l  days f o r  which s tomata l  r e s i s t a n c e  data  were ava i l ab le .  
There was no s i g n i f i c a n t  d i f f e rence  C.05 p r o b a b i l i t y  l e v e l )  between t h e  
p l a n t s  i n  the open f i e l d  p l o t s  and those i n  t h e  ambient chambers i n  t h e  
dry i r r i g a t i o n  treatment.  However, i n  t h e  wet i r r i g a t i o n  t rea tment ,  t h e  
open f i e l d  p lants  had a s u r p r i s i n g l y  higher  (63%) s tomata l  r e s i s t a n c e  
than those i n  the  ambient chamber. A s  expected, the s tomata l  r e s i s t a n c e  
of the  p l a n t s  i n  the  dry chamber was higher  by 150% than  those  i n  t h e  
wet chamber. In both t h e  dry and wet t rea tments ,  the  p l a n t s  i n  t h e  650 
pi 2-1 chambers had s i g n i f i c a n t l y  higher  r e s i s t a n c e s  than those  i n  
ambient chambers (69 and 47% higher  f o r  the  dry and wet t rea tments ,  
r e spec t ive ly )  with 500 lt2 k-1 p l a n t s  i n  between. 

There appeared t o  be some inc rease  i n  s tomata l  r e s i s t a n c e  with time 
a f t e r  an i r r i g a t i o n  even i n  t h e  wet p l o t s ,  so t o  get t h e  b e s t  es t imate  
of t h e  minimum stomatal  r e s i s t a n c e s  on well-watered co t ton ,  those da ta  
obtained wi th in  4 days of an i r r i g a t i o n  were s e l e c t e d  f o r  s epa ra t e  
ana lys is .  Comparing t h e  da ta  f o r  t h e  two wet rows i n  Table 20, t h e  
average r e s i s t ances  wi th in  4 days of an i r r i g a t i o n  were about  30% lower 
than  the  averages f o r  a l l  of t h e  days which included d a t a  from two days 
t h a t  were 5 o r  6 days a f t e r  an i r r i g a t i o n .  Thus, on t h e  day before 
t h e s e  p a r t i c u l a r  weekly i r r i g a t i o n s ,  t h e  p l a n t s  i n  even t h e  wet p l o t s  
were exh ib i t ing  s tomatal  c losure  assoc ia ted  wi th  some water  s t r e s s .  The 
e f f e c t  of C02 on these  wi th in  4 days of i r r i g a t i o n  da ta  was s i m i l a r  t o  
t h a t  i n  t h e  o ther  i r r i g a t i o n  c a t e g o r i e s ,  with t h e  p l a n t s  i n  t h e  650 vk 
2-1 C02 chamber having a s i g n i f i c a n t l y  higher  (30%) s tomata l  r e s i s t a n c e  
than those  i n  t h e  ambient chamber with t h e  500 !JL k-1 p l a n t s  i n  between. 

G. Leaf Temperatures 

Increas ing  t h e  atmospheric concentrat ion of carbon dioxide (C02) tended 
t o  induce p a r t i a l  s tomatal  c losu re  as shown i n  t h e  previous  s e c t i o n  
(Table 20). One important s i d e  e f f e c t  of t h i s  phenomenon should be 
h igher  f o l i a g e  temperatures; f o r  t h e  excess hea t  load 'on t h e  p l an t  
leaves  r e s u l t i n g  from the  decreased e f f i c i e n c y  of l a t e n t  hea t  removal 
under these  condit ions can only be d i s s i p a t e d  by inc reases  i n  t h e  magni- 
tudes of convective and r ad ian t  hea t  t r a n s f e r  processes ,  which a r e  p r i -  
mari ly brought about by an inc rease  i n  f o l i a g e  temperature. 

Fol iage temperatures were measured on most c loudless  days of the  p a s t  
t h r e e  years a t  about 13:30 MST wi th  an Everest In t e r sc i ence  i n f r a r e d  
thermometer. In 1983, each da ta  point  acquired represented  t h e  mean of 
twenty sepa ra t e  measurements taken over t h e  c e n t e r  of each chamber's 
middle row. Data a c q u i s i t i o n  i n  1984 and 1985 was s i m i l a r ,  but  with t e n  
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observa t ions  taken from each of the  e a s t  and west s i d e s  of t h e  middle 
row. In  a l l  cases ,  t h e  i n f r a r e d  thermometer had a s l i g h t  t i l t  from t h e  
v e r t i c a l ;  and i n  each year  a d i f f e r e n t  person c o l l e c t e d  t h e  data .  

I n s u f f i c i e n t  da ta  were acquired on t h e  moderately dry p l o t s  t o  be a b l e  
t o  say  anything about e f f e c t s  of atmospheric C02 enrichment on cot ton .  
Thus, i n  what fol lows,  a l l  da ta  p re sen ta t ions  p e r t a i n  t o  times when t h e  
p l a n t s  were we l l  supplied with water and t r a n s p i r i n g  a t  t h e  p o t e n t i a l  
r a t e .  

F igure  16 shows the  r e s u l t s  obtained i n  1985. The s o l i d  l i n e s  (which 
a r e  i d e n t i c a l  on a l l  t h r e e  data-containing sec t ions  of t h e  f i g u r e )  
r ep resen t  the  "non-water-stressed base l ine"  ( Idso ,  1982) f o r  co t ton  
growing under ambient CO2 condi t ions  (340 ppm by volume). It is der ived  
from the  equation 

where Tp i s  f o l i a g e  temperature ("C), TA is a i r  temperature ( " C ) ,  RN is * 
n e t  r a d i a t i o n  .(~m-2), eF is t h e  s a t u r a t e d  vapor p res su re  (kPa) a t  t h e  
temperature of t h e  f o l i a g e ,  eA is t h e  a c t u a l  vapor p res su re  of t h e  a i r  
(kPa) ,  P is the  a i r  dens i ty  (kg mq3), cp i s  t h e  a i r  h e a t  capac i ty  (J 
kg-1 O C " ~ ) ,  Y i s  the  psychrometric cons tant  (kPa OC-~) ,  r A  is t h e  aero- 
dynamic r e s i s t ance  of the  p l a n t s  t o  s e n s i b l e  heat  t r a n s f e r  ( s  m-I), and 
rFp i s  the  p l an t  f o l i a g e  r e s i s t a n c e  t o  water  vapor t r a n s p o r t  under con- 
d i t i o n s  of p o t e n t i a l  t r a n s p i r a t i o n  ( s  m-1). For t h e  s p e c i f i c  base l ine  
shown i n  Figure 13, RN was s e t  equal  t o  525 ~m-2,  which was t y p i c a l  of 
t h e  season and time period over which TF, TA and a i r  vapor p res su re  
d e f i c i t  (VPD) da ta  were c o l l e c t e d ,  r A  was s e t  equal  t o  15 s m-l,  t h e  
va lue  experimentally determined t o  be appropr i a t e  f o r  c o t t o n  by Idso e t  
ax., (1986a). and r ~ p  was s e t  equal  t o  25.0 s m-1, t h e  mean value f o u a  - 
t o  p e r t a i n  t o  ambient C02 condi t ions  by Idso e t  a l . ,  (1986a). For com- -- 
par i son ,  t h e  lower right-hand s e c t i o n  of F igure  16 a l s o  d e p i c t s  non- 
water -s t ressed  base l ines  f o r  r ~ p  values of 29.6 and 35.8 s m-l ,  which 
r ep resen t  adjustments t o  t h e  ambient value of 25.0 s m-I which we de ter -  
mined t o  be appropr ia te  f o r  t h e  500 and 640 ppm C02 t rea tments  a s  a 
r e s u l t  of our 1984 and 1985 stomata1 d i f f u s i o n  r e s i s t a n c e  measurements. 

Concentrat ing f i r s t  on t h e  lower right-hand s e c t i o n  of F igure  16, i t  can 
be seen t h a t  the v e r t i c a l  s epa ra t ion  of t h e  t h r e e  C02-treatment base l i -  
nes  is small.  Averaged over the  a i r  VPD range 0.0 t o  6.4 kPa, f o r  
i n s t a n c e ,  a mean f o l i a g e  temperature inc rease  (ATF) of only 0.53*C i s  
p red ic t ed  f o r  the  340 t o  500 ppm t r a n s i t i o n  i n  atmospheric C02 con- 
c e n t r a t i o n ,  while a f u r t h e r  TF i n c r e a s e  of only 0.66"C i s  p red ic t ed  f o r  
t h e  subsequent 500 t o  640 ppm atmospheric C02 concent ra t ion  t r a n s i t i o n .  
Consequently, i t  can be apprec ia ted  from viewing t h e  r e s t  of t h e  f i g u r e  
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t h a t  we a r e  looking f o r  a C02-induced f o l i a g e  temperature response which 
i s  much smaller  than t h e  magnitude of noise  inhe ren t  i n  t h e  a c t u a l  TF, 
TA data.  Nevertheless,  i n  observing the  changing r e l a t i o n s h i p  between 
t h e  rFp = 25.0 s m-1 non-waterstressed base l ine  and t h e  TF - TA vs. VPD 
d a t a  as  the  atmospheric C02 concent ra t ion  inc reases  from 340 t o  500 t o  
640 ppm, it is evident  t h a t  an a n t i t r a n s p i r a n t  e f f e c t  on t h e  order  of 
t h i s  magnitude is  indeed present .  

To f e r r e t  out t h i s  TF dependency of co t ton  on t h e  atmospheric CO2 con- 
c e n t r a t i o n ,  we determined the  mean devia t ions  of a l l  d a t a  po in t s  i n  each 
C02 treatment from t h e  rFp = 25.0 s m-1 base l ine  and p l o t t e d  the  r e s u l t s  
a s  a funct ion  of the  atmospheric CO2 content ,  as  i n  Figure 17, where we 
a l s o  included the  r e s u l t s  of t h i s  same procedure appl ied  t o  t h e  1983 and 
1984 data.  As  can be seen t h e r e ,  a l l  t h r e e  years  show monotonically 
inc reas ing  f o l i a g e  temperatures with inc reas ing  atmospheric C02. In 
add i t ion ,  the  mean Q/C02 response--as determined by l i n e a r  r eg res s ions  
run on t h e  mean r e s u l t s  between C02 concent ra t ions  of 340 and 500 ppm 
and 500 and 640 ppm--is near ly  i d e n t i c a l  t o  t h a t  p red ic t ed  by equat ion 
(2 )  u t i l i z i n g  our measured values of rFp under CO2-enriched condit ions:  
a measured ATF of 0.43OC vs. a ca l cu la t ed  value of 0.53"C f o r  t h e  340 t o  
500 ppm atmospheric CO2 concent ra t ion  t r a n s i t i o n ,  and a measured ATF of 
0.56"C vs,  a ca l cu la t ed  value of 0.66'C f o r  t h e  500 t o  640 ppm C02 
t r a n s i t i o n .  Consequently, we conclude t h a t  t h e r e  is a r e a l ,  but r a t h e r  
smal l ,  e f fec t .of  atmospheric 602 enrichment on co t ton  f o l i a g e  tem- 
pe ra tu re ,  such t h a t  a nominal 300 t o  600 ppm doubling of t h e  atmospheric 
C02 content would produce about a 0.88'C i n c r e a s e  i n  c o t t o n  f o l i a g e  tem- 
pe ra tu re  (obtained by u t i l i z i n g  t h e  s lope  of t h e  500 + 640 ppm r e l a -  
t i onsh ip  of Figure 17 f o r  t h e  500 + 600 ppm por t ion  of t h i s  t r a n s i t i o n ,  
t h e  s lope of the  340 + 500 ppm r e l a t i o n s h i p  f o r  t h e  340 + 500 ppm p a r t  
of the  t r a n s i t i o n ,  and a s lope  which is reduced i n  magnitude from t h e  
340 + 500 ppm r e l a t i o n s h i p  by an amount equal t o  t h e  d i f f e rence  between 
t h e  500 + 640 ppm s lope  and t h e  340 + 500 ppm s lope  f o r  t h e  300 + 340 
ppm p a r t  of the  t r a n s i t i o n ) .  

Fur ther  confidence i n  t h i s  conclusion i s  provided by Figure  18, where we 
have p l o t t e d  ca l cu la t ed  C02-induced f o l i a g e  temperature i n c r e a s e s  vs. 
measured C02-induced f o l i a g e  temperature inc reases :  a )  f o r  co t ton ,  a s  
determined from t h i s  s tudy,  and b) f o r  water  hyacinth--the only o t h e r  
p l an t  s o  s tudied  t o  date--as determined, i n  t h e  case  of t h e  measured 
va lues ,  by t h e  study of Idso e t  a l .  (1986b), and, i n  t h e  case  of t h e  
ca l cu la t ed  values,  by t h e  s tudy of Idso e t  a l .  (1984), which produced 
t h e  appropr ia te  rpp  values f o r  t h e  enriched C02 t r ea tmen t s ,  and t h e  
s tudy of Idso e t  a l .  (1986a),  which produced t h e  appropr i a t e  r A  value.  
In  a l l  f i v e  comparisons the re  depic ted ,  t h e r e  is very good agreement 
between ca lcula ted  and measured r e s u l t s .  

Using the  value of 0.88'C f o r  t h e  f o l i a g e  temperature r i s e ,  we can 
c a l c u l a t e  t h e  per-unit-leaf-area p l an t  t r a n s p i r a t i o n  r a t e  reduct ion  
expected i n  cot ton f o r  a 300 t o  600 ppm doubling of the  atmospheric Cog 
content  under the  mean condit ions of t h e  t h r e e  yea r s  of our  experiment. 
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Again, t h e  appropr ia te  value f o r  RN appears t o  be 525 ~ m - ~ ;  but  f o r  t h e  
a i r  VPD, a mean value of 3.6 kPa is seen t o  p r e v a i l  when a l l  of t h e  da ta  
a r e  considered. For t h i s  a i r  VPD value ,  Fig. 3 of Idso e t  a l .  (1986a) 
y i e l d s  a mean TA of 32.0' C; and, fol lowing t h e  above procedure with 
these  input  parameters,  we c a l c u l a t e  an IJ index of 0.073, which impl ies  
a CO2-induced decrease i n  per-unit-leaf-area p l an t  t r a n s p i r a t i o n  r a t e  i n  
co t ton  of 7.3 percent.  A 7.3% reduct ion  i n  l e a f  t r a n s p i r a t i o n  r a t e  is 
wi th in  t h e  4-9% reduct ion i n  water use per  u n i t  of land a r e a  due t o  a 
doubling of C02 as measured with ly s ime te r s  i n  1983 (Kimball e t  a l . ,  
1983). However, o the r  water use per  u n i t  of land a rea  measurements i n  
1983, 1984 (Kimball e t  a l . ,  1984), and 1985 (Table 5,  t h i s  r e p o r t )  u s ing  
neutron apparatus have not shown a decrease. Rather i t  appears  t h a t  t h e  
i n c r e a s e  i n  leaf  a rea  with inc reas ing  CO2 can more than  o f f s e t  a 7.3% 
reduct ion  i n  leaf  t r ansp i r a t ion .  

It is l o g i c a l  t o  hypothesize t h a t  a p l an t  which does not  c l o s e  i t s  s t n -  
mates a s  much as  another  i n  response t o  an inc rease  i n  atmospheric C02 
content  w i l l  probably have a g r e a t e r  photosynthe t ic  o r  y i e l d  response t o  
t h a t  atmospheric C02 enrichment than t h e  o t h e r  [ so  long a s  t h e  A (Cif 
curve does not f l a t t e n  out and s a t u r a t e  ( f i g u r e  13, 14,  and 15)) .  
Furthermore, s ince  reduct ions  i n  y i e l d  c o r r e l a t e  l i n e a r l y  with the  IJ 
index ( Idso  e t  a l . ,  1981; Diaz e t  a l . ,  1983; P i n t e r  e t  a l . ,  1983), i t  
i s  l o g i c a l  t o  assume t h a t  such r e l a t i v e  inc reases  would l i k e w i s e  corre-  
l a t e  l i n e a r l y  with the  r e l a t i v e  IJ index responses of t h e  two crops i n  
quest ion.  That is, we f e e l  it i s  a l o g i c a l  consequence of p r i o r  IJ 
indexfcrop y i e l d  s t u d i e s  t o  expect  t h e  y i e l d s  of two crops (Y1, Y2) t o  
be r e l a t e d  t o  t h e i r  C02-induced IJ index values (131, I J2)  i n  t h e  
fo l lowing way, as a r e s u l t  of an inc rease  i n  atmospheric CO2 concentra- 
t i on :  

Y 1  = I J 2  - - (31 
y2 IJ1 

A s  a t e s t  of t h i s  hypothesis ,  we p red ic t  t h e  y i e l d  inc rease  of co t ton  
(Yc) caused by a 300 t o  600 ppm doubling of t h e  atmospheric Cop con- 
c e n t r a t i o n  t o  be Yc = YWH (0.178/0.073), where YWH is t h e  percentage  
y i e l d  inc rease  of water hyac in ths  caused by such a C02 concent ra t ion  
doubling,  which Idso et a l .  (1985) have experimental ly determined t o  be -- 
35.6 percent (from t h e i r  Fig. 1). Our p red ic t ed  C02-induced y i e l d  
i n c r e a s e  f o r  co t ton ,  then,  i s  86.8 pe rcen t ,  which is i n  e x c e l l e n t  
agreement with the  measured y i e l d  response of co t ton  f o r  such a C02 
concent ra t ion  inc rease  from 300 t o  600 IIP P-1 over t h e  t h r e e  yea r s  of 
our  experiment (Figure 12) of 86.2 percent .  Consequently, we t ake  t h i s  
good correspondence between c a l c u l a t e d  and measured y i e l d  response t o  
provide s t rong  support f o r  the  v a l i d i t y  of equat ion (3 ) .  

H. Leaf Water Po ten t i a l  and Re la t ive  Water Content 

Leaf samples were taken one day a week during the  months of June through 
August f o r  pressure-volume analys is - tha t  i s ,  l ea f  water  p o t e n t i a l  a s  a 
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funct ion  of  r e l a t i v e  l e a f  water  content  (Figure 19). The samples were 
taken  j u s t  before dawn and near  mid-afternoon ( i .e .  from 12:OO noon t o  
2:00 p.m.) e i t h e r  f i v e  o r  s i x  days a f t e r  each weekly i r r i g a t i o n  when any 
water  s t r e s s  e f f e c t s  should have been maximal. One l e a f  was taken from 
each p lo t  (or  chamber) w i t h i n  one r e p l i c a t e  ( rep)  each sampling t i m e  t o  
make a manageable ba tch  of 8 leaves.  Sampling a l t e r n a t e d  between t h e  
r eps  with successive samplings. A p l a s t i c  Zip-loc bag was humidified 
wi th  a brea th  of a i r  j u s t  before  the  youngest f u l l y  expanded l e a f  from a 
p l a n t ,  usua l ly  t h e  f o u r t h  o r  f i f t h  l e a f  from t h e  shoot  apex, was severed 
wi th  a razor  blade and then sea led  i n  t h e  bag. Care was taken t o  shade 
t h e  des i red  l e a f  i n  o r d e r  t o  cu t  down on f u r t h e r  l e a f  t r a n s p i r a t i o n .  
The bags were then s t o r e d  under a wet towel i n  a Styrofoam c h e s t  f o r  
immediate t r anspor t  t o  t h e  labora tory .  

Once i n s i d e  t h e  l abora to ry ,  t h e  l eaves  were weighed, and then  t h e i r  
p e t i o l e s  were placed i n  beakers of d i s t i l l e d  water  t o  hydra t e  them. A 
p l a s t i c  t e n t  and a n  opaque cover were placed over  them t o  produce a 
dark,  s a tu ra t ed  atmosphere. The l eaves  were allowed t o  hydra t e  f o r  16 
t o  24 hours i n  a cons tant  temperature room a t  23 degrees Cels ius .  

Af t e r  hydrat ion was s topped,  t h e  leaves  were re-weighed t o  o b t a i n  t h e i r  
s a tu ra t ed  weight. They were then placed and sea l ed  i n  f r e s h  Zip-lock 
bags. Data cons i s t ing  of  water  p o t e n t i a l  measurements and accompanying 
l e a f  weights were obta ined  i n  t h e  fol lowing manner. One by one t h e  
l eaves  were placed i n  a Scholander bomb ( S o i l  Moisture Equipment Corp., 
Model 3000) f o r  water  p o t e n t i a l  determination. They were wrapped wi th  
t h e  p l a s t i c  bag with only  t h e i r  p e t i o l e  protruding. The p res su re  i n  t h e  
bomb was increased w i t h  compressed N2 a t  a r a t e  of 0.03-0.07 MPa/s u n t i l  
s a p  began t o  exude from t h e  p e t i o l e .  Generally,  t h e  p r e s s u r e  was noted 
when a t  l e a s t  t h r e e  d r o p l e t s  of moisture exuded from s e p a r a t e  s t r a n d s  of 
xylem on t h e  cu t  p e t i o l e ' s  sur face .  The weight of  t h e  l e a f  was then  
taken  immediately a f t e r  t h e  water  p o t e n t i a l  measurement. This  process  
was then repeated w i t h  another  l e a f .  Between weighings and p res su re  
bomb readings,  t h e  l e a v e s  were allowed t o  l o s e  water ,  t r a n s p i r i n g  i n  a 
dark ,  dry drawer. S ince  weight  l o s s  v i a  t r a n s p i r a t i o n  decreased wi th  
time, increas ing  amounts of  l e a f  a rea  were allowed t o  p ro t rude  from t h e  
bags. About e i g h t  pressure-weight p o i n t s  were obta ined  on each l e a f ,  o r  
a t  l e a s t  enough t o  ensu re  t h a t  graphs of r e c i p r o c a l  p r e s s u r e  p o t e n t i a l  
ve r sus  weight l o s s  had become l i n e a r  s o  t h a t  t h e  p o t e n t i a l  a t  z e r o  
tu rgor  could be determined, a s  w i l l  be  discussed l a t e r .  Approximately 
f i v e  hours were requi red  t o  process each batch of  l eaves .  

A f t e r  t h e  pressure-bomb weighing runs were completed, t h e  p e t i o l e s  were 
severed from t h e  l e a f  b lades ,  and t h e  blade and p e t i o l e  f r e s h  weights 
were measured. The l e a f  b lades  and p e t i o l e s  were then d r i e d  i n  a n  oven 
a t  70 degrees Ce l s ius  f o r  a t  l e a s t  24 hours and weighed. Re la t ive  l e a f  
water  contents-(RLWC,%) were then computed from 

(Bf - Bd)lOO 
RLWC = 

B s  - Bd 

Annual Report of the U.S. Water Conservation Laboratory



where Bf i s  the  f r e s h  l ea f  blade weight,  Bs is t h e  s a t u r a t e d  leaf  blade 
weight,  Bd i s  the  dry l e a f  blade weight,  Lf is t h e  f r e s h  weight of t h e  
e n t i r e  l e a f ,  Lts is  a  " t rue"  f i n a l  hydrated weight a f t e r  a  long period 
of hydra t ion ,  Pf i s  t h e  f r e s h  p e t i o l e  weight a t  t h e  time of a  p a r t i c u l a r  
water p o t e n t i a l  reading,  and Ps is t h e  s a t u r a t e d  p e t i o l e  weight.  The 
Pf ,  Ps, and Lts i n  Equation 4 could not be measured expedient ly ,  so two 
a n c i l l a r y  experiments were performed t o  produce formulas f o r  t h e i r  
approximation. The experiment conducted t o  determine t h e  propor t ion  of 
l ea f  water l o s s  t h a t  was from the  l ea f  p e t i o l e s  r a t h e r  t han  t h e  leaf  
blades and thereby obta in  Pf and Ps was as  fol lows.  S ix t een  leaves were 
sampled (8 from the  wet p l o t s ,  8 from t h e  dry p l o t s )  and a l l  l eaves  were 
hydrated f o r  24 hours. Eight potent ial-weight  po in t s  were obtained from 
e i g h t  of the  leaves ( 4  from the  dry and 4 from t h e  wet p l o t s ) ,  while  t h e  
o t h e r  e i g h t  remained untested.  The f i n a l  f r e s h  weights of t h e  t e s t e d  
l e a v e s '  p e t i o l e s  and t h e  s a t u r a t e d  weights of t h e  u n t e s t e d  l e a v e s t  
p e t i o l e s  were taken. The r e s u l t s  showed t h a t  t h e  p e t i o l e  weights a t  
s a t u r a t i o n  averaged 1.2414 times more than t h e  p e t i o l e  weights a f t e r  
completion of the  pressure-weight runs. Assuming t h a t  t h e  p e t i o l e  
water l o s s e s  pccur p ropor t iona l ly  t o  t h e  water l o s s e s  from t h e  leaf  
b lades ,  t h e  f r e s h  p e t i o l e  weights i n  Equation 4 were c a l c u l a t e d  from: 

where Pff and 4ff a r e  t h e  f i n a l  f r e s h  p e t i o l e  and l e a f  weights ,  respec- 
t i v e l y  a t  t h e  completion of the  potent ial-weight  curves. The Ps f o r  
Equation 4 was ca l cu la t ed  us ing  Ls f o r  Lf i n  Equation 5. 

The o t h e r  a n c i l l a r y  experiment was conducted t o  determine t h e  amount of 
time requi red  t o  f u l l y  hydra te  t h e  leaves.  Eight  leaves  from one r ep  
were harvested and t h e i r  f i e l d  weights were taken. The leaves  were then  
placed i n  d i s t i l l e d  water  t o  hydrate.  Af t e r  an i n i t i a l  15 hours of 
hydra t ion ,  t h e  weights of the  leaves  were taken every 3 hours  of each 
working day f o r  t h ree  days. The da ta  po in t s  from w e t  and d ry  p l o t  leaves  
were p l o t t e d  on d i f f e r e n t  graphs of percent  s a t u r a t i o n  versus  time 
(hours).  Each set of d a t a  poin ts  y ie lded  a  curve of form: 

where a ,b a r e  cons tants ,  t is time (hour s ) ,  and Ls is t h e  hydrated 
weight a t  time t ,  and Lts is t h e  f i n a l  " t rue"  s a t u r a t i o n  weight after 
i n f i n i t e  hydrat ion time. The hydra t ion  curves f o r  leaves  from t h e  wet 
and dry p l o t s  were s i g n i f i c a n t l y  d i f f e r e n t ,  s o  two s e p a r a t e  equat ions 
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were developed. The cons tants  were f i t t e d  by eye t o  t h e  d a t a ,  and the  
va lues  obtained were a=0.1672 and b=0.0681 f o r  t h e  wet p l o t s ,  and 
a-0.2663 and b=0.0855 f o r  the  dry p lo t s .  As mentioned previous ly ,  the  
normal hydration times were 16 t o  24 hours. Therefore, t h e  r a t i o ,  Ls/Lts 
ranged from 0.94 t o  0.97 f o r  t h e  wet p l o t s  and from 0.93 t o  0.97 f o r  t h e  
dry p lo t s .  In o the r  words, the  leaf  weight,  Ls, a f t e r  t h e  normal 16 t o  
24 hours hydrat ion period was divided by the co r rec t ion  f a c t o r  o r  r a t i o  
Ls/Lts from Equation 6 t o  ob ta in  the  " t rue"  s a t u r a t e d  l e a f  weight, LC,, 
f o r  computation of RLWC from Equation 4. 

Af t e r  computation of r e l a t i v e  leaf  water content (Equation 4) and 
r ec ip roca l  pressure  f o r  each da ta  poin t  f o r  each l e a f ,  "pressure-volume" 
curves such as  shown i n  Figure 19 were p l o t t e d  f o r  each l e a f ,  fol lowing 
Radin and Parker (1979) f o r  example. From water r e l a t i o n s  theory,  the  
curved upper por t ion  of t h e  graph r e s u l t s  from t h e  ex i s t ence  of p o s i t i v e  
turgor  pressure along with the  osmotic pressure ,  whereas t h e  lower 
l i n e a r  port ion r e f l e c t s  only the  osmotic pressure with z e r o  turgor .  The 
i n t e r s e c t i o n  of the  upper curve with t h e  lower l i n e  i s  t h e  zero  turgor  
po in t ,  as  indica ted  i n  Figure 19, and t h e o r e t i c a l l y  is  t h e  poin t  of 
i n c i p i e n t  wi l t ing .  However, we of ten  sampled leaves  t h a t  d i d  not appear 
wi l t ed ,  but t h a t  l a t e r  were determined t o  have had lower r e l a t i v e  leaf  
water  contents  than t h a t  a t  the  zero tu rgor  point .  

While t h e  s ign i f i cance  of t h e  various p a r t s  of the  curve i n  Figure 19 
a r e  well-documented, t h e  a c t u a l  drawing of curves based on 8 da ta  po in t s  
was q u i t e  subjec t ive .  Therefore, some of the  var iance  i n  t h e  da ta  based 
on t h e  v i t a l  poin ts  of t h e  P-V curve were due t o  human e r r o r ,  as  well  a s  
p l a n t  t o  p l an t  v a r i a b i l i t y .  

To f a c i l i t a t e  comparisons among t h e  numerous pressure-volume curves,  
t h r e e  poin ts  from each curve were d i g i t i z e d  and t abu la t ed .  A s  i nd ica t ed  
i n  Figure 19, t h e  th ree  po in t s  were: (1)  t h e  zero  tu rgor  p o i n t ,  ( 2 )  t h e  
i n t e r s e c t i o n  of the  curve with a  1.5 MPa l i n e ,  and (3)  t h e  f i e l d  
sampling point .  The f i r s t  po in t  was determined by t h e  break from l i n e a r  
t o  cu rv i l inea r ,  the  second by where t h e  curve ( o r  l i n e )  c rossed  1.5 MPa, 
and the  t h i r d  by where t h e  RLWC a t  time of sampling (determined from t h e  
i n i t i a l  f i e l d  f r e s h  weight) crosses t h e  P-V curve ( o r  l i n e ) .  

There were a  t o t a l  of 10 sampling days throughout t h e  summer. Out of 
these  10, da ta  from s i x  days were s e l e c t e d  when experimental  condit ions 
(e.g, weather and e s p e c i a l l y  time a f t e r  i r r i g a t i o n )  were uniform and 
optimal.  On these  s i x  days, leaves from wet and dry p l o t s  f o r  t h e  f o u r  
Coychamber t reatments  were obtained both a t  predawn and af ternoon.  The 
d a t a  were s t a t i s t i c a l l y  analyzed us ing  days f o r  r e p s ,  i r r i g a t i o n  a s  the  
main p l o t ,  C02 as  the  sub-plot,  and time of sampling a s  t h e  sub-suh- 
p lo t .  

The r e s u l t s  a r e  presented i n  Figures 20 and 21 with r e spec t  t o  1) C02 
concent ra t ion ,  2) i r r i g a t i o n ,  and 3) sampling time. Focusing f i r s t  on 
t h e  osmotic p o t e n t i a l  a t  zero turgor ,  t h e r e  were no s t a t i s t i c a l  d i f -  
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fe rences  between these  p l o t s  due t o  t h e  C02 o r  i r r i g a t i o n  t reatments .  
This f i n d i n g  is  cons is ten t  with the  carbohydrate concent ra t ion  da ta  
(Table 19) which show t h a t  t h e  concentrat ions of s o l u b l e  carbohydrates 
(glucose,  sucrose,  f r u c t o s e )  were not a f f ec t ed  by C02 o r  i r r i g a t i o n  
t reatments .  On the  o t h e r  hand, s t a r c h  concent ra t ions  were g r e a t l y  
increased  by increas ing  C02 concent ra t ion ,  but s t a r c h  i s  inso lub le ,  s o  
apparent ly  osmotic p o t e n t i a l  was not a f f ec t ed  by such an increase .  

The osmotic p o t e n t i a l  a t  zero turgor  was a f f e c t e d  by t h e  time of day, a s  
evidenced by the s t a t s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  between leaves  
sampled a f t e r  noon (2  p.m.) and those  sampled a t  predawn ( 5  a.m.). This 
d i f f e r e n c e  is evidence of a  d iu rna l  p a t t e r n  of osmotic cyc l ing  con- 
s i s t e n t  with the  sucrose  concentrat ion d i f f e r e n c e s  between 6:30 a.m. and 
7:00 p.m., as presented i n  Table 19. Radin e t  a l .  (1986) have s i m i l a r l y  
observed d iu rna l  cyc l ing  of the osmotic p o t e n t i a l  a t  zero tu rgor  i n  cot- 
ton p l a n t s ,  and they present  evidence t o  suggest  t h a t  t h e  amplitude of 
such cyc l ing  i s  p o s i t i v e l y  co r re l a t ed  t o  t h e  source f s ink  r a t i o  of t h e  
p l an t s .  

The RLWC a t  zero turgor  was not s i g n i f i c n t l y  a f f e c t e d  by the  C02 con- 
c e n t r a t i o n  i n  the  p l o t s  with chambers, nor was t h e r e  any s i g n i f i c a n t  
d i f f e rence  between the  open f i e l d  p l o t s  and t h e  ambient-C02 chambers 
(Figure 20). However, t he re  was a  s i g n i f i c a n t  1.5% decrease  i n  RLWC i n  
t h e  dry compared t o  t h e  wet p lo t s .  This d i f f e r e n c e  sugges ts  t h a t  the  
p l a n t s  i n  t h e  dry p l o t s  have less water i n  t h e i r  l eaves  a t  t h e  point  of 
i n c i p i e n t  w i l t i n g ,  and the re fo re  presumably could c a r r y  on some photo- 
s y n t h e t i c  a c t i v i t y  with open stomates a t  d r i e r  condi t ions  than those 
p l a n t s  which experienced l e s s  water s t r e s s  i n  t h e  wet i r r i g a t i o n  t r e a t -  
ment. There a l s o  was a  small  (3%) decrease i n  RLWC a t  zero  turgor  i n  
t h e  midday (2  p.m. i n  Figure 20) samplings, as  compared t o  t h e  predawn 
( 5  a.m.). This d a i l y  cyc l ing  of RLWC a t  which ze ro  tu rgor  occurs ,  i s  
apparent ly  r e l a t e d  t o  the  d iu rna l  cyc l ing  of osmotic p o t e n t i a l  a l ready 
discussed.  I n  Figure 19, i f  t h e  s t r a i g h t  l i n e  s h i f t s  downward, a s  i t  
does i n  t h e  af ternoon,  then t h e  i n t e r s e c t i o n  wi th  t h e  curved upper por- 
t i o n  would be expected t o  i n t e r s e c t  at a  somewhat lower RLWC. 

The r e l a t i v e  leaf  water content  da ta  a t  1.5 MPa were very s i m i l a r  t o  t h e  
RLWC da ta  a t  zero turgor  (Figure 20), except t h e  d i f f e r e n c e  due t o  time 
of sampling was smal le r  and not  s t a t i s t i c a l l y  s i g n i f i c a n t .  However, t h e  
comments above ( f o r  RLWC a t  zero tu rgor )  apply a l s o  t o  RLWC a t  1.5 MPa. 

The da ta  i n  Figure 20 suggest  t h a t  d e s p i t e  the  numerous changes t h a t  do 
occur i n  co t ton  due t o  d i f f e r e n t  concent ra t ions  of CO2, such d i f f e rences  
do not s i g n i f i c a n t l y  change t h e  r e l a t i o n s h i p  of RLWC vs. water  poten- 
t i a l .  Thus, t he re  was no major s h i f t  i n  t h i s  curve due t o  d i f f e r e n t  C02 
concent ra t ions  i n  the  open-top enrichment chambers, nor was t h e r e  any 
s h i f t  due t o  the  chambers themselves (comparing open f i e l d  vs. ambient 
chamber). However, t h e  dry treatment d id  cause a smal l  (2%) decrease  i n  
RLWC, and t h e r e  was d i u r n a l  cyc l ing  of osmotic p o t e n t i a l  a t  zero  t u r g o r ,  
as  had been observed previously. Figure 21 shows t h e  mean r e l a t i v e  l e a f  
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water contents  a t  the time of sampling, as  determined from t h e  i n i t i a l  
weights of the  leaves. Also shown a re  the  l ea f  water p o t e n t i a l s  
corresponding t o  these  RLWC's on the  P-V curves f o r  each i n d i v i d u a l  
l e a f .  There was a s i g n i f i c a n t  decrease i n  RLWC (5.4%) and i n  l e a f  water 
p o t e n t i a l  (0.04MPa) i n  t h e  p l a n t s  i n  the 650 PE a-1 chambers compared t o  
t h e  ambient chambers, with the  p l a n t s  i n  t h e  500 2-1 chambers in-  
between. However, t h e r e  were no s i g i n i f i c a n t  d i f f e rences  between t h e  
ambient chamber p l an t s  and those  i n  t h e  open f i e l d  p l o t s .  The dry irri- 
ga t ion  treatment caused a s i g n i f i c a n t  decrease i n  RLWC (5.6%) and i n  
water p o t e n t i a l  (O.SMPa), compared t o  t h e  wet p lo t s .  S i m i l a r l y ,  t h e r e  
were s i g n i f i c a n t  decreases i n  t h e  midday samplings compared t o  the  pre- 
dawns f o r  both RLWC (6.5%) and l ea f  water p o t e n t i a l  (0.7MPa). The 
decreases i n  RWCL and leaf  water p o t e n t i a l  i n  t h e  f i e l d  due t o  t h e  dry 
i r r i g a t i o n  treatment compared t o  the  wet and t o  the  midday sampling com- 
pared t o  the predawn were expected. However, the  decreases  i n  RLWC and 
l ea f  water p o t e n t i a l  with inc reas ing  C02 concent ra t ion  were somewhat of 
a s u r p r i s e .  The increased CO2 concentrat ion tends t o  p a r t i a l l y  c l o s e  t h e  
stomates (Table 20) ,  and the re fo re  the  increased  C02 might be expected 
t o  enable t h e  leaves  t o  maintain higher leaf  water  contents .  However, 
t h e  increased C02 a l s o  caused increases  i n  l e a f  a rea  of t h e  p l a n t s  
(Figures 8 , 9 ) .  In  s p i t e  of t h e  p a r t i a l l y  c losed  s tomates,  t h e  inc reased  
l ea f  a rea  caused the  high-C02 p l a n t s  t o  use about t h e  same amount of 
water per u n i t  of land a rea  (Table 5 ) ,  and the re fo re  they deple ted  t h e  
s o i l  water ava i l ab le  t o  them about as f a s t  a s  t h e  ambient-C02 p l a n t s .  
I f  these  da ta  had been taken on the  day fol lowing t h e  weekly i r r i g a -  
t i o n s ,  then poss ib ly  a d i f f e r e n t  p a t t e r n  may have been found. The da ta  
i n  Figure 21, however, i n d i c a t e  t h a t  the  leaves  i n  t h e  high-CO2 chambers 
were d e f i n i t e l y  d r i e r  when sampled 5 or  6 days a f t e r  each i r r i g a t i o n .  

In  conclusion, i t  appears t h a t  increased C02 concent ra t ion  does not 
cause any s i g n i f i c a n t  s h i f t s  i n  t h e  P-V curves r e l a t i n g  l e a f  water  
p o t e n t i a l  t o  r e l a t i v e  leaf  water  content.  However, t h e  increased  CO2 
does a l t e r  where the  p l a n t s  a r e  opera t ing  on t h e  curves. The leaves  of 
t h e  p l a n t s  from t h e  higher  C02 chambers were d r i e r  (lower RLWC and water  
p o t e n t i a l ) ,  a t  l e a s t  when sampled 5 o r  6 days fol lowing an i r r i g a t i o n .  

I. Pan Evaporation 

Cumulative pan evaporation measurments were taken t h r e e  days a week, May 
through September from a l l  p l o t s  of the  C02 experiment. Small c y l i n d r i -  
c a l  s t a i n l e s s  s t e e l  pans (225 mm diameter X 110 mm high)  were placed a t  
t h e  north end of the  e a s t  walkway i n  each chamber and open f i e l d  p lo t .  
An i d e n t i c a l  s t a i n l e s s  steel pan was placed o u t s i d e  t h e  NE corner  of t h e  
experimental a rea  over bare s o i l  and adjacent  t o  a s tandard  U. S. 
Weather Bureau Class A pan (1210 mm diameter X 250 mm high).  A l l  t h e  
small  pans were placed on concre te  blocks (193 mm t a l l ) ,  while  t h e  Class 
A pan was on a wooden p a l l e t .  The pans were placed on these  blocks t o  
keep t h e  pan water su r face  a r e a  above any shade crea ted  by t h e  c o t t o n  
canopy. As t h e  cot ton s t a r t e d  t o  grow above t h e  pan s u r f a c e  a r e a ,  2 
add i t iona l  concrete  blocks were added on day of year  203 (22 J u l y )  and 
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another  on day 219 ( 7  August) t o  keep t h e  pans above t h e  c o t t o n  canopy. 
The water  depths were measured from a l l  pans u s i n g  a s t anda rd  Lory type 
C hook gauge (0.1 mm accuracy).  On day 165, a l g a e  was no t i ced  growing 
i n  t h e  evaporat ion pans. Rapid growth of t h e  a l g a e  s t a r t e d  t o  a f f e c t  
t h e  evaporat ion r a t e s  of a l l  t h e  pans s o  a n  algacide,"ALL CLEAR" 
(trichloro-s-triazinetrione), was used t h e r e a f t e r  t o  c o n t r o l  t h e  growth 
of t h e  algae.  A l l  evapora t ion  pans were cleaned and r i n s e d  o u t  every two 
weeks. 

The cumulative evapora t ion  f o r  t h e  Class  A pan was 1753 mm and t h a t  f o r  
t h e  smal l  pan next  t o  i t  was 2193 mm (Table 21, F igure  22). Thus, t h e  
l a r g e r  su r face  t o  volume r a t i o  of t h e  smal l  pan r e s u l t e d  i n  a n  evapora- 
t i o n  r a t e  t h a t  was 1.251 t imes l a r g e r  than  t h e  Class  A pan. 

Ear ly  i n  t h e  growing season (up t o  about day 170),  t h e  pans i n  a l l  t h e  
experimental p l o t s  evaporated a t  very s i m i l i a r  r a t e s  wh i l e  t h e  co t ton  
canopies were smal l  (F igures  23, 24, 25, 26). A s  t h e  season continued, 
t h e r e  became a d i s t i n c t  d i f f e r e n c e  i n  t h e  chamber evapora t ion  and t h e  
open f i e l d  evaporat ion r a t e s  i n  t h e  wet p l o t s  (F igures  23, 24). 
However, t h e r e  was l i t t l e  d i f f e r e n c e  between t h e  chambers themselves a t  
any l e v e l  of C02 enrichment over  t h e  e n t i r e  season. 

The pan evaporat ion r a t e s  i n  t h e  chambers of t h e  d r y  p l o t s  were c l o s e r  
t o  those  i n  t h e  open f i e l d  p l o t s  (F igures  25, 26) compared t o  t h e  w e t  
p l o t s  (Figures 23, 24). The c l o s e r  approach t o  open-f ield pan evapora- 
t i o n  could be due t o  t h e  decreased humidity i n s i d e  t h e  d ry  chambers a s  
opposed t o  t h e  w e t  chambers. 

The cumulative mean of  a l l  t h e  d ry  p l o t s  was 1622 mm (Table 21) and t h a t  
o f  t h e  w e t  p l o t s  was 1492 mm, which means t h a t  t h e  pan evapora t ion  i n  
t h e  dry p l o t s  was 1.087 t imes a s  much a s  i n  t h e  wet p l o t s .  Evidently 
most of  t h i s  d i f f e r e n c e  accumulated dur ing  t h e  l a s t  h a l f  of  t h e  season 
when humidi t ies  were r e l a t i v e l y  lower i n  t h e  d r y  p l o t s  a s  water  s t r e s s  
c losed  stomates and reduced t r a n s p i r a t i o n  r a t e s  (F igures  23 - 26). 

The mean of  t h e  open f i e l d  p l o t s  (wet and dry)  was 1668 mm (Table 21). 
The open f i e l d  p l o t s  evaporated a t  a r a t i o  of 1668/2193 o r  0.761 times 
a s  much a s  t h e  sma l l  s tandard  pan next  t o  t h e  Class  A pan. A s  mentioned 
previous ly ,  t h e  evapora t ion  r a t e  from t h e  sma l l  s t anda rd  was 1.251 times 
t h a t  of t h e  Class  A ,  s o  t h e r e f o r e ,  t h e  pan evapora t ion  r a t e  i n  t h e  open 
f i e l d  p l o t s  was 1.251 t imes 0.761 o r  0.952 t imes as much a s  t h e  Class  A 
pan. There was no s i g n i f i c a n t  d i f f e r e n c e  among t h e  cumulative means of 
a l l  t h e  chambers due t o  C02 concent ra t ion  (Table 21). Therefore, t h e  
"chamber e f f e c t "  on pan evapora t ion  was c a l c u l a t e d  t a k i n g  t h e  average of 
t h e  means of a l l  t h e  chambers, 1549+1482+1528/3 (Table 21), div ided  by 
t h e  mean of a l l  t h e  open f i e l d  p l o t s  which i s  1520 mm/1668 mm = 0.911. 
Thus t h e  pan evaporat ion r a t e  w i t h i n  t h e  chambers averaged 8.9% l e s s  
than  t h a t  from t h e  open f i e l d  pans. Accounting f o r  t h e  pan s i z e  d i f -  
f e rence ,  f o r  t h e  o u t s i d e  t o  wi th in  t h e  f i e l d  d i f f e r e n c e ,  and f o r  t h e  
"chamber e f f e c t " ,  t h e  evapora t ion  r a t e  from t h e  sma l l  pans i n  t h e  
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chambers was 1.251 X 0.761 X 0.911 o r  0.867 times as  much as  the  Class  A 
pan. 

The amount of i r r i g a t i o n  water appl ied  t o  t h e  well-watered o r  wet p l o t s  
each week was based on the  Class  A pan evaporat ion r a t e  (Equation 1). 
Therefore,  s ince  the  ad jus ted  pan evaporat ion i n s i d e  t h e  chambers was 
13% l e s s  than the  Class A pan amount, t h e  i r r i g a t i o n  amount should have 
been on the  generous s ide .  

J. Evolution of C02 from t h e  S o i l  

Highly va r i ab le  s o i l  carbon dioxide f l u x  values were obtained from 
i n s i d e  the  open-top chambers f o r  t h e  preceding years  (Kimball e t  a l . ,  
1983, 1984). Furthermore, t h e s e  values were c o n s i s t e n t l y  much lower 
than those obtained i n  the  f i e l d  ou t s ide  t h e  chambers. To f i n d  t h e  
cause of t h i s  behavior,  f u r t h e r  i nves t iga t ions  were conducted i n  1985. 
The s tudy involved t h e  determinat ion of t h e  carbon dioxide concent ra t ion  
i n  the s o i l  p r o f i l e  within and o u t s i d e  the  chambers. Spec ia l ly  f a b r i -  
ca t ed  hypodermic-type needles were i n s e r t e d  i n t o  the  s o i l  t o  depths of 
5-, lo-, 20-, 40-, and 60-cm i n  t h e  dry i r r i g a t i o n  t reatment .  These 
were placed i n  the  p lant  row, both i n s i d e  and ou t s ide  t h e  chambers. Two 
mL of gas were ex t r ac t ed  with sy r inges  a t  weekly i n t e r v a l s  from t h e  
var ious  s i t e s ,  and the  carbon d ioxide  concent ra t ions  of the  s o i l  
atmosphere samples were measured on an i n f r a r e d  gas analyzer .  

S o i l  carbon dioxide concentrat ions a s  a  func t ion  of sampling depth 
i n s i d e  and outs ide  the  chambers a r e  shown i n  Figures 27, 28 and 29 and 
cover add i t iona l  experimental per iods  before  and a f t e r  t h e  enrichment 
system was i n  operation. The blowers f o r  t h e  chambers were s t a r t e d  on 
02 May. Within two weeks of ope ra t ion ,  s o i l  carbon d ioxide  concentra- 
t i o n s  were d i s t i n c t l y  higher  o u t s i d e  than  i n s i d e  t h e  chamber. In  
add i t ion ,  the  Cog concent ra t ion  i n  t h e  p r o f i l e  ou t s ide  increased  a s  t h e  
season progressed, reached a peak i n  August, and then s t a r t e d  t o  
decrease i n  October, i n  a  manner s i m i l a r  t o  t h a t  repor ted  by o t h e r  
inves t iga to r s .  In  con t ra s t ,  t h e  C02 concent ra t ion  of t h e  s o i l  w i t h i n  
t h e  chamber continued t o  decrease ,  p a r t i c u l a r l y  at t h e  deepest  60 cm 
depth ,  and by September, t h e  concent ra t ion  a t  t h e  10 and 60 cm depths  
were nearly the  same. When t h e  blowers were turned o f f  on 02 October,  
t h e  concentrat ion i n  the  lower depths s t a r t e d  t o  inc rease ,  and i n  
approximately one month, t h e  concent ra t ion  p r o f i l e  was s i m i l a r  t o  t h a t  
of s o i l  ou ts ide  t h e  chamber. 

S o i l  carbon dioxide f l u x e s  from t h e  open were higher  than those t aken  
i n s i d e  the chamber during t h e  per iod  when t h e  blower system was i n  oper- 
a t i o n  (Figure 30). This d i f f e r e n c e  i n  f l u x e s  could be a sc r ibed  t o  t h e  
h igher  s o i l  C02 concent ra t ion  gradient  f o r  the  open f i e l d  compared t o  
t h e  chamber. So i l  water contents  i n s i d e  and o u t s i d e  the  chamber were 
nea r ly  equivalent  (Figure 31). Therefore,  i t  i s  u n l i k e l y  t h a t  d i f f e r e n -  
c e s  i n  microbial  r e s p i r a t i o n  o r  i n  s o i l  gas d i f f u s i o n  c o e f f i c i e n t  which 
a r e  s t rongly  influenced by s o i l  water  content  would have con t r ibu ted  t o  
t h e  d i f fe rences  observed i n  s o i l  carbon dioxide f luxes .  
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A i r  p ressure  on the  chamber s i d e  of t h e  blower was 125 p a s c a l  (1.25 mb, 
0.5-inch of water) and could c r e a t e  an a i r  pressure  d i f f e r e n t i a l  between 
i n s i d e  and outs ide  which could cause t h e  unusual ly low s o i l  C02 con- 
c e n t r a t i o n  within t h e  chamber. Kanemasu e t  a l .  (1974) observed t h a t  t h e  
s o i l  CO2 f l u x  measured with a "pressureu-type chamber was lower than 
t h a t  measured with a "suction" chamber. Pressure d i f f e r e n t i a l s  r e l a t i v e  
t o  t h e  atmosphere were +10 pbar and -24ubar, r e s p e c t i v e l y ,  f o r  t h e i r  
pressure  and suc t ion  chambers. Our open-top system when t h e  blower was 
i n  opera t ion  would most l i k e l y  be s i m i l a r  t o  t h e  p res su re  chamber of 
Kanemasu e t  a l .  

SWMARY AND CONCLUSIONS 

The C02 concentrat ion of t h e  atmosphere is inc reas ing  and is expected t o  
double sometime during t h e  next century. To determine what e f f e c t s  t h i s  
C02 inc rease  i s  l i k e l y  t o  have on the  p roduc t iv i ty ,  water  r e l a t i o n s ,  and 
phys io logica l  processes of field-grown co t ton ,  t h e  USDA-ARS U. S. Water 
Conservation Laboratory and t h e  Western Cotton Research Laboratory began 
C02 enrichment experiments on field-grown cot ton  i n  1983 a t  Phoenix, 
Arizona. This repor t  pr imar i ly  presents  the  r e s u l t s  of t h e  1985 experi-  
ment but a l s o  some summaries over the  3 y e a r s '  da t a  a r e  included.  

An open-top chamber approach was used. A manifold of p e r f o r a t e d  tubes 
r e l eased  602-enriched a i r  a t  groundlevel between t h e  p l a n t  rows. The 
enriched a i r  rose  through t h e  p l a n t  canopy and e x i t e d  through t h e  
chamber tops. Thus, t h e  p l a n t s  were subjec ted  t o  r a d i a t i o n ,  tempera- 
t u r e ,  and humidity condi t ions  c l o s e  t o  those of an open f i e l d  but  
enriched with C02. A computer-controlled sampling/enrichment system was 
used t o  au tomat ica l ly  monitor,  con t ro l ,  and record C02 concen t ra t ions  i n  
t h e  chambers. The nominal chamber CO2 concent ra t ions  were ambient. 500, 
and 650 P Z  Z-1. The a c t u a l  recorded o v e r a l l  means f o r  t h e  e n t i r e  1985 
season were 367, 507, and 646 p9. Z-1 and those  f o r  t h e  day l igh t  hours 
only were 349, 494, and 637 II!L Z-1. Open f i e l d  comparison p l o t s  were 
inc luded,  and t h e i r  recorded C02 concent ra t ions  were very c l o s e  t o  those  
i n  t h e  ambient chambers. 

There was a well-watered (wet) i r r i g a t i o n  t reatment  and a wa te r - s t r e s s  
(d ry )  treatment t h a t  received 213 a s  much water  a s  t h e  wet t reatment .  A 
d r i p  i r r i g a t i o n  system was i n s t a l l e d  i n  1985, and it gave p r e c i s e  
c o n t r o l  of the  water a p p l i c a t i o n s ,  much more s o  than t h e  f lood  i r r i g a -  
t i o n  system used i n  1984. I r r i g a t i o n s  were done weekly wi th  t h e  amount 
of water appl ied t o  the  w e t  p l o t s  being c a l c u l a t e d  from t h e  Class A pan 
evaporat ion of the  previous week times a l ea f  a rea  index  adjustment.  
Changes i n  s o i l  moisture s to rage  over t h e  season were r e l a t i v e l y  sma l l ,  
s o  b a s i c a l l y  the  amount of water used equal led  t h e  amount of water  
appl ied  as  i r r i g a t i o n  and r a i n f a l l .  The t o t a l  water  use  averaged 1194 
mm and 856 mm f o r  the  wet and dry t rea tments ,  r e spec t ive ly .  There were 
two r e p l i c a t e s  f o r  each i rr igat ion-C02 treatment  combination. 

S ign i f i can t  f indings  from the  experiment included t h e  fo l lowing:  
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For t h e  wet p l o t s ,  C02-enrichment increased  seed  cot ton  ( l i n t  + 
seed) y i e l d s  by 45 and 52% a t  500 and 650 119. 9.-l, r e spec t ive ly .  
The corresponding t o t a l  dry ma t t e r  i nc reases  were 40 and 51%. 

In  t h e  dry p l o t s ,  seed cot ton  y i e l d s  were increased  by 64 and 
104% and t o t a l  dry mat te r  by 52 and 71% a t  C02 concen t ra t ions  
of  500 and 650 ire t-l, r e spec t ive ly .  The g r e a t e r  
C02-stimulation under water-s tressed condi t ions  is c o n s i s t e n t  
wi th  o the r  l i t e r a t u r e  r e p o r t s  bu t  c o n t r a s t s  w i t h  o u r  1984 d a t a .  
However, t hese  1985 d a t a  were obtained with more p r e c i s e  
con t ro l  of t h e  i r r i g a t i o n  t reatments .  

Aggregating a l l  t h e  y i e l d  d a t a  from 1983, 1984, and 1985, on 
t h e  avera e a near-doubling of  C02 concent ra t ion  from 350 t o  
650 u t  t-? increased  seed cot ton  y i e l d s  by 80%. 

Seed index and harves t  index were reduced by water  s t r e s s  bu t  
t h e r e  was l i t t l e  i n f luence  of C02 enrichment on t h e s e  t r a i t s .  

The increased y i e l d  i n  1985 from C02-enrichment can p r imar i ly  
be a t t r i b u t e d  t o  g r e a t e r  f lower production. Bol l  r e t e n t i o n  
percentages were a f f e c t e d  very  l i t t l e  by CO2, c o n s i s t e n t  w i t h  
our  p a s t  years '  da t a .  

Leaf n e t  photosynthesis  r a t e s  were increased  by 61 and 77% i n  
t h e  500 and 650 U %  t-l chambers, r e spec t ive ly ,  on t h e  average 
f o r  s eve ra l  days of sampling. This  degree of photosynthe t ic  
s t imu la t ion  by CO2 w a s  similar t o  t h e  growth and y i e l d  s t imula-  
t ion. 

Graphs of  CO2 as s imi l a t ion  r a t e  of  l eaves  from well-watered 
ambient and 650 u t / t - l  C02 chamhers p l o t t e d  a g a i n s t  i n t e r -  
c e l l u l a r  C02 concent ra t ion  were h igh  and l i n e a r  t o  a t  l e a s t  700 
U .  The l i n e a r  dependence of  photosynthesis  on i n t e r -  
c e l l u l a r  C02 concent ra t ion  i s  uncommon i n  t h e  l i t e r a t u r e .  

Leaves from well-watered p l a n t s  grown a t  350 and 650 u t l  9T1 had 
t h e  same photosynthet ic  response t o  changes i n  CO2 concent ra t ion  
i n  Ju ly ,  which means t h e r e  was no photosynthe t ic  i n h i b i t i o n  wi th  
accl imation t o  high C02. These l a s t  two f i n d i n g s  t o g e t h e r  w i t h  
a h igh  stomata1 conductance and r e l a t i v e l y  l i t t l e  change i n  con- 
ductance wi th  inc reas ing  C02 may be t h e  reasons t h a t  c o t t o n  has  
a l a r g e r  growth response t o  C02 than most o t h e r  spec ie s .  

I n  con t ra s t  t o  f ind ing  8, l eaves  from well-watered co t ton  p l a n t s  
acclimated t o  high C02 d i d  show a photosynthe t ic  i n h i b i t i o n  i n  
September. The primary d i f f e r e n c e  i n  condi t ions  between t h e  
two days was t h e  coo le r  temperature i n  September than  i n  July. 
Therefore, temperature dependent feedback e f f e c t s  a r e  one 
poss ib l e  explanat ion  f o r  d i f f e rences  i n  photosynthe t ic  i n h i b i -  
t i o n  t h a t  have been repor ted  i n  d i f f e r e n t  s t u d i e s .  
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10. The so luble  carbohydrate  (g lucose ,  sucrose,  f r u c t o s e )  content  
of  t h e  co t ton  l e a v e s  was a f f e c t e d  very  l i t t l e  by t h e  C02 
treatments.  I n  marked c o n t r a s t ,  t h e  s t a r c h  content  increased  
by more than  a f a c t o r  of 5 i n  l eaves  from t h e  650 ufi fi-l 
chamber compared t o  those  from t h e  ambient chamber. There was 
a d iu rna l  c y c l i n g  of  t h e  s t a r c h  content ,  but  t h e  amplitude of  
t h e  cyc le  d i d  n o t  change much wi th  C02 concent ra t ion  but  d i d  
decease wi th  p l a n t  water  s t r e s s .  The e a r l y  morning minimum was 
s t rong ly  a f f e c t e d  by C02 concent ra t ion ,  sugges t ing  t h a t  i t  was 
t h e  l ack  of complete s t a r c h  breakdown at n igh t  i n  t h e  high C02 
chamber t h a t  caused t h e  h igh  l e v e l s .  

11. Leaf s tomata l  r e s i s t a n c e s  were 47 and 69% higher  on t h e  average 
f o r  s e v e r a l  days a t  650 p i  k-1 C02 compared t o  ambient i n  t h e  
wet and dry t rea tments ,  r e spec t ive ly .  

12. A 300 t o  600 !& tel doubling of C02 concent ra t ion  l e d  t o  a 
f o l i a g e  temperature i n c r e a s e  of  t h e  well-watered c o t t o n  of 
about 0.9 C. The increased  s tomata l  r e s i s t a n c e  a t  h igher  C02 
( s e e  previous f i n d i n g s )  l e d  t o  a per-unit-leaf-area r educ t ion  
i n  t r a n s p i r a t i o n  of  approximately 7.3%, which i n  t u r n  caused 
t h e  increased f o l i a g e  temperature. 

13. It appears t h a t  t h e  degree of C02 s t imula t ion  of crop growth 
under well-watered condi t ions  can be p red ic t ed  from t h e  magni- 
tude of t h e  f o l i a g e  temperature i n c r e a s e  i n  t h e  h ighe r  C02. 
Using a foliage-temperature-based "stomatal  c losu re  index" 
corresponding t o  t h e  7.3% reduc t ion  i n  t r a n s p i r a t i o n  f o r  c o t t o n  
from a 300 t o  600 pfi fi-l C02 concent ra t ion  doubling,  and u s i n g  
t h e  r e s u l t s  from p r i o r  experiments wi th  water  hyac in ths  which 
had an index of  0.178 and a growth s t i m u l a t i o n  of 35.6%. t h e  
co t ton  growth i n c r e a s e  was p red ic t ed  t o  be 35.6% X 
(0.178/0.073) = 86.2%, i n  e x c e l l e n t  agreement wi th  t h e  average 
observed seed c o t t o n  y i e l d  i n c r e a s e  of  80% due t o  a near- 
doubling of  C02 concent ra t ion  from 350 t o  650 pL k'l ( s e e  
f ind ing  no. 3). 

14. Pressure-volume curves  t h a t  r e l a t e  l e a f  water  p o t e n t i a l  t o  r e l a -  
t i v e  l e a f  water  con ten t  were n o t  s i g n i f i c a n t l y  a l t e r e d  by C02 
concentrat ion.  They were a f f e c t e d  by t h e  water  s t r e s s  t r e a t -  
ment and by time of  day. 

15. Leaves sampled 5 o r  6 days fo l lowing a n  i r r i g a t i o n  had 
progress ive ly  lower r e l a t i v e  l e a f  water  contents  (and l e a f  
water  p o t e n t i a l s )  w i t h  inc reas ing  C02 concent ra t ion .  Even 
though t h e  P-V curves were not  s h i f t e d  by C02 ( f i n d i n g  14) ,  t h e  
pos i t i on  on t h e  curves  where t h e  p l a n t s  ope ra t e  i n  t h e  f i e l d  
was changed. Evident ly ,  t h e  g r e a t e r  l e a f  a r e a  of t h e  high-CO2 
p l a n t s  caused them t o  t r a n s p i r e  f a s t e r  pe r  u n i t  of l and  a r e a ,  
more than compensating f o r  t h e i r  per-unit-leaf-area t r ansp i r a -  
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t i o n  reduct ion ( f ind ing  12), s o  t h a t  they i n  f a c t  were d r i e r  5 
o r  6 days fol lowing an i r r i g a t i o n .  

The pan evaporat ion r a t e  e a r l y  i n  t h e  season was t h e  same 
w i t h i n  and o u t s i d e  t h e  chambers. After f u l l  canopies were devel- 
oped, t h e  r a t e s  i n s i d e  decreased below those  o u t s i d e ,  r e s u l t i n g  
i n  a season-long average r educ t ion  of 9%. The C02 t rea tments  
d i d  not  s i g n i f i c a n t l y  a f f e c t  t h e  pan evaporat ion r a t e s ,  bu t  t h e  
r a t e s  i n  t h e  d ry  p l o t s  were 9% higher  on t h e  average than  those  
i n  t h e  wet p l o t s .  

S o i l  C02 concentrat ions and s o i l  su r face  C02 f l u x e s  were much 
l e s s  i n  t h e  chambers compared t o  o u t s i d e  a f t e r  about  a month of 
operat ion.  The l a r g e  d i f f e rence  apparent ly  was r e l a t e d  t o  t h e  
u s e  of t h e  blowers i n  t h e  CO2 enrichment system which caused 
t h e  air  pressure  t o  be h igher  on t h e  average i n s i d e  t h e  cham- 
b e r s  than ou t s ide .  
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Table 1. I r r i g a t i o n  and r a i n  amounts f o r  t h e  C02-cotton 85  experiment.  

Date 

1 5  Apr 
20 Apr 
22 Apr 
24 Apr 
25 Apr 
28 Apr 

24 May 
31  May 

7 Jun 
11 Jun 
14 Jun 
21 Jun 
28 Jun  

5 J u l  
1 2  J u l  
15  J u l  
1 8  J u l  
19 J u l  
26 J u l  

2 Aug 
9 Aug 

16  Aug 
20 Aug 
23 Aug 
30 Aug 
3 1 Aug 

6 Sep 
13 Sep 
18 Sep 
19  Sep 
20 Sep 
26 Sep 
27 Sep 

Day 
o f  

Year - 

105 
110 
112 
114 
I15 
118 

144 
151 

158 
162 
165 
172 
179 

186 
192 
196 
199' 
200 
207 

2 14 
221 
2 28 
232 
2 35 
242 
243 

249 
2 56 
261 
262 
263 
269 
270 

I r r i g .  ( I )  
DT 

Wet P l o t s  Dry P l o t s  

R 1 - 
T o t a l s  1221 
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Table 2. Dates and amounts of  N appl ied  as u rea  throughout t h e  d r i p  
i r r i g a t i o n  system during t h e  CO2-cotton 85 experiment. 

Date Year N Applied - 
W h a  

1 1 J u n e  162 16.6 
14 June 165 16.6 
21 June 172 11.1 
28 June 179 16.6 

5 J u l y  186 16.6 
1 2  J u l y  193 16.6 
1 9 J u l y  200 16.6 
26 J u l y  207 16.6 

2 August 214 16.6 
8 August 221 16.6 

16 August 228 11.1 
23 August 235 11.1 

T o t a l  182.7 

Table 3. P e t i o l e  n i t r a t e  - N concent ra t ions  measured dur ing  t h e  
C02-cotton 8 5  experiment. 

Open Chamber C02 Conc. ( ~ 1 1  ll-1) 
P i e l d  Ambient 500 

Day of 
650 

Date Year Rep: I I1 I 11 I I1 I I1 - - - - - - - - 
DRY PLOTS: 

1 2  June 163 - 9.3 - 8.4 - 5.1 - 5.1 
20 June 171 9.9 - 6.3 - 5.4 - 7.9 - 
1 0 , l l  J u l y  191,192 - 6.1 - 7.4 - 6.5 - 3.9 
17,18 J u l y  198,199 3.7 - 4.4 - 3.7 - 3.1 - 
26,27 J u l y  207,208 - 6.3 - 9.1 - 5.5 - 5.0 
31 J u l y ,  1 Aug. 212,213 6.3 - 6.6 - 4.8 - 3.5 - 
'NET PLOTS: 

12 June 163 - 8.0 - 9.1 - 7.1 - 6.9 
20 June 171 8.7 - 7.8 - 3.9 - 4.2 - 
1 0 , l l  J u l y  191,192 - 3.0 - 5.5 - 2.2 - 1.7 
17,18 J u l y  198,199 5.0 - 5.7 - 5.8 - 4.5 - 
26,27 J u l y  207,208 - 5.8 - 6.3 - 3.5 - 2.9 
31 Ju ly ,  1 Aug. 212,213 8.5 - 7.3 - 3.0 - 3.8 - 
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%ble 4. Insectidde treatmnts applied during the Cwot t cm 85 experiment. 

DAY 

Within atambers and Open-field-plot Areas: 

3May 123 
5June 156 

21 Jurre 172 
25 June 176 
2 8 h  179 
1 July 182 
5Ju ly  186 
8Ju ly  189 
9 July 190 

12 July 193 

19July 203 

24 July 205 
26 July 207 
29 July 210 
2 August 214 
5 Atgust 217 
9 August 221 

12 August 224 
16 August 228 
19 August 231 
23 August 235 
27 August 239 
30 Argust 242 
6 Sept 249 

11 Sept 254 
13 Sept 256 

Y2 oz/gal, applied 2 gal. All 
All 

N m t  tine N l  
I1 W4 center rcw 

2d the All 
I1 W4 N l  rm 

3rd tine All 
IN4 6 IW4 N l  ram 
All 

4th tioe All 
.5# i n  3 ga l  water All c*ts 6 plots 

All 
.58 i n  3 gal water All chzrehrs & plots 

IW4 & I m  Spots 
All 
N l  
All 
Nl 
All 
All 
All 
A l l  
All 
N1 
All 
N l  
All 
All 

lb Whole Neld Outside Qlaabers: 

19 June 170 Ql thlon 2 . 3 h  
27 Jurre 178 f.klathion (0.85 Itha) 

Sev3.n (2.24 k g b )  
~ e l t m  (0.31 %/ha) 

2 W y  183 Mdathim 
8 July 189 Halathion 

Sevln 
Kelt= 

12 July 193 Cymtush (0.39 kg/ha) 
26 July 207 Malathion 
29 August 241 mlathion 
8 Sept 251 Etilathion 

15 Sept 258 Malathtcsi 
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Dble 5. Total water use during the w o t t o n  1985 experhnertt as determtned by the 
total  ancmt of water applied tiuwgh the drip irrigatim systan and adjusted 
fo r  changes i n  so i l  noisttrce storage measuced with neutrcn apparatus. 

FIEU) W e n t  500 650 
I'm4 Rep I Rep I1 Rep I Rep I1 Rep I Rep XI Rep I Rep I1 -------- 

17 Apr. sof l  water content 
2 kt. soi l  water content 

S o i l  water content change 

Irrigation + rain 
(20 Apr. - 27 Sep.) 

Water use 
average water use 
relative water use 

17 Apr. sail water content 
2 kt. so i l  water content 

Irrigation + rain 
(20 Apr. - 27 Sep.) 

Water use 
a v e w e  water use 
relative water use 
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Table 6.  Daytime, n ight t ime,  and whole day mean C02 concent ra t ions  and t h e  
corresponding s t anda rd  dev ia t ions  of t h e  i n d i v i d u a l  observations 
f o r  t h e  e n t i r e  season of  t h e  C02-cotton 85 experiment. 

NOEIINAL CHAMBER CONC . 
Condition Open F i e l d  Ambient 500 650 

Daytime: 

Wet Rep I 344 " 7  347 t 38 497 t 46 639 t 77 
Rep I1 346 t 37 352 t 42 490 + 6 5  640 t 7 0  

Dry Rep I 348 t 39 353 + 38 494 t 59 628 t 79 
Rep I1 349 t 38 342 t 36 496 t 6 1  640 t 7 3  

Nighttime: 

W e t  Rep I 376 " 7  386 t 51 513 +- 52 661 t 85 
Rep I1 380 t 51 402 t 66 533 t 81 655 t 78 

D ~ Y  Rep I 386 3 4  388 2 49 515 t 6 4  655 t 87 
Rep.11 384 t 52 374 t 45 520 t 8 2  655 t 77 

Whole ( 2 4  h r )  Day: 

Wet Rep I 359 + 45 365 2 49 504 t 50  650 t 82 
Rep 11 362 i 47 376 t 60 511 t 7 6  647 t 75 

Dry R e p 1  3 6 6 2 5 1  370 t 47 504 t 62 641 t 84 
Rep I1 366 t 48 357 t 43 507 t 7 3  647 t 75 

Overal l  Means Averaged Over Reps and Water Treatments: 
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Table 8. Number of f lowers  tagged per  m2 i n  1985. 

Chamber C02 Conc. ( ~ t  t-1) 
Open Ambient 500 650 

P l o t  No. F ie ld  

I I? 142 212 

I1 W 142 25 1 

Avg. Wet 142 231 

I D 146 176 

I1 D 133 187 

Avg. Dry 139 181 

Table 9. Number of tagged f lowers  r e t a ined  a s  b o l l s  pe r  m2 i n  1985. 

Chamber C02 Conc. ( ~ t  i - l )  
Open Ambient 500 650 

P l o t  No. F ie ld  

I W  6 1 86 

I1 W 6 1 82 

Avg. Wet 6 1 84 

I D 54 4 1 

I1 D 50 53 

Avg. Dry 52 47 
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Table 10. Percentage of tagged flowers retained a s  mature b o l l s  i n  1985. 

Chamber C02 Conc. (11L 8-l) 
Open Ambient 500 650 
Fie ld  

Avg. Wet 43.0 

I D 37.1 

I1 D 37.6 

Avg. Dry 37.4 
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Qble 11. Boll r e t e n t h  i n  1985 by week for the Wet - R e w t e  I plots ri'here A 
a& R are mrnber of applied and retained tw, respectively, per m2. 

Open Field AMB 503 650 
mys of Year 
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%ble 12. Bol l  retention in  1985 by w& for tk Wet - Replicate I1 plots where A  
and R  are nunbr of applied and retained tags, reqxctively, per m2. 

Open Field AMB 5CO 6% 
lgys of Year 
Inclusive A R X  A R X  A R  X A R  X 
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Bble 13. Bol l  retention in 1985 by we& for the Dry - Replicate I plots where A 
and R are nlmber of applied a d  retained tags, respectivety, per m2. 

Open Neld AM6 5CO 650 
~ Y S  of Year 
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Tdhle 14. Boll. retention in 1985 by wek fo r  the Dry - Replicate I1 plots where A 
and R are ncmber of applied and retained tags, respectively, per m2. 

@en Neld AM8 503 650 
rays of Year 
~ n - b i v e  A R %  A R X  A R % A R  % 
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%ble 15. Mean net leaf photosynthetic rates du&g the C-otton 85 -- 
merit. &am not followed by the sam, le t te r  are sfgdficantly dFf- 
ferent a t  the 0.05 p m U t y  lml within each t r e a m t  category. 
Ihe rnunter of otservations within each irrigation - Cq treatmnt 
conJlCnation was 69. Ihe nrmbers in parentheses are the relative 
increases with respect to  the amMent C% chamber. 

Irrigation Neld Antdent 500 650 &an 

Net 21.6 24.3 38.3 428 31.8 B 
(0.89) (1.00) (1.58) (1.76) 

Mean 21. la 22.8 a 36.6 b 40.4 c 
(0.93) (1.00) (1.61) (1.77) 
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Bble 16. aiaraderistics of photosynthgis on 3-4 July 1985. 

W r  or Growth Cq2 Cox. (ME E-1) 
fiw 350 (or Ambient) 

Wet - 
51 

980 

1070 

43 b 

24 

- 

300 

0.36 

2.11 e 

75 

9 

a & i s  the maximmn ok& assinrllation rate, y i s  the Cq2 corr 
centration i n  the suhstaoatal cavities, ce is the external Cq2 con- 
centration &' i s  the mesophyll corrhtctance for  C 9 ,  g, i s  the stamtal 
conduct- for  water vapor, and r is the Cq2 capmat ion  point o r  con- 
centration where A = 0. 
b 'Ihese nunbem are not rigoras.  Strictly s*, the data cannot be 
used t o  calaitate assimilation rate  a t  any given c, acept  a t  the ce i n  - 
which the plants were gmwn. ZNs i s  because measureaenta were 
ccmpleted before s tamta had a chance t o  react t o  altered c,. Zhus only 
a t  the origtnal ce wculd stamtal Undtaticm t o  photosynthesis be the 
sate as the long-term v b .  tbwever, one can a s s w ~  unchaghg staoa- 
t a l  c o r r h t c m  i n  response t o  Cq! a d  make cnde calculations. %we 
are what is presented here. Ihe asslmption seam quite reasonable for  
the wet twtmslts. 

Determined as A a t  c i  = 0 by extrapolation. Ihus it a m a l l y  is a 
measure of photorespiration a t  very lai q, not a t  the actual c i  
experienced by the plants under nonml conditions. 4s a r d t ,  i t  
overesthates actual photorespiration, but still is useful for com- 
parlsons aunng treatiu?nts. 
A a t  650 M E  8-I Cq2 fran plants gmwn a t  650 M E  11-I divided by A a t  

350 u E  9.-1 £ran p h t s  gma a t  350 UP. PI (ambient). 

To convert to  gts (for q) divide by 1.6. %he values can then be 
cwared  directly to  g',. tb te  that sane of these values predict very - 
large stanatal l i m t t a t i w  t o  photosynthesis. In those cases (e.g., the - 
dry treatments on 17 Sept.) the calculations of q, etc., are error 
pmne and should be considered scamhat unreliable. 
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Table 17. Characteristics of p h o t o s y n ~ i s  on 28 &st 1985. 

a See Table 16. 

b See TaHe 16. 

See Table 16. 

d See Table 16. 

See Table 16. 
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b e  1 Gbamctesisttca of photosynthesis on 17 Sept&r 1985. 

chnker or  Grwth 9 Conc. ( u P.  IT^) 

650 350 (or Ambi~t) 
Iten a 

Wet - - BY - Wet BY - 
& ( wl m-%-I) 44 36 45 40 

q for (ue / i )  840 440 520 720 

%for$, ( " 1240 1720 820 1280 

A a t  650 we/ e (irmalm-29-11 26 13 41 23 

A a t  350 ve/e ( " ) l z b  6 21 10 

(A a t  650)/(A a t  350)~ 1.24 1.30 - - 
@* 4 ( ~ l e / t )  420 170 200 210 

g,,,' (for Cq) ( d s )  0.31 0.54 0.54 0.38 

gs (for H20) ( 3* ) 0.43 0.11 0.58 0.28 

r (ue/e) 110 100 80 120 

%otoresp. (wl m-%-l) 11 16 14 13 

a See Table 16. 

See Table 16. 

See Table 16. 

d See a~tble 16. 

See Table 16. 
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I$% 19. Carbhgdrate content of cotton leaves at t h e  begixming and end of a 
day. 

Dm! P m :  

6:30AM Anbient 
ROO FN Pmbient 

6:30AM 500 
ROO @I 5 W  

6:30 AM 650 
7:OO R1 650 

1m P m :  

6:30 AM h M e n t  
ROO PM Pmbiwt 

6:30AM MO 
7:OO PM 5 W  

6:30 AM 650 
7:OO PM 650 

starch, 
Glucose Sucrose Fructose Starch b a y  

Change 
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Table 20. Mean stornatal  r e s i s t a n c e s  and t h e i r  corresponding 
s tandard  dev ia t ions  dur ing  t h e  C02 - c o t t o n  85  
experiment. Means not  followed by t h e  same letter 
a r e  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  0.05 p r o b a b i l i t y  
l e v e l  w i th in  each i r r i g a t i o n  category. 

CO2 TREATMENT 

IRRI- NO. OPEN CHAMBER c02 CONC. ( ~ e  rl) 
GATION OBS. FIELD AMBIENT 500 650 - 

Including a l l  days f o r  which d a t a  was obtained: 

Dry 39 Mean 68.6 a  72.7 a  95.8 a b  122.7 b  
S.D. 10.6 11.9 17.5 26.7 

Wet 39 Mean 50.1 c  30.8 a 38.3 a b  45.2 bc 
S.D. 4.5 2.8 4.1 6.9 

Inc luding  only d a t a  w i t h i n  4 days of a n  i r r i g a t i o n :  

Wet 27 Mean 34.9 c  22.4 a  27.2 a b  29.1 bc 
S  .D. 2.3 1.6 1.9 3.8 
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Table 21. Cumulative Pan Evaporation During t h e  C O p o t t o n  8 5  &periment. 

Class  A : 1753 mm 
Small Standard : 2193 mm 

COP Conc. i n  Chambers (wZ/t) 

I r r i g a t i o n  Rep Open F i e l d  Amb. Chm. - 500 650 means1 - 

Wet I 1654 1432 1390 1454 1492A 

Wet I1 1637 1501 1448 1422 

Dry I 1692 1605 1527 1663 

Dry I1 1690 1661 1564 1574 

means l : 1668a 1549b 1482b 152% 

Means not  followed by t h e  same l e t t e r  a r e  s i g n i f i c a n t l y  d i f f e r e n t  a t  a 0.05 
confidence l e v e l  u s i n g  Student-Newman-Keuls t e s t .  
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Figure 1. Plot plan for  the C02-cotton experiments i n  1984 
and 1985. 
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140 180 220 260 
D A Y  OF Y E A R  (1985) 

Figure 2. Amounts of i r r i g a t i o n  and r a i n f a l l  app l i ed  t o  t h e  wet  and dry 
p l o t s  versus  day of  yea r  f o r  t h e  C02-cotton 85 experiment. 
The i n i t i a l  i r r i g a t i o n s  appl ied  i n  A p r i l  be fo re  d i f f e r e n t i a l  
i r r i g a t i o n s  began a r e  n o t  included.  Also p l o t t e d  a r e  t h e  
measured pan evaporat ion (X LAI/3) and t h e  E r i e  e t  a l .  (1981) 
consumptive use curve f o r  co t ton  f o r  comparison wi th  t h e  wet 
p l o t s  a s  w e l l  a s  213 of these  amounts f o r  comparison with t h e  
dry p lo t s .  
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SAMPLE DEPTH,M 

Figure 3. P r o f i l e s  of  volumetr ic  s o i l  wa te r  content  a g a i n s t  s o i l  
depth from neutron apparatus f o r  a l l  ambient C02 chambers 
and open-f ield p l o t s -  The "wet" d a t a  a r e  averages of t h e  
wet ,  350 fix 8-' C02 p l o t s  1 I ,  I I W  and I1 2) and 
the  "dry" d a t a  a r e  averages of t h e  d ry ,  350 ~ 1 1  2-y C02 
p l o t s  (ID2, ID4, IID3, and IID4). 
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1985 WET REP I 

TIME OF D A Y  (MST) 

Figure 4. Diurnal  p a t t e r n  of  mean 602 concen t ra t ion  f o r  t h e  
Rep I-wet chambers i n  1985. The upper and lower 
p a i r s  o f  s o l i d  l i n e s  a r e  t h e  s t anda rd  dev ia t ions  
of  the  i n d i v i d u a l  observa t ions  f o r  t h e  ambient 
and "650" chambers, r e spec t ive ly .  The p a i r  o f  
do t t ed  l i n e s  a r e  the  s tandard  d e v i a t i o n s  of  t h e  
"500" chamber. On t h e  r i g h t  a r e  t h e  a l l  day 
means and standard dev ia t ions  f o r  the  t h r e e  chambers 
and t h e  open f i e l d  p l o t .  
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1985 WET REP I1  

Figure 5. Diurnal  p a t t e r n  of mean C02 concent ra t ion  f o r  t h e  
Rep 11-wet chambers i n  1985. The upper and lower 
p a i r s  of s o l i d  l i n e s  a r e  t h e  s tandard  dev ia t ions  
of  t h e  i n d i v i d u a l  observa t ions  f o r  the  ambient 
and "650" chambers, r e spec t ive ly .  The p a i r  of 
do t t ed  l i n e s  a r e  the  s t anda rd  dev ia t ions  of  t h e  
"500" chamber. On t h e  r i g h t  a r e  the  a l l  day 
means and s t anda rd  dev ia t ions  f o r  the  t h r e e  chambers 
and the  open f i e l d  p l o t .  

800 
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300 
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a 650 
> m -  

- -1Z- 
- A 500' H 6  
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TIME O F  D A Y  ( M S T )  
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1985 DRY REP I 

650 

A 5 0 0  

0 o 1 A M B .  CHM 

Figure 6. Diurnal p a t t e r n  of  mean C02 concentrat ion f o r  t h e  
Rep I-dry chambers i n  1985. The upper and lower 
p a i r s  of  s o l i d  l i n e s  a r e  t h e  s tandard  dev ia t ions  
of  the  i n d i v i d u a l  observa t ions  f o r  the  ambient 
and "650" chambers, r e spec t ive ly .  The p a i r  of  
dot ted  l i n e s  are the  s t anda rd  dev ia t ions  of  t h e  
"500" chamber. On t h e  r i g h t  a r e  the  a l l  day 
means and s tandard  dev ia t ions  f o r  t h e  t h r e e  chambers 
and the  open f i e l d  p l o t .  
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1985 DRY REP I1 

8 0 0 ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~ ~ ~ ~ ~ ~ + , . l s , ~ 1 ~ . ,  

9.00 A M B .  CHM 

Figure 7. Diurnal p a t t e r n  of mean C02 concent ra t ion  f o r  t h e  
Rep 11-dry chambers i n  1985. The upper and lower 
p a i r s  of s o l i d  l i n e s  a r e  t h e  s tandard  dev ia t ions  
of t h e  i n d i v i d u a l  observa t ions  f o r  the  ambient 
and "650" chambers, r e spec t ive ly .  The p a i r  of  
dot ted  l i n e s  a r e  t h e  s t anda rd  dev ia t ions  of  the  
"500" chamber. On t h e  r i g h t  a r e  the  a l l  day 
means and s t anda rd  dev ia t ions  f o r  t h e  t h r e e  chambers 
and the  open f i e l d  p l o t .  
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Figure 12. 

I" 

g o o }  * WET D R Y  
m 

o ~ . . ~ v . . ~ ~ . . . l . . . l  
0 200 400 600 B O O  
CO, C O N C E N T R A T I O N  (u1/11 

Seed c o t t o n  ( l i n t  p lus  seed )  y i e l d  versus  
C02 concent ra t ion  f o r  t h e  1983, 1984, and 
1985 experiments (lower graph).  The seed 
co t ton  y i e l d  r e l a t i v e  t o  t h a t  of  t h e  ambient 
c o n t r o l  chambers i s  p l o t t e d  i n  t h e  upper 
graph. The l a b e l s  on t h e  r i g h t  i d e n t i f y  the  
y e a r  and r e p l i c a t e  of t h e  p a r t i c u l a r  da t a  
po in t s .  
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Wet Dry 
650 PI/I C02 
Ambient C02 

Wet (Ambient + 650) 

0 

0 200 400 600 800 1000 

Figure 13. Assimilat ion r a t e  (A) versus  C02 concentrat ion i n s i d e  
the  substornatal c a v i t i e s  ( c i )  on 3-4 Ju ly  1985. 

Annual Report of the U.S. Water Conservation Laboratory



Wet Dry 

lo.11 6 5 0 p l / l  

I 4 4 1 Ambient C02  

0 
a Wet (Ambient + 6 5 0 )  

r2 =o.% 

a 

Dry (Ambient + 6 5 0 )  

r = 0.86 

Figure 14 .  Ass imi la t ion  r a t e  (A) versus  C02 concent ra t ion  i n s i d e  the  
subs tomata l  c a v i t i e s  on 28 August 1985. 
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Wet Dry 

I 

-650 Dry r2  -0.78 

Ambient Dry r2=0.81 

650 Wet r * -0.93 

Figure 15. Assimilation ra te  (A) versus C02 concentration inside the 
substomatal cavaties  on 17  September 1985. 
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AIR VAPOR PRESSURE DEFICIT ( k P 4  

Figure 16. Fol iage-ai r  temperature d i f f e r e n t i a l  (Tp - TA) vs. a i r  vapor pres- 
s u r e  d e f i c i t  (VPD) f o r  co t ton  growing under t h r e e  d i f f e r e n t  
a t m s p h c e i c  COZ concentra t ions  and t r a n s p i r i n g  a t  t h e  p o t e n t i a l  
r a t e s  f o r  those  condi t ions .  The s o l i d  do t s  are t h e  d a t a  obtained 
dur ing  1985. The s o l i d  l i n e s  pass ing through t h e  t h r e e  da ta  s e t s  
a r c  i d e n t i c a l  t o  each o t h e r  and t o  the  rFp - 25.0 sm-1 n o n r a t e r -  
s t r e s s e d  b a s e l i n e  of t h e  love r  right-hand s e c t i o n .  The t h r e e  
base l ines  of t h i s  l a t t e r  s e c t i o n  a r e  c a l c u l a t e d  Eron equat ion (1)  
f o r  a rep resen ta t ive  RN value of 525 ~ n - 2 ,  an  rA value of I5 sm-1 
( as  determined by Idso etG, 19868). and t h e  l i s t e d  rFp values 
deterntned i n  t h i s  s t u d y  t o  p r e v a i l  under t h e  t h r e e  d i f f e r e n t  
a tnospher i c  C02 concentra t ions  maintained i n  t h e  chambers. The 
s p e c i f i e d  f o l i a g e  temperature d i f f e r e n t i a l s  (ATp) between t h e  340 
and 500 ppm b ~ s e l i n e s  and t h e  500 and 640 ppo  b a s e l i n e s  a r e  mean 
r e s u l t s  f o r  t h e  e n t i r e  a i r  VPD range 0.0 t o  6.4 kPa. 
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340--1- 500pprn 

-.- 
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J 
7 0 0  

CARBON DIOXIDE CONCENTRATION (ppm) 

Figure 17. Cotton fo f iagc  temperature increases  caused by atmaspl~eric C02 enrichment i n  the three years 
of the study. Error bars represent 95 pereenc conEidenee in terva l s  about the means. Sol id 
trend l i n e s  represent r e s u l t s  oE l inear  regressions determined From thc mcons. 
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Figure 16. Calculated vs. measured f o l i a g e  temperature inc reases  caused by 
atmospheric C02 enrichment. The s o l i d  dots  a r e  t h e  mean r e s u l t s  
f o r  the  3-year co t ton  s tudy,  while the  open c i r c l e s  a r e  t h e  r e s u l t s  
of a s i m i l a r  I-year s tudy of water hyacinths performed by Idso  e t  
a l .  (1986b). The dashed 1: 1 l i n e  r ep resen t s  the  locus  of p e r f e c t  - 
agreement between ca l cu la t ions  and measurements. The mean ambient 
atmospheric C02 concent ra t ion  f o r  both s t u d i e s  was 340 ppm. 
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Figure 19. A "pressure-volume" curve f o r  a l e a f  sampled on 
10 ~ u l y  1985 from the 650 pf. f.-1 C02 chamber. 
The r e c i p r o c a l  of the  water  p o t e n t i a l  determined 
from the p res su re  bomb i s  p l o t t e d  a g a i n s t  r e l a t i v e  
l e a f  water  content  determined from l e a f  weight. 
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I R R I G :  

e n t i a l  a Figure 20. &an va lues  (a )  of l e a f  osmotic 
fb )  of r e l a t i v e  l e a f  water  conte 

i t  zero turpor ,  - - 
? n t  a t  zero tu rgor ,  an6 (c)  

of r e l a t i v e  l e a f  water  content  a t  1.5 PIPa, as a f f ec t ed  by 
CO2, i r r i g a t i o n ,  and sampling time i n  t h e  Coyco t ton  85 
experiment. Beans wi th in  each group t h a t  have the sane 
l e t t e r  a r e  not  s i g n i f i c a n t l y  d i f f e r e n t  a t  the 5% p r o b a b i l i t y  
l e v e l .  

Annual Report of the U.S. Water Conservation Laboratory



C02 
I 

(AT TIME I IRRIG. I SAMP. 
I OF SAMPLING) 
I 

I TIME 
I 

Figure 21. Mean values a t  time of sampling (a)  of  t o t a l  l e a f  water 
p o t e n t i a l  and (b) r e l a t i v e  l e a f  water  content  a s  a f f e c t e d  
by Cop,  i r r i g a t i o n ,  and sampling time i n  t h e  C02-cotton 85 
experiment. Means wi th in  each group t h a t  have t h e  same 
l e t t e r  a r e  not  s i g n i f i c a n t l y  d i f f e r e n t  a t  the  5% p r o b a b i l i t y  
l eve l .  
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Figure 23. Cumulative pan evapora t ion  th rough , the  1985 growing 
season from sma l l  pans placed i n  the open f i e l d  p l o t  
and the  ambient,  500, and 650 u!L C02 chambers 
of r e p l i c a t e  I o f  the wet i r r i g a t i o n  t reatment .  
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season from smal l  pans placed i n  t h e  open f i e l d  p l o t  
and t h e  ambient, 500, and 650 KQ. &-I C02 chambers 
of  r e p l i c a t e  I1 of t h e  wet i r r i g a t i o n  treatment.  
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Figure 25. Cumulative pan evapora t ion  through the 1985 growing 
season from smal l  pans placed i n  t h e  open f i e l d  p l o t  
and the ambient, 500, and 650 pk 9.-1 C02 chambers 
of r e p l i c a t e  I o f  t h e  dry i r r i g a t i o n  t reatment .  
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Figure 26. Cumulative pan evaporat ion through t h e  1985 growing 
season from smal l  pans placed i n  tFie open f i e l d  p l o t  
and the  ambient, 500, and 650 pP. %-1 C02 chambers 
of r e p l i c a t e  I1 of the dry i r r i g a t i o n  treatment.  
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Figure 31. S o i l  water  content  d i s t r i b u t i o n  as a  func t ion  of depth 
and time o u t s i d e  (no chamber) and i n s i d e  t h e  open-top 
chamber. 
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TITLE: DISTRIBUTION OF A MOBILE HERBICIDE BELOW 
A FLOOD-IRRIGATED FIELD 

NRP: . 20790 CRIS WORK UNIT: 5422-20790-005 

INTRODUCTION 

Pred ic t ing  t h e  f u t u r e  q u a n t i t y  and q u a l i t y  of groundwater resources  
r e q u i r e s  a  b e t t e r  understanding of  how water  and chemicals move downward 
below t h e  r o o t  zone. Deep pe rco la t ion  below f lood- i r r iga t ed  agr icu l -  
t u r a l  f i e l d s  i s  t h e  major c o n t r i b u t o r  t o  groundwater recharge  i n  many of  
t h e  v a l l e y s  of t h e  a r i d  western United S ta t e s .  Be t t e r  f i e l d  methods a r e  
necessary f o r  eva lua t ing  t h e  e f f e c t s  of  f lood- i r r iga t ion  management on 
t h e  n a t u r e  and amount of deep pe rco la t ion  water.  

I n  two e a r l i e r  f i e l d  experiments ( see  1984 Annual Report),  w e  found t h a t  
downward v e l o c i t i e s  of pe rco la t ing  water ,  a s  measured by chemical 
t r a c e r s  exceeded v e l o c i t i e s  p red ic t ed  by s imple water  balance models by 
up t o  a  f a c t o r  of s ix .  The acce le ra t ed  l each ing  of s u r f a c e a p p l i e d  
s o l u t e s  was a t t r i b u t e d  t o  t h e  presence of p r e f e r e n t i a l  f low paths  i n  t h e  
s o i l .  The purpose of t h e  p resen t  s tudy was t o  look a t  t h i s  p r e f e r e n t i a l  
flow phenomenon i n  more d e t a i l ,  and t o  determine i t s  e f f e c t  on t h e  
d i s t r i b u t i o n  of a  mobile he rb ic ide  under f lood- i r r iga t ed  condi t ions .  

Bromacil (5-bromo-3-sec-butyl-6-methyluracil) - i s  a photosynthes is  inhih-  
i t o r  used p r imar i ly  on non-cropland a r e a s  f o r  c o n t r o l  of annual  and 
perennia l  g r a s s e s  and broadleaf weeds. It a l s o  f i n d s  use  f o r  weed 
c o n t r o l  i n  c i t r u s  orchards and pineapple p l an ta t ions .  It was chosen f o r  
t h i s  s tudy pr imar i ly  f o r  i t s  phys ica l  and chemical c h a r a c t e r i s t i c s ;  
bromacil  i s  r e l a t i v e l y  non-volat i le ,  i s  r e s i s t a n t  t o  microbia l  degrada- 
t i o n  i n  s o i l s ,  and i s  not  s t r o n g l y  sorbed by most s o i l s .  Thus, i t  
appeared t o  be  well-sui ted f o r  a  several-month-long study of p e s t i c i d e  
movement under f i e l d  condi t ions .  

MATERIALS AND METHODS 

Bromacil 

Some p rope r t i e s  of bromacil p e r t i n e n t  t o  t h e  experiment a r e  presented i n  
Table 1. The s o i l - r e l a t e d  "proper t ies"  of o rgan ic  carbon p a r t i t i o n  
c o e f f i c i e n t  and degradat ion h a l f - l i f e  l i s t e d  i n  Table 1 s e r v e  only a s  
gene ra l  guide l ines .  Analy t ica l  s tandard  bromacil  (> 99% p u r i t y )  f o r  
methods development was obtained from E. I. duPont deNemours and 
Company, Agr i cu l tu ra l  Chemicals Department, Wilmington, Delaware 19898. 
For f i e l d  experiments,  t h e  commercial formula t ion  Hyvar-X (80% bromacil 
by weight) was used. Hyvar-X is  a we t t ab le  powder. To i n c r e a s e  t h e  
s o l u b i l i t y  of  Hyvar-X f o r  t h e  purpose of spraying  a  concentrated broma- 
c i l  s o l u t i o n  on t h e  f i e l d ,  Hyvar-X was d isso lved  i n  a  KOH so lu t ion .  The 
r a t i o  of Hyvar-X t o  86% KOH was 2.3:l by weight.  

Annual Report of the U.S. Water Conservation Laboratory



Fie ld  P lo t  Design 

The 0.62-ha f i e l d  p l o t ,  l oca ted  a t  t h e  Maricopa Agr i cu l tu ra l  Center of 
t h e  Univers i ty  of  Arizona, and which was descr ibed  i n  t h e  1984 Annual 
Report,  was aga in  used f o r  t h i s  experiment. The f i e l d  was harrowed and 
new berms thrown up p r i o r  t o  t h e  present  experiment. A d i t c h e r  was used 
t o  farm t h e  berms i n  order  t o  prevent  t h e  format ion  of a "well" along 
t h e  perimeter  of  each subplot .  Again t h i s  y e a r ,  56 equal-area subp lo t s  
were e s t a b l i s h e d ,  each wi th  a n  a r e a  of 7.6m by 10.7m. The s m a l l e r  
subplo t  s i z e  compared t o  t h e  9m by 12m of  t h e  1984 experiment was due t o  
t h e  l a r g e r  berm width r e s u l t i n g  from use  of t h e  d i t c h e r .  

Experimental Procedure 

Following a 125mm i r r i g a t i o n  without  chemical a d d i t i o n ,  f i v e  75mm irri- 
g a t i o n s ,  each l abe led  wi th  a d i f f e r e n t  t r a c e r  and/or  bromacil ,  were 
appl ied  t o  t h e  f i e l d  p l o t  over  a n  e leven  week period.  P r i o r  t o  each 
75mm i r r i g a t i o n ,  14 of t h e  56 subplo ts  were sprayed wi th  t r a c e r  o r  
tracer/herbicI.de so lu t ion .  The schedule of i r r i g a t i o n s  and a s soc ia t ed  
chemicals i s  presented  i n  Table 2. A s e p a r a t e  t r a c e r  o r  
t r a c e r / h e r b i c i d e  formulat ion was prepared f o r  each of t h e  14 t r e a t e d  
subplo ts .  Each t r a c e r  was converted t o  i t s  potassium s a l t  and d isso lved  
i n  32L of water .  This s o l u t i o n  was sprayed on t h e  s o i l  by making f i v e  
t o  s i x  passes  wi th  a hand-held spray  r i g  over  each 7.6m by 10.7m 
subplot .  For t h e  Br' t r a c e r  only ,  an a d d i t i o n a l  14 subp lo t s ,  f o r  a 
t o t a l  of 28, were sprayed wi th  t r a c e r  s o l u t i o n .  

Following t h e  PFBA/Hyvar-X a p p l i c a t i o n  ( s e e  Table  2) ,  bu t  p r i o r  t o  t h e  
a d d i t i o n  of i r r i g a t i o n  water ,  t h e  s u r f a c e s  of t h r e e  of t h e  t r e a t e d  
subplo ts  were sampled t o  determine t h e  t r a c e r / h e r b i c i d e  a p p l i c a t i o n  uni- 
formity.  T h i r t y  randomly s e l e c t e d  p o i n t s  w i t h i n  each subplo t  were 
sampled t o  a depth  of  approximately 50mm u s i n g  a 23mm I.D. Veihmeyer 
tube t i p .  These su r face  samples were analyzed f o r  PFBA content  v i a  
high-performance l i q u i d  chromatography (HPLC). 

S o i l  co res  from a l l  28 t r e a t e d  subp lo t s  were obta ined  during t h e  four- 
day per iod  June 11-14. The co res  were taken  u s i n g  Veihmeyer tubes  
equipped wi th  21mm I.D. t i p s .  Seven co res ,  i n  300mm increments t o  a 
depth of  2.7m, were taken i n  each of t h e  14 subp lo t s  which had rece ived  
a l l  f i v e  t r a c e r s  and Hyvar-X. An a d d i t i o n a l  seven cores ,  i n  300mm 
increments t o  a depth of  1.8m, were taken  i n  each  of  t h e  14 subp lo t s  
which rece ived  only  Br-. Thus, a t o t a l  o f  196 p o i n t s  were sampled. The 
loca t ions  of t h e  sampling po in t s  a r e  i n d i c a t e d  i n  F igure  1. Each 300mm 
s o i l  co re  was placed i n  a Ziploc bag and t h e  bag p u t  i n t o  an i c e  c h e s t  
t o  minimize bromacil  degradat ion a f t e r  sampling. Upon r e t u r n  t o  t h e  
l abora to ry ,  a l l  samples from t h e  bromacil- t reated p l o t s  were f rozen  
u n t i l  a n a l y s i s ;  t h e  samples from p l o t s  which r ece ived  only bromide were 
s to red  a t  room temperature. 

A subsample of  each 300mm core  was e x t r a c t e d  w i t h  water  a t  a 1:2 
so lu t ion- to-so i l  r a t i o .  Af ter  c e n t r i f u g a t i o n  and f i l t e r i n g ,  t r a c e r s  and 
bromacil were analyzed v i a  a HPLC technique desc r ibed  e a r l i e r  (Bowman, 
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1984). Note t h a t  n e i t h e r  t h e  e x t r a c t i o n  procedure nor HPLC a n a l y s i s  
was optimized f o r  bromacil; t h e  bromacil  concent ra t ions  determined t o  
d a t e  must be considered q u a l i t a t i v e .  Analyses of bromacil i n  t h e  s o i l  
samples making use of a n  o rgan ic  so lven t  e x t r a c t i o n  and optimized chro- 
matographic procedure a r e  i n  progress .  

RESULTS AND DISCUSSION 

The r e s u l t s  of t h e  s u r f a c e  sampling f o r  determining spray  uni formi ty  a r e  
presented i n  Table 3. There was a l a r g e  degree of v a r i a t i o n  i n  recov- 
e r i e s  from t h e  23mm I.D. samples. Coef f i c i en t s  of v a r i a t i o n  (CV) ranged 
from 31% t o  51% wi th in  a s i n g l e  subplo t .  Two samples i n  subp lo t  4,  and 
one sample i n  subplot  2, showed no  presence of  PFBA. The h i g h  C V ' s  a r e  
perhaps not  s u r p r i s i n g  g iven  t h e  smal l  s i z e  of  t h e  samples r e l a t i v e  t o  
t h e  subplo t  s i z e .  In a d d i t i o n ,  t h e  subplo t  s u r f a c e s  were not  p e r f e c t l y  
smooth; the uneven su r face  undoubtedly con t r ibu ted  t o  non-uniform sp ray  
a p p l i c a t i o n  a t  t h e  s c a l e  of  t h e  23mm I.D.  sample. 

The recover ies  of PFBA from subp lo t s  2 and 13  (86% and 94%, respec- 
t i v e l y )  a r e  reasonable,  a l though t h e  recovery from subplot  4 (69%) 
seems r a t h e r  low. Some l o s s  was l i k e l y  due t o  ae roso l  d r i f t  away from 
t h e  subplo ts  during a p p l i c a t i o n ;  t h i s  phenomenon was noted du r ing  
spraying. It i s  a l s o  l i k e l y  t h a t  some t r a c e r  was l o s t  t o  t h e  subp lo t  
berms i n  t h e  at tempt t o  sp ray  every p o r t i o n  of t h e  7.6m by 10.7m 
subp lo t ,  t hus  lowering t h e  a c t u a l  s u r f a c e  concent ra t ion  i n  t h e  sampled 
a reas .  Another p o s s i b i l i t y ,  which cannot be discounted,  i s  t h a t  some 
photodegradation of PFBA occurred dur ing  t h e  a f t e rnoon  and morning 
between PFBA spraying and sampling. F i n a l l y ,  i t  i s  poss ib l e ,  a l though 
n o t  l i k e l y ,  t h a t  a l l  t h e  s u r f a c e  PFBA was not  recovered by sampling t o  a 
50mm depth. 

A s  noted above, bromacil ana lyses  a r e  s t i l l  i n  progress .  Pre l iminary  
l abora to ry  batch e q u i l i b r a t i o n  s t u d i e s  i n d i c a t e d  a bromacil d i s t r i b u t i o n  
c o e f f i c i e n t  on t h e  Mohall s o i l  from t h e  f i e l d  s i t e  t o  be on t h e  o r d e r  of 
0.5mL g'l, Therefore, t o t a l  recovery of  bromacil  from t h e  f i e l d  co res  
i s  not  achieved by simple e x t r a c t i o n  w i t h  water.  Nonetheless, t h e  
aqueous e x t r a c t s  showed d e f i n i t e  t r e n d s  i n  bromacil  d i s t r i b u t i o n  w i t h  
depth f o r  i nd iv idua l  core  samples. While t h e  bromacil  was n o t  t o t a l l y  
recovered i n  these  e x t r a c t s ,  i t  i s  f e l t  t h a t  t h e  w a t e r e x t r a c t a b l e  brom- 
a c i l  d i s t r i b u t i o n  wi th  depth l i k e l y  mirrored t h e  d i s t r i b u t i o n  of  t o t a l  
s o i l  bromacil wi th  depth. The fo l lowing d i scuss ion  i s  based on t h e  
water-soluble bromacil da ta .  

Data f o r  bromacil and PFBA d i s t r i b u t i o n s  wi th  depth  f o r  a r e p r e s e n t a t i v e  
core  sample a r e  presented i n  F igure  2. As expected,  i n  most co res  t h e  
bromacil peak concent ra t ion  occurred a t  a sha l lower  depth than  d i d  t h e  
peak f o r  PFBA. The r a t i o  of t h e  PFBA peak depth  t o  t h e  bromacil  peak 
depth i s  t h e  r e t a r d a t i o n  f a c t o r ,  R ,  which expresses  t h e  r e l a t i v e  mobil- 
i t y  of a n  unretained water  t r a c e r  t o  a chemical which i s  r e t a r d e d  i n  i t s  
movement. 

For t h e  77 co re  samples which have been analyzed up t o  t h i s  t ime,  t h e  
bromacil r e t a r d a t i o n  f a c t o r s  ranged from 1.0 t o  5.0, wi th  a mean va lue  
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of 1.76 and a c o e f f i c i e n t  of  v a r i a t i o n  of 43%. In  no case  was t h e  
r e t a r d a t i o n  f a c t o r  less than  1.0. 

A commonly-used equat ion f o r  r e l a t i n g  t h e  s o l u t e  r e t a r d a t i o n  f a c t o r  t o  
t h e  s l o p e  of  a  l i n e a r  s o r p t i o n  isotherm i s  

where Kd i s  t h e  isotherm s lope ,  P i s  t h e  s o i l  bulk d e n s i t y ,  and 8 i s  t h e  
volumetr ic  s o i l  water  content .  Back-calculating va lues  of Kd from t h e  
observed va lues  of  R ,  and assuming nominal va lues  of 1.4 Mg m-3 and 0.25 
f o r  P and 8, r e spec t ive ly ,  t h e  mean va lue  of Kd i s  0.14 mL g-l, wi th  a  
range of 0.0 t o  0.9 mL g-l. Thus, t h e r e  was a wide range i n  t h e  s o i l ' s  
a f f i n i t y  f o r  bromacil  across  t h i s  small  f i e l d .  The labora tory-  
determined Kd va lue  of 0.5 mL g-' f a l l s  w i t h i n  t h e  range of t h e  f i e l d  
va lues .  

The mean downward v e l o c i t y  of  pe rco la t ing  wa te r  measured us ing  t h e  f i v e  
t r a c e r  pu l ses  exceeded t h e  pore  water  v e l o c i t y  c a l c u l a t e d  from a plug- 
flow model by a  f a c t o r  of two t o  t h r e e  i n  t h i s  experiment ( s e e  1985 
Annual Report by R. C .  Rice). This  i n d i c a t e s  t h a t  a  s i g n i f i c a n t  amount 
of  bypass o r  p r e f e r e n t i a l  f low occurred by downward-moving water  dur ing  
leaching.  Since t h e  measured bromacil r e t a r d a t i o n  f a c t o r  was l e s s  than 
two, bromacil was a c t u a l l y  moving downward a t  a  r a t e  f a s t e r  t han  pre- 
d i c t e d  f o r  e n  unretained chemical under plug-flow cond i t ions ,  wherein 
a l l  t h e  s to red  p r o f i l e  moisture p a r t i c i p a t e s  i n  misc ib l e  displacement.  
These r e s u l t s  provide a n  example of  a  case i n  which t h e  phys ica l  process  
of non-uniform water  flow dominated t h e  chemical process  of s o r p t i o n  i n  
c o n t r o l l i n g  p e s t i c i d e  leaching.  
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Table 1. Physical  and chemical p r o p e r t i e s  of bromacil 

Ref. - 
Vapor dens i ty  (mg L-l) 3.0*10-~ 1 
Aqueous s o l u b i l i t y  (mg L-l) 815 1 
Organic Carbon P a r t i t i o n  Coef f i c i en t  (mL g-l) 72 (CV=102%) 1 
Degradation Half l i f e  (days) 350 1 
Henry's constant  (KH) 3.7*10-8 1 
Acid d i s s o c i a t i o n  constant  (pKa) 9.1 2 

1. Jury e t  a l . ,  1984 
2. Weber, 1971 

Table 2. Schedule of i r r i g a t i o n s  and t r a c e r l h e r b i c i d e  a d d i t i o n s  

Date I r r i g a t i o n  Tracer /Herbic ide  
(1985) Amount (mm)  Name Rate (g  m-2) 

22 March 125 - - 
4 Apr i l  7 5 2,6-DFBA 2.34 

PFBA 2.99 
16 Apr i l  75 Hyvar-X 3.94 

15  May 7 5 m-TFMBA 1.49 

6 June 7 5 Br-  12.4 

Table 3. Application uniformity and recovery of PFBA from s u r f a c e  
samples. 

Subplot 

2 4 1 3  Combined 
Mean ( g/cm2) 2% 285 2 x  247 

C.V. ( X )  51 46 31 44 

Mean Recovery (%) 86 69 9 4 83 
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Figure 2 .  Bromacil (dashed l i n e )  and PFBA 
( s o l i d  l i n e )  distributions with 
depth for  core sample 4-1. 
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TITLE: INCORPORATING SPATIALLY VARIABLE INFILTRATION INTO BORDER 
IRRIGATION MODELS 

NRP: 20790 CRIS WORK UNIT: 5422-20790-005 

INTRODUCTION 

Although numerous border i r r i g a t i o n  models e x i s t  and can be  used t o  
c a l c u l a t e  i r r i g a t i o n  uniformity f o r  a  wide range of phys ica l  and mana- 
g e r i a l  condi t ions ,  t hese  models r a r e l y  t a k e  i n t o  account t h e  e f f e c t  of  
v a r i a b l e  i n f i l t r a t i o n  i n  t h e i r  p red ic t ions .  This s tudy i n v e s t i g a t e d  t h e  
e f f e c t  of s p a t i a l l y  v a r i a b l e  i n f i l t r a t i o n  on i r r i g a t i o n  uni formi ty  and 
how t o  b e s t  incorpora te  t h i s  condi t ion  i n  t h e  model s imula t ions .  

PROCEDURE 

The depth of i n f i l t r a t i o n  was broken down i n t o  i t s  component pa r t s :  t h e  
oppor tuni ty  time f o r  i n f i l t r a t i o n  and t h e  i n f i l t r a t i o n  p o t e n t i a l  of t h e  
s o i l  a s  described by a n  i n f i l t r a t i o n  equat ion  and i t s  parameters.  
Expressions f o r  t h e  mean and var iance  of t h e  i n f i l t r a t i o n  depth were 
then der ived ,  which depend on t h e  means, va r i ances  and covariances of  
t h e  oppor tuni ty  time and i n f i l t r a t i o n  parameters .  

For P h i l l i p ' s  two-term i n f i l t r a t i o n  equat ion ,  expressions f o r  t h e  mean 
and va r i ance  can be w r i t t e n  a s  

where I i s  i n f i l t r a t e d  depth,  t time, x t h e  square  roo t  of  t ime,  and s 
and a a r e  i n f i l t r a t i o n  equat ion parameters. Estimates of i n f i l t r a t i o n  
v a r i a b i l i t y  can then  be made i f  t h e  d i s t r i b u t i o n s  f o r  t h e  opportuni ty 
time and i n f i l t r a t i o n  parameters a r e  known. 

RESULTS 

I n  p r a c t i c e ,  t h e  mathematical expressions f o r  t h e  var iance  of t h e  
i n f i l t r a t i o n  depth can be  s impl i f i ed ,  e l i d n a t i n g  t h e  second l i n e  of 
terms. The method developed h e r e  was compared t o  t h e  r e s u l t s  of  a l a r g e  
number of i r r i g a t i o n  s imulat ions.  The s imula t ions  were performed us ing  
a  s imple border  i r r i g a t i o n  model descr ibed  i n  1984's Annual Report and a  
Monte Carlo technique. Typical  border  condi t ions  and i n f i l t r a t i o n  
parameter d i s t r i b u t i o n s  were used. Calcula ted  va lues  f o r  t h e  mean 
i n f i l t r a t i o n  depth and i t s  variance agreed w e l l  wi th  t h e  s imulated 
r e s u l t s .  

It was a l s o  found t h a t  ca l cu la t ed  oppor tuni ty  t imes were l i t t l e  a f f e c t e d  
when s p a t i a l l y  v a r i a b l e  i n f i l t r a t i o n  r a t e s  were used dur ing  border  irri- 
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ga t ion  simulat ions.  Therefore, t he  expressions developed h e r e  can be 
used d i r e c t l y  with t h e  output  from any border i r r i g a t i o n  model t o  calcu- 
la te  t h e  e f f e c t  of v a r i a b l e  i n f i l t r a t i o n  r a t e s  on i r r i g a t i o n  uniformity. 
Although t h i s  technique a l lows ca lcu la t ions  of t h e  mean and var iance  of 
t h e  i n f i l t r a t i o n  depth,  c a r e  must be  taken i f  o t h e r  measures of i r r i g a -  
t i o n  uniformity,  such a s  t h e  d i s t r i b u t i o n  uniformity of t h e  lowest  
q u a r t e r ,  a r e  t o  be  ca lcula ted ,  s ince  these  measures depend no t  only on 
t h e  mean and var iance  of t h e  i n f i l t r a t i o n  depth but  a l s o  on t h e  type of 
d i s t r i b u t i o n  the  i n f i l t r a t i o n  depth fol lows.  

CONCLUSIONS 

Expressions f o r  t h e  mean and var iance  of i n f i l t r a t i o n  depth  were derived 
by a simple combination of var iances  technique and v e r i f i e d  by comparing 
t h e i r  p red ic t ions  with a l a r g e  number of simulated i r r i g a t i o n s .  What 
remains i s  t o  v e r i f y  t h e  r e s u l t s  with f i e l d  da ta .  We a r e  c u r r e n t l y  
c o l l e c t i n g  t h e  d a t a  requi red  f o r  v e r i f i c a t i o n  of t h e  approach. 
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TITLE: INFILTRATION VARIABILITY IN A FLOOD-IRRIGATED PLOT 
AND ITS IMPLICATIONS FOR SOLUTE MOVEMENT 

NRP : 20790 CRIS WORK UNIT: 5422-20790-005 

INTRODUCTION 

Recently, considerable attention has been given to the effect of spa- 
tially variable soil hydraulic properties on, among other things, the 
fate of surface-applied fertilizers and pesticides (Biggar and Nielsen, 
1976); crop yields (Bresler and Dagan, 1979); and irrigation efficien- 
cies for border irrigation systems (Jaynes and Clemmens, 1986). 
Although these papers represent considerable progress in quantifying the 
effects of spatial variability of infiltration, much work remains to be 
done. Almost no information is available on the variability of 
infiltration during field irrigation. In this study, we describe the 
infiltration variability measured across a small subplot and discuss 
some of the implications of this variability for solute movement. 

METHODS 

The experimental field design and methods have been described in detail 
in earlier papers (Rice, Bowman, and Jaynes, 1986; Jaynes, Rice, and 
Bowman, 1986) and will only be summarized here. Infiltration rates were 
measured at 63 locations within a 12.2- X 9.15- subplot that had been 
used in an earlier solute leaching experiment (Rice, Bowman, and Jaynes, 
1986) covering an area of 0.62 h. We used 0.254-m diameter infiltrome- 
ters that were laid out on a 7 x 9 grid with a one meter spacing in each 
principle direction. Single rings were used without guard rings. 
Instead, the entire subplot was flooded at the same time as the 
infiltrometers were filled, with each receiving 0 . 1 3 ~  of water. 
Falling heads were used since this best simulates the process of flood 
irrigation in fields. Heads were measured within each ring with the 
system described by Dedrick and Clemmens (1984). Measurements were made 
about every two minutes. 

The resulting depth vs. time data were then fit by the Kostiakov 
equation using non-linear least-squares regression (Jaynes, 1986) where 

and I is depth (rnm), S a regression coefficient (mm s-b), t is oppor- 
tunity time measured from the start of infiltration (s), and b is a 
second regression coefficient (unitless). Equation 1 gave a good fit to 
all the data with an r2 > 0.93 for each curve. 

RESULTS AND DISCUSSION 

The regression curves for the 63 infiltrometers are shown in Figure 1 
for the time 0 to 15 minutes. As can be seen, there are considerable 
differences in the infiltration curves within this small subplot, with a 

Annual Report of the U.S. Water Conservation Laboratory



minimum infiltration depth after 15 minutes (115) of 8.5 mm and a maxi- 
mum of 141.8 m. The infiltration curves are terminated here after 15 
minutes because the 115 values will be used later in conjunction with 
results from a solute leaching study (next section). The histogram of 
115 values is shown in Figure 2a. Also shown in this figure is the nor- 
mal distribution (P = 59.1, 02 = 767) and log-normal distribution (p = 
3.94, a2 = .314) corresponding to this data. Both distributions appear 
to fit the data equally well with the normal curve predicting the peak 
of the distribution better than the log-normal curve, while the log- 
normal curve predicts the frequencies at the extremes better and does 
not predict any negative values for 115, which are physically 
meaningless. 

The histograms for the calculated S and b parameters are shown in 
Figures 2b and 2c. Values for each are extremely variable. The normal 
and log-normal curves are again superimposed on the histograms. For S, 
the normal distribution has p = 1.18 and 02 = 0.700, while the log- 
normal distribution has p = -. 184 and a2 = 1.14. For b, the normal 
distribution parameters are p = .607, a2 = .0132, and the log-normal 
parameters are p = -.516 and a2 = .0345. Neither the normal nor log- 
normal distribution appears to fit the S data well, although the log- 
normal curve does predict the extreme values better. For b, the normal 
and log-normal curves fit the measured values equally well. 

The regression coefficients are also correlated with each other, which 
is the same result found by Sharma, Gander, and Hunt (19801, even though 
they used Phillip's two-term infiltration equation instead of the 
Kostiakov equation. Figure 3 is a plot of in S vs. b and shows a strong 
near-linear inverse correlation between the two parameters (r = -.86); 
that is, large values of in S correspond to small values in b. This 
inverse correlation helps to decrease the dispersion in the I values for 
any time. 

Until now, we have considered the infiltration measurements to be spa- 
tially uncorrelated. To test the spatial correlation in the infiltra- 
tion data, semi-variograms were constructed for the principle axes (N-S 
and E-W) and the two diagonal directions. Figure 4 shows the semi- 
variograms for in 115 for the two principle directions E-W and N-S. 
Each point represents a minimum of 30 pairs. Also shown in Figure 4 is 
the variance for all 63 measurements. Significant spatial structure is 
apparent in these data with correlations up to about 3-m distance. 
Figure 4 also shows that the spatial structure of the in 115 values is 
anisotropic, with the in I15 values being more strongly correlated in 
the E-W direction. Although not shown, the semi-variograms for the two 
diagonal directions are intermediate between these two, and thus the 
infiltration data exhibit a simple geometric anisotropy (p. 177, Journel 
and Huijbregts, 1978). 

IMPACT ON SOLUTE LEACHING 

We can demonstrate the implications of variable infiltration on solute 
movement in the field by comparing the measured results for a solute 
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leaching s tudy we conducted e a r l i e r  on these  subplo ts  (Rice ,  Bowman, and 
Jaynes, 1986) t o  the  ca lcula ted  r e s u l t s  from a simple s o l u t e  leaching 
model. I n  t h e  s o l u t e  leaching s tudy,  KBr was uniformly applied t o  the  
s o i l  su r face  and then leached through the s o i l  with seven f lood i r r i g a -  
t i o n s  over a  159-day period. Seven times during t h i s  per iod ,  s o i l  
samples were taken from 28 loca t ions  i n  t h e  f i e l d  t o  a  depth of approxi- 
mately 3 meters. The samples were sect ioned i n t o  .3-m increments and 
analyzed f o r  Br-. The da ta  were then combined t o  g ive  average Br- con- 
cen t r a t ions  versus  depth f o r  each sampling period. 

To simulate  s o l u t e  leaching under these  condi t ions ,  we w i l l  use a  
s impl i f i ed  vers ion  of a  model described by Parker and van Genuchten 
(1984) which is described i n  d e t a i l  i n  Jaynes, Bowman, and Rice (1986). 
Bas ica l ly  t h e  model cons i s t s  of t h e  s tandard s o l u t e  t r a n s p o r t  equation 

where z  i s  depth, c  s o l u t e  concent ra t ion ,  D t h e  d i spe r s ion  c o e f f i c i e n t  
and v the  pore water veloci ty.  We assume t h a t  t h e  f i r s t  term on the  
r i g h t  hand s i d e  of Eq. 2  is much smal le r  than t h e  second term and i s  
thus  i n s i g n i f i c a n t .  Also, r a t h e r  than use an average value f o r  v, we 
assume t h a t  v  follows a log-normal d i s t r i b u t i o n  and i s  r e l a t e d  t o  t h e  
su r face  f l u x  q ,  by 

where w is  t h e  s o i l  volume f r a c t i o n  through which flow i s  taking p lace  
and is assumed constant across  the  f i e l d .  The mean and var iance  of i n  v 
a r e  therefore  r e l a t ed  t o  the su r face  f l u x  which i s  p ropor t iona l  t o  t h e  
i n f i l t r a t i o n  depth 

Uln v = Illn q - In  w (4 )  

We can c a l c u l a t e  aZln d i r e c t l y  from the i n  I da ta ;  however, the  mean 
of i n  v r equ i re s  an es t imate  of w and cannot be c a l c u l a t e d  d i r e c t l y  from 
t h e  i n f i l t r a t i o n  data. We, the re fo re ,  used aZln I f o r  t h e  aZln va lue  
and curve f i t  t o  f ind  u of i n  v such t h a t  the  ca l cu la t ed  and measured 
concent ra t ion  peaks coincided. 

The variance of I a t  15 minutes was used s ince  the  mean i n f i l t r a t i o n  
depth a t  t h i s  time equals  the  average i r r i g a t i o n  depth dur ing  the  
leaching experiment. Since t h e  ca l cu la t ed  var iance  r ep resen t s  only an 
e s t ima te  of the t r u e  variance,  we would l i k e  t o  use the  c a l c u l a t e d  95% 
confidence l i m i t s  f o r  the  variance. However, s i n c e  t h e  115 va lues  a r e  
s p a t i a l l y  co r re l a t ed ,  the  ca l cu la t ed  variance is a biased (under) e s t i -  
mate of the t r u e  variance and t r u e  95% l i m i t s  cannot be ca lcula ted .  
Therefore, t h e  values we use f o r  t h e  95% confidence l i m i t s  .223 < a2  < 
.453 a re  only approximations. 

The measured time and water contents  had t o  be transformed before  we 
could compare the model r e s u l t s  t o  t h e  measured d a t a  s i n c e  we a r e  simu- 

Annual Report of the U.S. Water Conservation Laboratory



l a t i n g  a dosed i r r i g a t i o n  scheme by a cons tan t  f l u x  model. The t rans-  
formed coordinates  were 

where E ( ~ ( T ) )  i s  t h e  areally-averaged expected f l u x  a t  t ime t .  E ( ~ ) *  i s  
t h e  a rea l ly -  and t imeave raged  expected f l u x ,  E(w(z)) i s  t h e  a rea l ly -  
averaged e y e c t e d  water  content  through which s o l u t e  i s  moving a t  depth 
z ,  and E(w) i s  t h e  a rea l ly -  and depth-averaged expected wa te r  content  
through which s o l u t e  is  moving. 

The s o l u t i o n  t o  Eq. 3 can be found i n  van Genuchten and Alves (p 32 ,  
1982) f o r  a s l u g  i n p u t  of  t r a c e r .  The s p a t i a l l y  averaged concent ra t ion  
f o r  any time and depth i s  then  found from 

where p(v) i s  t h e  log-normal d i s t r i b u t i o n  d e n s i t y  func t ion  f o r  v de ter -  
mined by u and a2 f o r  i n  v and c ( z ,  t ,v)  i s  t h e  a n a l y t i c a l  s o l u t i o n  of 
Eq. 3  f o r  any z ,  t and v. 

Resul t s  f o r  t h e  model, us ing  both t h e  upper and lower e s t i m a t e  f o r  t h e  
va r i ance  of  i n  115 a r e  shown i n  F igure  5 f o r  t h e  f i r s t  s i x  sampling 
da te s .  Also shown i n  Figure 5 a r e  t h e  95% confidence limits f o r  t h e  
mean Br-  concent ra t ion  measured w i t h i n  each depth increment.  The pre- 
d i c t e d  d i spe r s ion  i n  Br-  a s  inf luenced  by v a r i a t i o n s  i n  t h e  i n f i l t r a t i o n  
r a t e  accounts  f o r  v i r t u a l l y  a l l  t h e  observed d ispers ion .  Observed 
d i spe r s ion  i s  s l i g h t l y  l e s s  than  p red ic t ed  f o r  l a t e r  times ( t*  > 75 
days) when Br-  has  moved deeper i n t o  t h e  s o i l ,  bu t  i s  s imula ted  c l o s e l y  
f o r  t h e  e a r l i e r  da tes .  Closer  agreement a t  e a r l y  t imes i s  n o t  
s u r p r i s i n g  s i n c e  t h e  i n f i l t r a t i o n  d a t a  measure t r a n s p o r t  v a r i a b i l i t y  
only nea r  t h e  s o i l  sur face .  Apparently, t h e  processes of  deep p e r  
c o l a t i o n  and r e d i s t r i b u t i o n  a r e  less v a r i a b l e  than  i n f i l t r a t i o n  under 
f lood i r r i g a t i o n .  

CONCLUSIONS 

One impl i ca t ion  of t h i s  v a r i a b i l i t y  i s  t h a t  s o l u t e s  w i l l  n o t  l e a c h  uni- 
f  ormly through t h e  p r o f i l e  over  t h e  f i e l d .  Using a s imple p i s t o n  f low 
model, w e  showed t h a t  most of t h e  observed spread  i n  t h e  average s o l u t e  
concent ra t ion  versus  depth could be  a t t r i b u t e d  t o  v a r i a t i o n s  i n  t h e  
depth o f  water  appl ied  due t o  v a r i a b l e  i n f i l t r a t i o n  r a t e s .  Fu r the r  
r e sea rch  i s  needed t o  t e s t  i f  t h i s  r e l a t i o n s h i p  w i l l  a l s o  hold  f o r  d i f -  
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f e r e n t  s o i l s  and i r r i g a t i o n  schemes. Many more s t u d i e s  a r e  needed t o  
quant i fy  i n f i l t r a t i o n  v a r i a b i l i t y  f o r  a wide range of  s o i l s  and con- 
d i t i o n s  and i d e n t i f y  t h e  consequences of  such v a r i a b i l i t y  f o r  day-to-day 
s o i l s  management. 
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Figure 1. I n f i l t r a t i o n  curves f o r  the 6 3  l o c a t i o n s  wi th in  the  subplo t .  
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Figure 3 .  P l o t  of i n  S versus  b f o r  the  6 3  l o c a t i o n s .  Dashed l i n e  
was found by l i n e a r  r eg res s ion .  
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Figure 4 .  Semi-variogram p l o t s  of the i n  I d a t a  along the p r i n c i p l e  15 N-S, E-W d i r e c t i o n s .  Dashed l i n e  is the va r i ance  c a l c u l a t e d  
f o r  a l l  6 3  l oca t ions .  
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Br- CONCENTRATION, (mg/l) 

Figure 5. Pieasured and c a l c u l a t e d  B r -  concent ra t ions  ve r sus  depth f o r  t h e  
f i r s t  s i x  sampling da tes .  The 95% confidence l i m i t s  f o r  the  
measured mean concent ra t ions  measured over  0.30-m increments a r e  
shown. F igure  l a b e l s  i n d i c a t e  sampling time, t+'. Smooth curves  
were c a l c u l a t e d  us ing  the  approximate 95% confidence values f o r  
the  va r i ance  of i n  115. 

Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



TITLE: LONG TERM EFFECT OF IRRIGATION ON RECHARGE 
AND OUALITY OF GROUNDWATER 

NRP : 20790 CRIS WORK UNIT: 5422-20790-00s 

SPATIAL VARIABILITY. OF DEEP PERCOLATION RATES 

Charac ter iza t ion  of deep pe rco la t ion  water  a s  i t  moves t o  t h e  ground- 
water  i s  necessary t o  p r e d i c t  t h e  long-term e f f e c t s  of  i r r i g a t i o n  on 
groundwater qua l i ty .  The use  of t r a c e r s  i n  monitoring deep pe rco la t ion  
r a t e s  g ives  po in t  measurements. Because deep pe rco la t ion  may vary con- 
s ide rab ly  over  a f i e l d ,  a number of po in t  measurements a r e  needed t o  
cha rac te r i ze  t h e  f i e l d .  Determining t h e  s p a t i a l  v a r i a b i l i t y  i s  a l s o  
necessary t o  p red ic t  deep pe rco la t ion  on a f i e l d  bas i s .  

PROCEDURE 

S p a t i a l  v a r i a t i o n  of deep pe rco la t ion  r a t e s  was continued i n  1985 a t  t h e  
Maricopa Agr i cu l tu ra l  Center. The experimental  procedure and p l o t  
design a r e  described i n  d e t a i l  i n  1985 Annual Report,  "Di s t r ibu t ion  of  a 
mobile herb ic ide  below a f lood- i r r iga t ed  f i e ld . "  Five 7.5 cm i r r i g a -  
t i o n s  were appl ied  t o  t h e  f i e l d  a t  2 week i n t e r v a l s .  A d i f f e r e n t  t r a c e r  
was appl ied  t o  14 of  t h e  56 p l o t s  before  each i r r i g a t i o n .  The l a s t  
t r a c e r  (Br-1 was applied t o  a n  a d d i t i o n a l  14 p l o t s .  Seven random s i t e s  
i n  each p l o t  were sampled a t  30 c m  i n t e r v a l s .  I n  t h e  mul t ip l e  t r a c e r  
p l o t s ,  t h e  s i t e s  were sampled t o  270 cm while  t h e  p l o t s  r ece iv ing  only  
Br-  were sampled t o  180 cm. For a n a l y s i s ,  a 2:l  s o i l  water  e x t r a c t  was 
obtained f o r  each sample. The m u l t i p l e  t r a c e r  samples were analyzed 
us ing  a HPLC method. The Br- only  samples were analyzed u s i n g  a 
Technicon procedure. 

The s p a t i a l  v a r i a b i l i t y  of evapora t ion  was measured dur ing  one i r r i g a -  
t i o n  cycle.  Point evaporat ion r a t e s  were determined a t  168 l o c a t i o n s  on 
t h e  f i e l d  us ing  remote sens ing  techniques developed by Jackson (1984). 

Meteorological d a t a  was r o u t i n e l y  c o l l e c t e d  t o  e s t ima te  s o i l  evapora- 
t ion .  Parameters measured were s o l a r ,  n e t ,  and r e f l e c t e d  r a d i a t i o n ,  a i r  
temperature, r e l a t i v e  humidity, s o i l  s u r f a c e  temperature, s o i l  h e a t  
f l u x ,  and wind speed. 

RESULTS AND DISCUSSION 

The average t r a c e r  recovery i s  shown i n  Table 1 f o r  t h e  d i f f e r e n t  t r a c -  
e r s  and p lo t s .  Each value i s  t h e  average of 7 sites. The recovery of  
t h e  2, 6DF t r a c e r  was t h e  lowest.  This  was t h e  f i r s t  t r a c e r  app l i ed ,  
and some of t h e  t r a c e r  moved below t h e  270 cm sample depth. The PFBA 
and t h e  o-TFMBA t r a c e r s '  r ecove r i e s  were 93 and 106%, r e spec t ive ly .  The 
Br-  t r a c e r  showed t h e  h ighes t  recovery a t  138%. Br- had been app l i ed  i n  
1984, and r e s i d u a l  t r a c e r  may have been i n  t h e  p r o f i l e .  The mean recov- 
e r y  of Br- from t h e  p l o t s  t h a t  had not  rece ived  Br- previous ly  was 130%. 
Another explanat ion f o r  t h e  h ighe r  recovery f o r  Br- and m-TFMBA i s  sur-  
f a c e  s o i l  f a l l i n g  back i n t o  t h e  h o l e  dur ing  sampling. The s o i l  s u r f a c e  
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was d ry  and small amounts of  s o i l  d i d  f a l l  i n t o  t h e  h o l e  a t  t imes. The 
concent ra t ion  of Br- and m-TFMBA was h igher  nea r  t h e  s u r f a c e  than  t h e  
o t h e r  t r a c e r s ,  and consequently f a l l - i n  would i n c r e a s e  t h e  t o t a l  recov- 
e r y  more than t h e  o t h e r  t r a c e r .  

A comparison was made between t h e  Technicon and HPLC procedures f o r  Br-  
ana lys i s .  The samples from one p l o t  were run on both  systems. The 
r e s u l t s  a r e  shown i n  F igure  1. The concent ra t ions  from t h e  HPLC proce- 
du re  were 6% higher  than  t h e  Technicon procedure. Negative i n t e r f e r e n c e  
was noted i n  previous  s t u d i e s  us ing  t h e  Technicon procedure ( s e e  Annual 
Report 1984). The HPLC method would have only p o s i t i v e  i n t e r f e r e n c e s ,  
i f  any. The depth of peak concent ra t ion  was t h e  same f o r  both  proce- 
dures.  Because t h e  d i f f e r e n c e  between procedures was sma l l  compared t o  
t h e  v a r i a t i o n s  i n  t o t a l  recovery,  t h e  two procedures were considered 
equal.  

The depth of  maximum t r a c e r  concent ra t ion  was determined f o r  each t r a c e r  
and sample site. The va lues  a r e  normally d i s t r i b u t e d  a s  shown i n  F igure  
2 where t h e  frequency histogram and normal d i s t r i b u t i o n  curve a r e  shown 
f o r  each t r a c e r .  The mean depth of  maximum t r a c e r  concen t ra t ion  i s  
shown a s  a  func t ion  of  water  appl ied  i n  F igure  3. The t r a c e r  movement 
was l i n e a r  wi th  water  appl ied.  The maximum, minimum, and s tandard  
v a r i a t i o n s  a r e  a l s o  shown i n  Figure 3. 

The mean depth  of maximum concent ra t ion  t r a c e r  v e l o c i t y  and Darcy veloc- 
i t y  f o r  t h e  d i f f e r e n t  t r a c e r s  i s  shown i n  Table 2. The v e l o c i t y  f o r  t h e  
f i r s t  fou r  t r a c e r s  app l i ed  va r i ed  between 1.73 and 1.85 cm/day. The 
average Darcy v e l o c i t y  was 0.42 cmfday. 

The i r r i g a t i o n  app l i ed ,  evaporat ion and deep p e r c o l a t i o n  c a l c u l a t e d  from 
t h e  water  balance a r e  shown i n  Figure 4. The deep p e r c o l a t i o n  r a t e  was 
0.16 cmfday o r  a  f a c t o r  of 2.7 l e s s  than t h e  t r a c e r  v e l o c i t y .  In  1984, 
t h e  r a t i o  of t r a c e r  t o  water  balance v e l o c i t i e s  was 5. While t h e  va lue  
of 2.7 i s  l e s s  than 1984, a  s i g n i f i c a n t  amount of  bypass o r  p r e f e r e n t i a l  
flow was s t i l l  occurr ing.  

The number of samples requi red  t o  c h a r a c t e r i z e  t h e  f i e l d  was determined. 
Tracers  were added t o  14 p l o t s  i n  t h e  f i e l d .  F ive  samples were taken a t  
7 s i t e s  i n  each of t h e  14  p lo ts .  The mean t r a c e r  v e l o c i t y  and va r i ance ,  
using one sample pe r  p l o t  (14 samples) was not  s i g n i f i c a n t l y  d i f f e r e n t  
a t  t h e  95% confidence l e v e l  from 7 samples pe r  p l o t  (98 samples).  This  
would i n d i c a t e  t h a t  14 samples would be  adequate t o  c h a r a c t e r i z e  t h e  
deep pe rco la t ion  r a t e  on t h i s  f i e l d .  

The s p a t i a l  v a r i a b i l i t y  s t r u c t u r e  wi th in  t h e  a r e a  can be q u a n t i f i e d  by 
applying g e o s t a t i s t i c a l  methods. The r e l a t i o n s h i p  of  each measurement 
t o  o t h e r  measurements a t  i nc reas ing  d i s t a n c e s  from t h a t  p o i n t  can b e  
determined by c a l c u l a t i n g  a  semivariogram def ined  as 
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where ~ ( h )  i s  t h e  semivariogram and N(h) i s  t h e  number of p a i r s  of 
observa t ions  [ ~ ( i ) ,  Z(i+h) ] t h a t  a r e  separa ted  by a d i s t a n c e  h ,  t h e  lag.  
The i d e a l  semivariogram w i l l  be ze ro  a t  a l a g  of ze ro ,  i n c r e a s e  u n t i l  
t h e  va r i ance  i s  reached, and then l e v e l  o f f .  The l a g  a t  which y becomes 
cons tant  i s  t h e  range. The p l a t eau  i s  r e f e r r e d  t o  a s  t h e  s i l l .  The 
range r ep resen t s  t h e  d i s t ance  a t  which measurements can be  considered 
random. In  some cases ,  t h e  Y w i l l  be p o s i t i v e  va lue  a t  ze ro  lag.  This  
i s  r e f e r r e d  t o  a s  nugget e f f e c t ,  which may be due t o  v a r i a b i l i t y  a t  l a g s  
sma l l e r  than t h e  smal les t  sampling d i s t a n c e  o r  t o  measurement e r r o r .  

A semivariogram f o r  t h e  2,6 DFBA t r a c e r  v e l o c i t y  i s  shown i n  Figure 5. 
The range was 2.4 cm. When samples a r e  taken a t  i n t e r v a l s  g r e a t e r  than 
2.4 m, t h e  measurements can be  considered randomly d i s t r i b u t e d .  Samples 
spaced c l o s e r  than 2.4 m a r e  s p a t i a l l y  co r re l a t ed .  Samples taken a t  
i n t e r v a l s  g r e a t e r  than 2.4 m can be analyzed us ing  c l a s s i c a l  s t a t i s t i c s .  
S p a t i a l  v a r i a b i l i t y  of evaporat ion from bare  s o i l  was a l s o  found t o  be  
co r re l a t ed  over  space. The d i s t a n c e  f o r  which one measurement i s  spa- 
t i a l l y  independent of another  va r i ed  from 4.1 t o  7.4 meters .  The spa- 
t i a l  s t r u c t u r e  was s i m i l a r  f o r  a l l  t h r e e  s t a g e s  of  evapora t ion ,  
i n d i c a t i n g  t h a t  t h e  s o i l  c o n t r o l s  evapora t ion  t o  some degree under 
energy l i m i t i n g  condit ions.  The va r i ance  was considerably g r e a t e r  
dur ing  t h e  second o r  t r a n s i t i o n a l  s t a g e  of dry ing  than  dur ing  wet o r  d ry  
condit ions.  The mean of t h e  poin t  evapora t ion  r a t e s  was t h e  same a s  
t h a t  ca l cu la t ed  from one meteorological  d a t a  s t a t i o n .  

SUMMARY AND CONCLUSIONS 

S p a t i a l  v a r i a b i l i t y  of  deep pe rco la t ion  of excess i r r i g a t i o n  water  was 
measured on a 0.62 ha bare  s o i l  f i e l d .  Deep pe rco la t ion  r a t e s  de t e r -  
mined from t h e  movement of  t r a c e r s  added t o  t h e  s o i l  before  each i r r i g a -  
t i o n  were 2.7 t imes f a s t e r  than  c a l c u l a t e d  from a water  balance. This  
i n d i c a t e s  a s i g n i f i c a n t  amount of bypass flow o r  f low i n  p r e f e r e n t i a l  
pathways. 

The deep pe rco la t ion  r a t e s  and evapora t ion  from t h e  s o i l  a r e  c o r r e l a t e d  
over  space. The l a g  d i s t ance  a t  which one measurement is s p a t i a l l y  
independent of  another  was 2.4 m f o r  deep pe rco la t ion  and 4 t o  7 m f o r  
evaporat ion.  The mean t r a c e r  v e l o c i t y  and var iance  us ing  14 samples was 
n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  t h e  95% confidence l e v e l  from 98  samples. 
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Table 1. Recovery of t r a c e r s  i n  s o i l  p r o f i l e  

P l o t  
2,b-DFBA PFBA o-TFMBA m-TFMBA Br- Br-  (only) 51 

X 

46 64 84 86 88 94 
75 100 110 122 119 130 
62 8 1 8 9 111 135 121 
52 8 1 9 4 89 110 106 
52 81 96 94 106 163 
88 102 125 118 170 145 
73 9 6 109 123 162 138 
89 106 Ill 113 130 87 
86 115 145 169 181 131 
92 113 9 3 90 115 110 
85 98 101 135 109 146 
84 7 7 93 142 192 133 
84 100 125 152 166 144 
82 9 3 100 156 140 175 

Average 7 6 93 106 121 138 130 

Br- was t h e  only t r a c e r  appl ied  t o  t h e s e  p l o t s  and were ana- 
lyzed us ing  t h e  Technicon method. A l l  o t h e r  analyses  were 
performed with HPLC. 

Table 2. Average depth of peak t r a c e r  concent ra t ion ,  t r a c e r  
v e l o c i t y ,  and Darcy v e l o c i t y  f o r  d i f f e r e n t  tracers. 

Tracer  Time Peak depth  Tracer  Veloci ty Darcy Veloci ty 
days cm cm/day cm/day 

Br- 6 25.1 4.16 
m-T FMBA 2 8 48.4 1.73 
o-TFMBA 42 77.7 1.85 
PFBA 57 100.7 1.77 
2,6-DFBA 69 126.1 1.83 
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Figure 3. Depths of maximum t r a c e r  concent ra t ion  for d i f f e r e n t  
amounts of water  appl ied .  

Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



Annual Report of the U.S. Water Conservation Laboratory



APPENDIX 

LIST OF 1985 PUBLICATIONS 
AND MANUSCRIPTS PREPARED 

Ms. No. 

ALLEN, S. G., BUCKS, D, A. and DIERIG, D. A. Photosynthesis and 
l e a f  water p o t e n t i a l  of co t ton  under t r i c k l e  and leve l -bas in  
i r r i g a t i o n .  1986 Cotton Report, College of Agr i cu l tu re ,  
Univers i ty  of Arizona, Tucson, AZ. ( i n  progress)  

ALLEN, S. G. ,  DOBRENZ, A. K. and BARTELS, P. G.  Phys io logica l  
response of s a l t - t o l e r a n t  and nonto lerant  a l f a l f a  t o  s a l i n i t y  
dur ing  germination. Crop Sci .  ( i n  progress)  

ALLEN, S. G.,  TAYLOR, G. A. and MARTIN, J. M. Agronomic charac- 
t e r i z a t i o n  of 'Yogo' hard red winter  wheat p l a n t  he igh t s  i so-  
l i n e s .  Agron. J. ( i n  progress)  

ANDERSON, M. and IDSO, S. B .  1985. Evaporative r a t e s  of 
f l o a t i n g  and emergent aqua t i c  vegetat ion:  water  hyac in ths ,  water  
f e r n s ,  water  l i l i e s  and c a t t a i l s .  P r e p r i n t  Volume, 17th  Conf. 
on Agric. and Fores t  Met. and Seventh Conf. on Biometeorology 
and Aerobiology, Scot t sda le ,  AZ,  21-24 May 1985. Amer. Met. 
Soc., Boston, MA. pp. 49-52. (published)  

ASRAR, G., KANEMASU, E. T., JACKSON, R. D. and PINTER, P. J., 
JR.  1985. Est imation of  t o t a l  above-ground phytomass produc- 
t i o n  us ing  remotely sensed da ta .  Remote Sens. Environ. 
17: 211-220. (published)  

BACKHAUS, R. A. and NAKAYAMA, F. S. Var ia t ion  i n  t h e  molecular 
weight d i s t r i b u t i o n  of rubber from c u l t i v a t e d  guayule. Rubber 
Chem. and Tech. ( i n  progress)  

BAKER, J. T., PINTER, P. J. ,  JR. ,  REGINATO, R.J. and KANEMASU, 
E. T. E f fec t s  o f  temperature on l e a f  appearance i n  s p r i n g  and 
winter  wheat c u l t i v a r s .  Agron. J. ( i n  p r e s s )  

BAUERLE, W. L. and KIMBALL, B. A. 1984. C02 enrichment i n  t h e  
United S ta t e s .  Acta Hor t i cu l tu re  162:207-216. (publ i shed)  

BELLAMY, L. A. and KIMBALL, B. A. Carbon d iox ide  enrichment 
du ra t ion  and hea t ing  c r e d i t  a s  determined by c l imate .  I N :  C02  
Enrichment of  Greenhouse Crops, H. Z. Enoch and B. A. Kimball 
(eds.),  CRC Press .  ( i n  p r o g r e s s ) .  

BIGGAR, S. F., BRUEGGE, C. J., CAPTRON, B. A., CASTLE, K. R . ,  
DINGUIRARD, M. C., HOLM, R. G. ,  JACKSON, R. D., MAO, Y. ,  MORAN, 
M. S., PALMER, J. M., PHILLIPS, A. L., SAVAGE, R. K., SLATER, 
P. N., WITMAN, S. L. and YUAN, B. Absolute c a l i b r a t i o n  of 
remote sens ing  instruments .  Proc. 3rd I n t e r n .  Colloquium on 
Spec t r a l  S ignatures  of Objects  i n  Remote Sensing, Les Arcs, 
France, Dec 1985. ( i n  p r e s s )  

Annual Report of the U.S. Water Conservation Laboratory



Ms. No. 

BOISSARD, P., GUYOT, G. and JACKSON, R. D. Fac tors  a f f e c t i n g  
t h e  r a d i a t i v e  temperature of a vege ta t ive  canopy. Remote 
Sensing Environ. ( i n  p re s s )  

BOUWER, H. Arizona Recharge P ro jec t s .  1985. Seminar on a r t i -  
f i c i a l  recharge  of groundwater, U. N. Development Program, Cen- 
t r a l  Groundwater Board, Ahmedabad Ind ia ,  Jan 1985. Proc. 
Groundwater Recharge Seminar, pp. 18-1 t o  18-16. (published) 

BOUWER, H. E f f e c t  of i r r i g a t e d  a g r i c u l t u r e  on groundwater. Am. 
Soc. C i v i l  Engr., J. I r r i g  Drain Div. ASCE. ( i n  progress)  

BOUWER, H. Geology, s o i l s  and i n v e s t i g a t i o n a l  methods f o r  a r t i -  
f i c i a l  recharge of groundwater. Seminar on a r t i f i c i a l  recharge 
of  groundwater, U. N. Development Program, Cent ra l  Groundwater 
Board, Ahmedabad, India ,  Jan  1985. Proc. Groundwater Recharge 
Seminar, pp. 3-1 t o  3-14. (published)  

BOWER, H. 1895. Groundwater recharge with low q u a l i t y  water. 
Proc. AGU F a l l  Meeting, San Francisco ,  CA, 9-13 Dec 1985. 
(ABSTRACT) (published)  

BOWER, H. Groundwater recharge a s  a t reatment  of  sewage e f f l u -  
e n t  f o r  u n r e s t r i c t e d  i r r i g a t i o n .  Proc. FA0 Regional Seminar on 
t h e  Treatment and Use of  Sewage Eff luent  f o r  I r r i g a t i o n ,  
Nicosia ,  Cyprus, 7-9 O c t  1985. ( i n  p r e s s )  

BOWER, H. 1985. Groundwater recharge wi th  sewage e f f l u e n t .  
Proc. Second Symposium on A r t i f i c i a l  Recharge i n  Arizona, Tempe, 
AZ, 2-3 May 1985, pp. 53-70. (published)  

BOUWER, H. 1985. Present  and f u t u r e  chal lenges i n  hydrology. 
Proc. h e r .  Geophys. Union Front  Range Hydrology Days and Rocky 
Mountain Groundwater Conference, F t .  Co l l in s ,  CO, 15-18 Apr 
1985, pp. 145-155. (published)  

BOWER, H. Recycling sewage e f f l u e n t  bygroundwater wi th  
i n f i l t r a t i o n  basins.  Proc. conf ,  on Drought, Water Management, 
and Food Product ion,  sponsored by King Hassan I1 of Morocco, 
Agadir, Morocco, 20-24 Nov 1985. ( i n  p res s )  

BOUWER, H. Renovating wastewater w i th  groundwater recharge  i n  
t h e  Phoenix a rea .  Proc. Texas Groundwater Symp., San Antonio, 
TX, 29-31 O c t  1984. ( i n  p r e s s )  

BOWER, H. 1985. Renovation of wastewater w i th  r a p i d - i n f i l t r a -  
t i o n  land t reatment  systems. IN :  A r t i f i c i a l  Recharge of Ground- 
water.  T. Asano (ed.). Butterworth Pub l i she r s ,  Boston, MA, pp. 
249-282. (published)  

BOWER, H. 1984. Soi l-aquifer  t reatment  of sewage e f f l u e n t .  
Proc. conf. "Water f o r  t h e  21st  century: W i l l  i t  be  t h e r e ? "  
Southern Methodist Univ., Dal las ,  TX, 3-5 Apr 1984, pp. 214-225. 
(publf shed) 
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BOUWER, H. 1985. Wastewater recharge I. Seminar on a r t i f i c i a l  
recharge of groundwater, U. N. Development Program, Cent ra l  
Groundwater Board, Ahmedabad, I n d i a ,  Jan  1985. Proc. Ground- 
water Recharge Seminar, pp. 11-1 t o  11-12. (publ i shed)  

BOUWER, H. 1985. Wastewater recharge 11. Seminar on a r t i f i -  
c i a l  recharge of  groundwater, U. N. Development Program, Cent ra l  
Groundwater Board, Ahmedabad, Ind ia ,  Jan  1985. Proc. Ground- 
water Recharge Seminar, pp. pp. 13-1 t o  13-9. (published)  

BOUWER, H.  1984. Water conservat ion i n  a g r i c u l t u r a l  and 
n a t u r a l  systems. Proc. conf. "Water f o r  t h e  21s t  century:  N i l 1  
i t  be there?"  Southern Methodist Univ., Dal las ,  TX, 3-5 Apr 
1984, pp. 414-423. (published)  

BOUWER, H., BOWMAN, R .  S., and R I C E ,  R .  C. 1985. E f fec t  of 
i r r i g a t e d  a g r i c u l t u r e  on underlying groundwater. Proc. symp., 
"Relat ion of Groundwater Quantity and Qua l i ty , "  Hamburg, 
Germany, Aug 1983, pp. 13-20. (published)  

BOUWER, H. and CHASE, W .  L., Jr. 1984. Water r e u s e  i n  Phoenix, 
Arizona. Proc. Water Reuse Symposium 111, AWWA, San Diego, CA, 
27-31 Aug 1984, pp. 337-353. (published)  

BOUWER, H. and IDELOVITCH, E. Q u a l i t y  requirements  f o r  i r r i g a -  
t i o n  wi th  sewage e f f l u e n t .  J. of I r r i g .  & Drain. Eng. ( i n  
progress)  

BOWMAN, R. S .  Book review: P o l l u t a n t s  i n  Porous Media: The 
Unsaturated Zone Between S o i l  Surface and Groundwater. 
B. Yaron, G.  Dagan, and J. Goldshmid (eds.). Agric., Ecosys- 
tems and Environ. ( i n  p re s s )  

BOWMAN, R. S. and NAKAYAMA, F. S. S a l t  d i s t r i b u t i o n .  I N :  
T r i c k l e  I r r i g a t i o n  f o r  Crop Production--Design, Operation and 
Management, F. S. Nakayama and D. A. Bucks (eds.). E l sev ie r  
Publishing Co. , Amsterdam. ( i n  p res s ) .  

BOWMAN, R. S. and RICE, R. C. Chemical t r ace r s - - the i r  use  i n  
measuring deep pe rco la t ion  r a t e s .  Proc. Third Deep Perc. Symp., 
Sco t t sda le ,  AZ, 7 Nov 1984. ( i n  p res s )  

BOWMAN, R. S. and RICE, R.  C. Transport  of conserva t ive  t r a c e r s  
i n  f i e l d  under i n t e r m i t t e n t  f lood i r r i g a t i o n .  Water Resources 
Research. ( i n  progress)  

BUCKS, D. A .  Drip System Maintenance. Proc. of Drip I r r i g a t e d  
Cotton Symp. and Trade F a i r ,  The Texas ASM Agr. Ext.  Serv ice ,  
Midland, TX. 18-19 Feb 1986. ( i n  progress)  

BUCKS, D. A .  and DAVIS, S. H i s t o r i c a l  development and introduc-  
t ion .  I N :  T r i c k l e  I r r i g a t i o n  f o r  Crop Product ion,  F. S. Nakayama 
and D. A .  Bucks (eds.). E l sev ie r  Publ i sh ing  Co., Amsterdam. ( i n  
p res s )  
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BUCKS, D. A., FRENCH, 0. F., NAKAYAMA, F. S. and FANGMEIER, 
D. D .  1985. T r i c k l e  i r r i g a t i o n  management f o r  grape  produc- 
t i o n .  Proc. Third I n t e r n a t i o n a l  Dr ip /Tr ick le  I r r i g a t i o n  
Congress, Vol. I., Fresno, CA, 18-21 Nov 1985, pp. 204-210. 
(published)  

BUCKS, D. A. and NAKAYAMA, F. S. 1985. Guidelines f o r  mainte- 
nance of  a t r i c k l e  i r r i g a t i o n  system. Proc. Third In terna-  
t i o n a l  Drip/Trickle I r r i g a t i o n  Congress, Vol. I, Fresno, CA, 
18-21 Nov 1985, pp. 119-125. (published)  

BUCKS, D. A. and NAKAYAMA, F. S. Water management and produc- 
t i o n  r e l a t i o n s  of mature guayule. Proc. 4 th  I n t .  Conf. on 
Guayule Research and Development, 16-19 Oct 1985, Tucson, AZ. 
( i n  p re s s )  

BUCKS, D. A., NAKAYAMA, F. S.,  FRENCH, 0. F., LEGARD, W .  W. and 
ALEXANDER, W. L. 1985. I r r i g a t e d  guayule--evapotranspiration 
and p l a n t  water  s t r e s s .  Agric. Water Manage. 10:61-79. 
(publ i shed)  

BUCKS, D. A., NAKAYAMA, F. S., FRENCH, 0 .  F . ,  LEGARD, W e  W .  and 
ALEXANDER, W. L. 1985. I r r i g a t e d  guayule--production and water  
u s e  r e l a t i o n s h i p s .  Agric. Water Manage 10:95-102. (published)  

BUCKS, D. A., NAKAYAMA, F. S., FRENCH, 0. F., RASNICK, B. A .  and 
ALEXANDER, W. L. 1985. I r r i g a t e d  guayule--plant growth and pro- 
duct ion.  Agric. Water Manage 10:81-93. (published)  

BUCKS, D. A.,  ROTH, R. L., NAKAYAMA, F. S. and GARDNER, B. R. 
I r r i g a t i o n  water ,  n i t rogen,  and b io regu la t ion  f o r  guayule pro- 
duction. Trans. Am. Soc. of  Agric. Eng. ( i n  p r e s s )  

BUCKS, D. A * ,  ROTH, R. L., POWERS, D. E., AND CHANDRA, G. R. 
D i rec t  seeding  f o r  economical guayule f i e l d  es tab l i shment .  
Proc. 4 t h  I n t .  Conf. on Guayule Research and Development, 
Tucson, AZ, 16-19 Oct 1985. ( i n  p r e s s )  

BUTLER, A. D., JR., KIMBALL, B. A. and MAUNEY, J. R. Population 
of  Bermisia Tabaci (Genn.) (Homoptera a l ey rod idae )  on co t ton  
grown i n  open-top f i e l d  chambers enriched wi th  C02. Envir.  
Ent. ( i n  progress)  

CASTLE, K., DINGUIRARD, M., EZRA, C.  E., HOLM, R. G., JACKSON, 
R. D., KASTNER, C. J . ,  PALMER, J. M., SAVAGE, R. and SLATER, 
P. N. 1985. In-progress abso lu te  rad iometr ic  i n f l i g h t  ca l ib ra -  
t i o n  of  t h e  Landsat-4 sensors .  Proc. Landsat-4 Ea r ly  Resu l t s  
Symp., NA~A/Goddard Space F l i g h t  Center 3:389-410. (published)  

CHANDRA, G. R. and BUCKS, D. A. Improved p l a n t i n g  q u a l i t y  of 
chemical ly t r e a t e d  guayule (Parthenium argentatum Gray) seeds.  
Proc. 4 t h  I n t .  Conf, on Guayule Research and Development, 
Tucson, AZ, 16-19 Oct 1985. ( i n  p r e s s )  
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1107 CHE, N., JACKSON, R. D., PHILLIPS, A. L. and SLATER, P. N. 
1985. The u s e  of f i e l d  radiometers i n  r e f l e c t a n c e  f a c t o r  and 
atmospheric measurements. Proc. Soc. of Photo-Optical 
Instrumentat ion Engineers 499-18, pp. 24-33. (publ i shed)  

CLAWON, K. L., BLAD, B. L. and SPECHT, J. E. On t h e  u s e  of 
po r t ab le  r a inou t  s h e l t e r s  t o  induce water  s t r e s s .  Agron. J. 
( i n  press)  

CLAIJSON, K. L., JACKSON, R. D. and PINTER, P. J., JR. Evalu- 
a t i n g  p l an t  water  s t r e s s  with canopy temperature d i f f e rences .  
Agric. and Fores t  Meteorol. ( i n  progress)  

CLANSON, K. L., SPECHT, J. E., BLAD, B. L. and GARAY, A. F. 
Water-use e f f i c i e n c y  i n  soybean pubescence d e n s i t y  isolines--A 
novel ca l cu la t ion  procedure. Agron. J. ( i n  progress)  

CLAWSON, K. L., SPECHT, J. E. and BLAD, B. L. Growth a n a l y s i s  
of soybean i s o l i n e s  d i f f e r i n g  i n  pubescence dens i ty .  Agron. J. 
( i n  press)  

CLEMMENS, A. J. Broad-crested wei rs  and long-throated flumes 
f o r  open channel f low measurement. Handbook of C i v i l  
Engineering, Sec t ion  10: Hydraulics and F lu id  Mechanics. 
Technomic Publishing. ( i n  p re s s )  

CLEMMENS, A. J. 1985. Combined e f f e c t s  of t r i c k l e  i r r i g a t i o n  
nonuniformit ies .  Proc. Third I n t e r n a t i o n a l  Dr ip /Tr i ck le  I r r i g a -  
t i o n  Congress, Vol. II., Fresno, CA, 18-21 Nov 1985, pp. 
867-872. (published)  

CLEMMENS, A. 3. 1985. Surface i r r i g a t i o n  models. Proc. 
Natural  Resources Modeling Symposium, Pingree Park, CO,  30 Apr 
1983, pp. 366-367. (published)  

CLEMMENS, A. J., REPLOGLE, 3. A. and BOS, M. G. FLUME: A com- 
p u t e r  model f o r  e s t ima t ing  flow through long-throated measuring 
flumes. USDA ARS S e r i e s .  ( i n  progress)  

CHOUDHURY, B. J. and IDSO, S. B .  1985. Evaluat ing p l a n t  and 
canopy r e s i s t a n c e s  o f  field-grown wheat from concurrent  d i u r n a l  
observat ions of l e a f  water  p o t e n t i a l ,  s toma ta l  r e s i s t a n c e ,  
canopy temperature, and evapot ranspi ra t ion  f l u x .  Agric. and 
Fores t  Meteorol. 34:67-76. (published)  

CHOUDHURY, B. J. and IDSO, S. B.  1985. An empi r i ca l  model f o r  
s tomata l  r e s i s t a n c e  of  field-grown wheat. Agric. and F o r e s t  
Meteorol. 36:65-82. (published)  

CHOUDHURY, B. J., IDSO, S. B .  and REGINATO, R. J. Analysis  of a 
resis tance-energy balance method f o r  e s t ima t ing  d a i l y  evapora- 
t i o n  from wheat p l o t s  us ing  one-time-of-day i n f r a r e d  temperature 
observat ions.  Remote Sens. Environ. ( i n  p rogres s )  
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CLOTHIER, B. E., CLAWSON, K. L., PINTER, P. J., JR . ,  MORAN, 
M .  S., REGINATO, R. J. and JACKSON, R. D. Est imation of s o i l  
hea t  f l u x  from n e t  r a d i a t i o n  dur ing  t h e  growth of  a l f a l f a .  
Agric. and Forest  Meteorol. ( i n  p r e s s )  

CUNNINGHAM, A. B., ANDERSON, C.  J. and BOUWER, H.  1985. 
E f f e c t s  of streambed processes on i n t e r a c t i o n  between su r face  
and groundwater. Proc. Spec ia l ty  Conf. of I r r i g a t i o n  and 
Drainage Division,  ASCE, San Antonio, TX, 17-19 Ju l  85, pp. 
54-66. (published) 

DEDRICK, A .  R., HARDY, L. A . ,  CLEMMENS, A. J., REPLOGLE, J. A. 
and TOI'ICHAK, L. M. 1985. T r a i l e r  mounted f lowing furrow 
i n f i l t r o m e t e r .  Applied Eng. i n  Agric. ,  h e r .  Soc. Agric. Engin. 
l (2 )  :79-83. (published)  

DUSEK, D. A , ,  JACKSON, R. D. and MUSICK, J. T. 1985. Winter 
wheat vege ta t ion  i n d i c e s  ca l cu la t ed  from combinations of seven 
s p e c t r a l  bands. Remote Sens. Environ. 18: 255-267. (published)  

EHRLER, W .  L., BUCKS, D. A. and NAKAYAMA, F. S. 1985. Rela- 
t i o n s  among r e l a t i v e  l e a f  water  con ten t ,  growth, and rubber 
accumulation i n  guayule. Crop S c i  25:779-782. (published)  

EMMERICH, W. E., FRASIER, G. W. and FINK, D. H. Rela t ionship  
of  s o i l  p r o p e r t i e s  t o  low-cost water-harvest ing t rea tments .  ( i n  
p r e s s )  

FINK, D. H. Christmas t r e e  product ion us ing  t h e  runoff  fanning 
system. HortSci.  ( i n  p re s s )  

FINK, D. R. Runoff fanning evaluated us ing  product ion func t ion  
curves. ( i n  progress)  

FINK, D. H ,  and EHRLER, W. L. Christmas t r e e  product ion i n  t h e  
d e s e r t  us ing  runoff farming and stump c u l t u r e  techniques.  ( i n  
progress)  

FINK, D .  H.  and EHRLER, W. L. Runoff farming. Rangelands. ( i n  
p r e s s )  

FRASIER, G. W., DUTT, G.  R., and FINK, D. W. Sodium s a l t  t r e a t e d  
catchments f o r  i nc reas ing  p r e c i p i t a t i o n  runoff .  ( i n  progress)  

FRENCH, 0. F., BUCKS, D. A., ROTH, R. L .  and GARDNER, B. R. 
T r i c k l e  and l e v e l  bas in  i r r i g a t i o n  management f o r  1985 cot ton  
a t  t h e  Maricopa Agr i cu l tu ra l  Center (Progress  Report).  ( i n  
progress)  

FRENCH, 0. F., BUCKS, D. A. ROTH, R. L. and GARDNER, B. R.  
T r i c k l e  and level-basin i r r i g a t i o n  management f o r  c o t t o n  produc- 
t i on .  Proc. Third I n t e r n a t i o n a l  Dr ip lTr i ck le  I r r i g a t i o n  
Congress, Vol. 11, Fresno, CA, 18-21 Nov 1985, pp. 555-561. 
(published)  
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HATFIELD, 3. L., KANEMASU, E. T., ASRAR, G., JACKSON, R. D., 
PINTER, P. J., JR. ,  REGINATO, R. J. and IDSO, S. B. 1985. 
Leaf-area es t imates  from s p e c t r a l  measurements ove r  var ious  
p l an t ing  da te s  of wheat. I n t l .  J. Remote Sens. 6(1):167-175. 
(published)  

HOWELL, T. A., BUCKS, D. A., GOLDHAMER, D. A. and LIMA, J. M. 
I r r i g a t i o n  scheduling. I N :  T r i ck le  I r r i g a t i o n  f o r  Crop 
Production F. S. Nakayama and D. A. Bucks (eds.).  E l sev ie r  
Publishing Co., Amsterdam. ( i n  p res s )  

HUETE, A. R. and JACKSON, R. D. 1985. The t a s s e l e d  cap: S ize ,  
shape and o r i e n t a t i o n  changes due t o  s o i l  background. Proc. 
Eleventh I n t l .  Symp, on Machine Processing of Remotely Sensed 
Data, "Quantifying Global Process: Models, Sensor Systems, and 
Ana ly t i ca l  Methods," Purdue Univ., West Lafayet te ,  I N ,  25-27 Jun 
1985, pp. 329-337. (published)  

HUETE, A. R . ,  JACKSON, R. D. and POST, D. F. 1985. Spec t r a l  
response of a p l a n t  canopy wi th  d i f f e r e n t  s o i l  backgrounds. 
Remote Sens. Environ. 17:37-53. (published)  

IDSO, S.B. Climate response times. ~ 0 ~ / C l i m a t e  Dialogue. ( i n  
progress)  

IDSO, S. B. 1984. The C02 greenhouse e f f e c t :  Boon o r  Bane? 
Executive I n t e l l i g e n c e  Rev. 1 l (32)  : 16-17. (published)  

IDSO, S. B. 1985. Comments on "New Formulae f o r  t h e  Equivalent  
Night Sky Emissivity" by Melchor Centeno V. So la r  Energy 
34:303. (published)  

IDSO, S. B. Environmental e f f e c t s  of atmospheric C02 enrich-  
ment. Good news f o r  t h e  biosphere. Review a r t i c l e  f o r  EOS, 
Trans. Am. Geophys. Union. ( i n  progress)  

IDSO, S.B. J o i n t  review of books Changing Climate and Can We 
Delay a Greenhouse Warming? Environ. Impact Assessment Rev. 
( i n  progress)  

IDSO, S. B. 1985. J o i n t  review of books Changing Climate and 
Can We Delay a Greenhouse Warming? Environ. P o l l u t .  Ser.  A: 
Ecol. Biol .  37:91-93. (published)  

IDSO, S. B. 1985. J o i n t  review of books Changing Climate and 
Can We Delay a Greenhouse Warming? F i e l d  Crops Research 
10:87-88. (published) 

IDSO, S. B. 1985. J o i n t  review of books Changing Climate and 
Can We Delay a Greenhouse Warming? Geoexplor. 23:549-552 
(published)  
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IDSO, S. B. 1984. J o i n t  review of books Changing Climate and 
Can We Delay a Greenhouse Varming? Geologiska Foreningens: 
Stockholm Forhandlingar.  106:295. (published)  

IDSO, S. B .  J o i n t  review of books Changing Climate and Can We 
Delay a Greenhouse Warming? J. Arid Environ. ( i n  p r e s s )  

IDSO, S. B .  1984. J o i n t  review of  books Changing Climate and 
Can We Delay a Greenhouse Warming? Natl.  Geog. J. Ind. 
30: 134-135. (published)  

IDSO, S. B. J o i n t  review of books Changing Climate and Can We 
Delay a Greenhouse Warming? Tech. Forecas t .  Soc ia l  Change. 
( i n  p re s s )  

IDSO, S. B .  My response t o  t h e  concluding 1984 i s s u e  of Cl imat ic  
Change dea l ing  wi th  t h e  C02/climate controversy. COZ/Climate 
Dialogue. ( i n  progress)  

IDSO, S. B . Reconstruct ing p a s t  c l imates .  ~ 0 ~ / ~ l i m a t e  Dialogue. 
( i n  progress)  

IDSO, S. B. 1985. Reply t o  comments of  P. Hyson. J. Climatol.  
5:463. (published)  

IDSO, S. B .  Review of Book: Acid r a i n :  A review of t h e  phenome- 
non i n  t h e  EEC and Europe. Environ. Manage. ( i n  progress)  

IDSO, S. B. Review o f  book Can We Delay a Greenhouse Warming? by 
S. Se ide l  and D. Keyes (U.S. Environ. P ro tec t ion  Agency). 
Hydrol. Sci .  J. ( i n  p res s )  

IDSO, S. B. 1985. Review of  book Can We Delay a Greenhouse 
Warming? by S. S e i d e l  and D. Keyes (U. S. Environ. P ro tec t ion  
Agency). I n t .  J. of Ambient Energy 6:54-55. (published)  

IDSO, S. B. Review of book: Causes and e f f e c t s  of changes i n  
s t r a t o s p h e r i c  ozone: Update 1983. EnvLron. Manage. ( i n  p r e s s )  

IDSO, S. B.  Review of book Changing Climate by Carbon Dioxide 
Assessment Committee of  t h e  U.S. Nat ional  Research Council. 
Hydrol. Sci .  J. ( i n  p res s )  

IDSO, S. B. 1985. Review of book Changing Climate by Carbon 
Dioxide Assessment Committee of t h e  U. S. Nat ional  Research 
Council. Int .  J. of Ambient Energy 6: 51-52. (published)  

IDSO, S. B. 1985. Review of  book Changing Climate by Carbon 
Dioxide Assessment Committee of  t h e  U. S. Nat ional  Research 
Council. The Prof .  Geog. 37(1):109-110. (published)  

IDSO, S.B. Book Review Changing Climate by Carbon Dioxide 
Assessment Committee of  t h e  U. S. National  Research Council. 
Science Books and Films. ( i n  p rogres s )  
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IDSO, S. B. 1985. The Search f o r  Global C02 e t c .  "Greenhouse 
Effec ts . "  Environmental Conservation 12(1) :29-35. (published)  

IDSO, S. B .  1985. An upper l i m i t  t o  g loba l  s u r f a c e  a i r  tempera- 
t u r e .  Arch. Met. Geophys. Bioclim. Ser. A ,  34:141-144. (publ i shed)  

IDSO, S.B. Yield p r e d i c t i o n  and development of a concept u s ing  
remote sensing. I N :  Problems i n  Crop Physiology, Vol. 2,  Ed. 
U.S. Gupta. Oxford & I B H  Pub. Co., New Delhi.  ( i n  p r e s s )  

IDSO, S. B., KIMBALL, B. A , ,  and ALLEN, S. G. Atmospheric CO2 
f e r t i l i z a t i o n  of  water  hyac in ths  under growth-limiting con- 
d i t i o n s .  J. Environ. Quality.  ( i n  progress)  

IDSO, S. B., KIMBALL, B. A., and ANDERSON, M. G. Fo l iage  tem- 
pe ra tu re  inc reases  i n  water  hyacinth caused by atmospheric C02 
enrichment. Meterol. Atmos. Phys. ( i n  progress)  

IDSO, S. B. ,  KIMBALL, B. A.,  ANDERSON, M. G., and SZAREK, S. R. 
Grow response of a succulent  p l a n t ,  Agave vilmorniana, t o  e l e -  
va ted  C02. P lant  Physiol .  ( i n  p r o g x  

IDSO, S. B., KIMBALL, B. A. and ANDERSON, M. G. 1985. Atmo- 
s p h e r i c  C02 enrichment of  water  hyacinths:  E f f e c t s  on t r ansp i r a -  
t i o n  and water  use  e f f i c i ency .  Water Resources Res. 21:1787- 
1790. (published)  

JACKSON, R.  D. 1985. Evaluat ing evapot ranspi ra t ion  a t  l o c a l  
and regional  s ca l e s .  Proc. IEEE 73(6):1086-1096. (publ i shed)  

JACKSON, R. D. Measuring ET wi th  remotely sensed da ta .  Proc. 
Deep Percola t ion  Spmp., Sco t t sda le ,  AZ, 7 Nov 1984. ( i n  p r e s s )  

JACKSON, R. D. Evaluat ing l o c a l  and r eg iona l  evapo t ransp i r a t ion  
us ing  remotely sensed da ta .  Proc. Int .  Comm. f o r  I r r i g .  k 
Drainage Symp, on Crop Water Requirements, Pa r i s .  ( i n  progress)  

JACKSON, R. D. Est imating a r e a l  evapot ranspi ra t ion  by combining 
remote and ground-based data .  Water Resour. Bull.  ( i n  p rogres s )  
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