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TITLE: CUPHEA GERMPLASM EVALUATION, DEVELOPMENT, AND DOMESTICATION 
'=# 

I 
NRP: 20160 CRIS WORK UNIT: 5090-20163-003 

INTRODUCTION: 

Species of Cuphea have potential for domestication and development as a 
new crop for the production of lauric and other medium-chain fatty 
acids. The U. S. is dependent upon imports of coconut and palm kernel 
oils for its total supply essential to the manufacture of soaps, 
detergents, lubricants, and other related products. Initial field 
trials in Oregon in 1983 indicated that Cuphea has good prospects for 
agronomic adaptation. However, the plant needs to be improved to fit 
current farm production technology. Slow emergence and seedling growth, 
seed dormancy, indeterminate plant growth and flowering, sticky plant 
hairs, and excessive seed shattering are some of the major constraints 
to domestication. 

PROCEDURE : 

The USDA/ARS, through a Specific Cooperative Agreement (SCA No. 
58-9AHZ-3-744) with the Oregon State Agricultural Experiment Station, 
provides funding for research to develop Cuphea as a new crop for pro- 
duction in Oregon and the Pacific Northwest. This is a unique, equally- 
funded, 3-way effort of USDUARS, Oregon State AES, and member companies 
of the Soap and Detergent Association. Research funded under this SCA 

m is conducted under CRIS No. 5090-20163-003A, which is keyed to the 
inhouse CWU 5422-20160-004 at the USWCL in Phoenix, AZ. Dr. Anson E. 
Thompson serves as the ADODR on this SCA, and provides coordination and 
liaison within ARS and with state agricultural experiment stations and 
industry for all aspects of Cuphea research. 

A total of 8 projects are funded by and contribute to the research 
program in Oregon. Project titles and investigators are as follows: 

1. Plant Breeding - Dr. Frank Hirsinger (resigned in December, 
1984) 

2. Agronomy - Dr. Gary D. Jolliff 
3. Weed Control - Dr. Arnold P. Appleby 
4. Soil Fertility - Dr. E. Hugh Gardner 
5. Seed Dormancy h Technology - Dr. Donald F. Grabe 
6. Mechanical Harvesting - Prof. Dean E. Booster 
7. Biochemistry/Fat Biosynthesis - Dr. Ian J. Tinsley 
8. Climatic Adaptation - Prof. P. Vance Pumphrey, Prof. Charles E. 

Stanger, and Prof. John A. Yunger 

RESULTS AND DISCUSSION: 

Initial USDAIARS funding to this program for the amount of $25,000 was 
made in 1983. This amount was matched by the Proctor and Gamble Company 
with the Oregon State Agricultural Experiment Station providing equal 

'a+ 
support. Research on this program in 1983 was confined chiefly to 
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aspects  of  p l an t  breeding and weed cont ro l .  F i n a l i z a t i o n  of t h e  t o t a l  
3-way funding  package was delayed u n t i l  wel l  i n t o  t h e  1984 growing 
season. However, most of t h e  planned experiments were i n i t i a t e d  i n  a  
t imely f a sh ion .  Performance of these  experiments,  which were approxima- 
t e l y  4 acres i n  s i z e ,  was observed by around 50 s c i e n t i s t s  and indus t ry  
r e p r e s e n t a t i v e s  a t  a f i e l d  day and conference a t  C o r v a l l i s ,  OR, on 
August 28-30. Deta i led  r e p o r t s  of the  experiments  a r e  on f i l e  and 
a v a i l a b l e  on request .  

A p lan t  breeding nursery was e s t ab l i shed  i n  C o r v a l l i s  conta in ing  popula- 
t i o n s  of Cuphea w r i g h t i i ,  2. l aminul igera ,  2. l ep topoda ,  2. l u t e a ,  and 
t h e  C. w r i g h t i i  x 2. to lucana  hybrid. Small popula t ions  of t h e  
nons?icky mutants of 2. l anceo la t a ,  C. procumbens, and C. to lucana  were 
a l ao  p lanted .  A t o t a l  of 96 progeny ';;f s i n g l e  p l a n t  sel-&A.ons from 5 
spec ie s  were evaluated and comparative r a t i n g s  were made on emergence, 
s tand e s t ab l i shmen t ,  f lowering,  and seed set (Table  1) .  Growth and 
development dur ing  t h e  season were adequate. However, e a r l y ,  p e r s i s t e n t  
r a i n s  occurred i n  September before seed ma tu r i ty ,  r e s u l t i n g  i n  severe  
seed s h a t t e r i n g  and a major reduct ion  i n  y i e l d .  I n  most i n s t ances ,  t h e  
recovery of seed was s i g n i f i c a n t l y  l e s s  than t h a t  u t i l i z e d  f o r  plant ing.  
I n  genera l ,  t h e  comparative performance of C. w r i g h t i i  was lower than 
had been observed a t  Davis, C a l i f o r n i a  i n  lY82 and 1983 and at  Corva l l i s  
i n  1983. The performance of C. l u t e a  and C. l a d n u l i g e r a  appears  pro- - -  - 
mising. 

A hybrid breeding program of t h e  c ross -po l l ina t ing  species--C. laminuli- r 

gera ,  C. l a n c e o l a t a ,  2. leptopoda,  and C. procumbens was i n t t i a t e d  by - 
es t ab lxsh ing  40 i s o l a t e d  p l o t s  ~ o n t a i n i ; ~  one p l a n t  of each species .  
Due t o  t h e  l i m i t e d  i r r i g a t i o n  f a c i l i t i e s  i n  some l o c a t i o n s ,  t h e  number 
from which seeds could be harves ted  was fo l lows:  C. l a n c e o l a t a  (5) ,  C. 

rocumbens (171, C. l aminul igera  (201, and C. 1ept;poda (23) .  It i s  
{ecommended t h a t  The program be continued o z l y  w i t h  C. l aminul igera  and 
C. leptopoda f o r  a t  l e a s t  3  more generations.- The r e s u l t i n g  inbred  - 
l i n e s  can then be t e s t e d  f o r  combininrr a b i l i t y  bv top  cross ing .  The - - - 
o the r  2 spec ie s  should be screened fo; a t  l e a s t  one genera t ion  without  
i s o l a t i o n  f o r  de t ec t ion  and s e l e c t i o n  of p o s s i b l e  i n t e r s p e c i f i c  hybrids 
t h a t  may have occurred. 

I n  general ,  t h e  e a r l y  f a l l  r a i n s  seve re ly  hampered t h e  var ious  agronomic 
experiments s i n c e  seed y i e l d s  could not  be taken .  However, t h e  herbi- 
c ide  screening  t e s t  provides some l e a d s  t h a t  may permit  t h e  development 
of prel iminary recommendations f o r  weed c o n t r o l .  Cuphea w r i g h t i i  
appeared t o  g ive  a  good growth response t o  a p p l i c a t i o n s  of n i t rogen,  but 
the  e f f e c t s  on seed y i e l d  could not be determined. F i e l d  r e sea rch  s tu-  
d i e s  were i n i t i a t e d  on f a c t o r s  in f luenc ing  seed  development, maturat ion,  
dormancy, and t h e  q u a n t i f i c a t i o n  of seed product ion .  The e a r l y  r a i n s  
a l a o  hampered t h e s e  s t u d i e s  and l i m i t e d  t h e  q u a n t i t y  of seed t h a t  was t o  
be u t i l i z e d  f o r  f u r t h e r  eva lua t ion  i n  t h e  l a b o r a t o r y .  

Dr. Hi r s inge r  coordinated a  t r i a l  t o  e v a l u a t e  t h e  performance of 2. 
w r i g h t i i  at 9 loca t ions :  Corva l l i s ,  Hermiston, Ontar io ,  and Medford, OR; 
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Ames, I A ;  West Lafayet te ,  I N ;  Jaclcsonville, IL; Phoenix, AZ; and 

"3 GSttingen, W. Germany. Resul t s  were va r i ab le ,  and y i e l d  d a t a  were not 
obtained a t  s eve ra l  l oca t ions  f o r  a  v a r i e t y  of reasons (Table 2). I n  
genera l ,  e a r l i e s t  emergence and flowering were observed i n  t h e  Midwest, 
and good seed y i e l d  and q u a l i t y  were obtained at  Jacksonv i l l e ,  IL. The 
h ighes t  seed  y i e l d  was obtained a t  Medford i n  southern Oregon. Good 
p lan t  growth and p o t e n t i a l l y  good seed production were a l s o  observed i n  
e a s t e r n  Oregon. I n  Arizona, because of heat s t r e s s ,  only a  few seeds 
were produced. 

SUMMARY AND CONCLUSIONS: 

The e a r l y  f a l l  r a i n s  experienced t h i s  year  i n  the  Willamette Valley may 
preclude t h i s  l oca t ion  a s  a  primary production a r e a  f o r  Cuphea. More 
a t t e n t i o n  should be given t o  eva lua t ing  a reas  i n  southern and e a s t e r n  
Oregon. Although the  r e s u l t s  of the  Cuphea Regional T r i a l  were v a r i a b l e  
f o r  t h e  f i r s t  year ,  t h e  information obtained i s  usefu l ,  and t h e  t r i a l  
should be continued and expanded i f  possible .  A uniform format needs t o  
be developed s o  t h a t  more v a l i d  comparisons can be made among r e s u l t s  
obtained a t  d i f f e r e n t  loca t ions .  

The two species--C. l u t e a  and C. laminulieera--appeared t o  have a s  good - -  
o r  perhaps b e t t e r  p o t e n t i a l  thTn 2. rvr ight i i  f o r  production i n  t h i s  
area. However, t h e  quan t i ty  of seed a v a i l a b l e  i s  l i m i t e d  (2. l u t e a  + 3 -- 
l b s . ,  C. laminuligera + 7 lbs . ) ,  and must be increased before  w i d e  
s c a l e  t e s t i n g  can be attempted. Approximately 260 lbs .  of C. w r i g h t i i  

h seed a r e  cu r ren t ly  a v a i l a b l e  a s  remnants of t h e  1983 harvesTs. There i s  
a  ser ious  need t o  eva lua te  a  wider a r ray  of access ions  from these  spe- 
c i e s .  Most of the seed at Corva l l i s  o r ig ina ted  from a very l imi t ed  
number of accessions t r a c i n g  back t o  germplasm c o l l e c t i o n s  made i n  wild 
h a b i t a t s  i n  Mexico. At ten t ion  should be given t o  a d d i t i o n a l  germplasm 
c o l l e c t i o n s  i n  Mexico as we l l  a s  Braz i l  and o t h e r  South American loca- 
t i o n s .  

Adequate funding is cur ren t ly  being a l l o c a t e d  t o  the  cooperat ive re- 
search program a t  Oregon S t a t e  Univers i ty  by both USDA/ARS and indus t ry .  
I f  new funds a r e  a v a i l a b l e  from e i t h e r  USDAfARS o r  indus t ry ,  such funds 
should be a l l o c a t e d  t o  o the r  l oca t ions  t o  support bas i c  r e sea rch  and 
germplasm enhancement, and f o r  germplasm evalua t ion  and t e s t i n g  i n  o t h e r  
p o t e n t i a l  a r e a s  of adapta t ion  and production. 

D r .  Frank Hirs inger ,  who played a l ead  r o l e  i n  t h e  a rea  of p l an t  breed- 
i n g  and germplasm evalua t ion  on t h i s  program, resigned and l e f t  t h e  
program a t  t h e  end of the  year  t o  accept  a  p o s i t i o n  with Henkel KGaA i n  
~ i i s s e l d o r f ,  I?. Germany. Oregon S t a t e  Un ive r s i ty  i s  a c t i v e l y  r e c r u i t i n g  
a  tenure-track academic pos i t i on  i n  t h e  a r e a  of p l an t  breeding and gene- 
t i c s  t o  f i l l  t h i s  key area.  It now appears un l ike ly  t h a t  t h i s  p o s i t i o n  
w i l l  be f i l l e d  before the  sp r ing  p l an t ing  season. Plans must be made t o  
p l an t  populations of the  major Cuphea spec ie s  i n  l o c a t i o n s  a t  southern 
and e a s t e r n  Oregon i n  add i t ion  t o  Corva l l i s  t o  provide t h e  new s c i e n t i s t  
ma te r i a l  t o  eva lua te  during t h e  1985 growing season. D r .  Thompson w i l l  

h 
provide a s s i s t ance  t o  t h e  new s c i e n t i s t  a s  needed dur ing  t h e  1985 
cropping and ha rves t ing  season. 
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Since most of the  program s t a r t e d  l a t e  and t h e  heavy f a l l  r a i n s  d i s rup ted  
much of t h e  planned research,  plans f o r  most of t h e  1985 f i e l d  experi- 
ments w i l l  be e s s e n t i a l l y  t h e  same a s  those o u t l i n e d  f o r  1984. However, 
more a t t e n t i o n  should be given t o  eva lua t ion  of p l a n t i n g s  i n  southern 
and e a s t e r n  Oregon. P lans  a r e  being made t o  cont inue  t o  coopera t ive ly  
eva lua te  2. w r i g h t i i  a t  various l o c a t i o n s  throughout t h e  country. 
P lans  a r e  being made t o  inc rease  seed of s e v e r a l  spec ie s ,  w i th  s p e c i a l  
emphasis on 2. lutes and - C. l a m i n d i g e r a .  

P o s i t i v e  s t e p s  have been taken t o  provide b e t t e r  admin i s t r a t ive  coor- 
d i n a t i o n  and management of t h e  program. D r .  Wilson Foote, who r e t i r e d  
r e c e n t l y  a s  Associate  Di rec to r  of the  Oregon S t a t e  A g r i c u l t u r a l  
Experiment S ta t ion ,  has  assumed t h e  r o l e  a s  Cuphea Research Coordinator 
on a part-time b a s i s ,  s t a r t i n g  January 1, 1985. 

REFERENCES : 

None 

PERSONNEL: A.E. Thompson, ADODR; G.D. J o l l i f f ,  P r i n c i p a l  I n v e s t i g a t o r ,  and 
F. Hirs inge r  (Oregon S t a t e  Univers i ty ,  cooperators) .  
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TABLE 1. PERFORI*lANCE OF PROGENY OF SINGLE PLANT SELECTIONS OF CUPHEA 
SPECIES. OREGON STATE UNIVERSITY, CORVALLIS, OREGON - 1984 

"? (PLANTED 5/15/84). 

Comparative ratings * (mean + S.E.) 
St and 

Number of Emergence establishment Flowering Seed set 
Species selections 6/13 7 16 7/30 9/17 

C. wrightii 22 3.2 - + 1.1 3.7 + 0.9 2.4 + 0.6 3.2 + 0.8 - - - 
C. wrightii x 

C. tolucana 10 2.0 + 0.7 - 1.9 - + 1.0 2.0 - + 0.7 2.6 - + 0.7 

C. leptopoda 37 2.0 - + 1.3 2.2 + 1.3 1.0 + 0.8 1.2 + 1.0 - - - 
C. lutea 4 4.7 + 0.5 - 4.7 + 0.5 4.0 + 0.0 5.2  + 0.5 - - - 

*1 = lowest, 6 - highest expression of observation 
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Table 2. Cuphea regional  experlment 1984: Data from different experlment s ta t lons  

Column 1 2  3 4 5 6 7 8 9 I 0  11 12 13 14 15 16 17 
Emergence Leaf stage a. Branch- F lo~er i ; ;~  Ripening Seed i n f o m t ~ o n  

Pl tg.  1s t  i ng  r t t o ta  y i e  no.0 qua 
S ta t i on  date Degln 1st  2nd 2 - l f  6-11 ht.  time ht. time itd :t: harv! r o u t i f  haw!  it:^ 

days. no, no. no. days. days. cm days* days. cm days- cm cm g g/m 1. 

Corvallis ,  OR 5/15 - - - 320 31 48 6 59 73 23 97 28 34 881 ca. I 0  1 407 

Hemiston, OR 4/20 17 - - 400 - - - - .  94 - - - -  38 o3 - - - 
Ontario, OR 4/18 - 7 I 9  43 48 64 7 76 96 14-15 120 20- 27 ca.& ca.O.f l  20 

- - 
Medford, OR - - - - -  - - - - - - - - 988 ca.27 2 - 
Ames, I A  611 6 6 96 95 17 26 6 48 40 12 53 18 23 50 1.4 2 40 

W-Lafayette, I N  6/20 6 4 30 31 19 23 5 26 34 10 61 - 30 -- 5/ _ - - 
Jadcsonville, I L  5/23 7 (501). - - 14 18 - - 49 43 96 - 56 857 ca.10 2 80 

~ Z t t i n g e n ,  FRG 5/16 - - - - . - - . 76 - 124 - - - - - - 
Phoenix, AZ 4/20 11 I 5  46 53 31 39 2 46 56 8 7 y  22 - - - 0 - 

Days a f t e r  p lan t ing  
u ~ a t a  no t  ye t  available 
g~cco rd ing  t o  l e t t e r  i n f o m t l o n  
ZSeeds could no t  be harvested due t o  weekly u l nd  storms and l i g h t  ra ins  
y ~ e e d s  no t  cleaned 
v ~ o t  harvested due t o  lmnature seeds 
V l n  I of  mature seeds 
y ~ f l e r  several seed losses due t o  r a l n  from the  beginntng o f  Sept. t o  end o f  Season. I m t u r e  seeds were harvested on Oct. 3. 
y 0 n l y  feu ser&produced due t o  heat s t ress 
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TITLE: GERMPLASM DEVELOPHENT AND DOMESTICATION OF CUPHEA AND OTHER CROP 
SPECIES 

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

INTKODUCTION : 

Numerous studies have identified the need for, and potential of new 
crops research and development. Development of new crops would provide 
the basis for enhancing economic development, diversifying agricultural 
production, reducing reliance upon imports, providing new commodities 
for export, improving the balance of payments, developing a strategic 
reserve of certain commodities necessary for national defense, providing 
a more varied diet, and improving feeds for animals. High yields of 
traditional crops in the arid Southwest depend upon extensive irriga- 
tion. New crops with low water use will be needed if agriculture is to 
persist in the region. 

The U.S. chemical industry is heavily dependent upon imported coconut 
and palm kernel oils as the primary source of lauric acid for manufac- 
turing soaps, detergents, lubricants, and other related products. Seed 
oils from species of Cuphea contain high levels of lauric and other 
medium-chain fatty acids. Seed dormancy, seed shattering, sticky glan- 
dular hairs, and indeterminate patterns of growth and flowering are 
major constraints to domestication. 

h The U. S. is completely dependent upon imported castor oil for its total 
supply of hydroxylated fatty acid. Castor oil is a strategic material 
of industrial importance as chemical feedstocks for the production of 
lubricants, plasticizers, protective coatings, surfactants, and phar- 
maceuticals. Production of castor beans in the U.S. is inhibited by the 
high levels of allergenic reactions associated with its production and 
high levels of toxicity in the seeds. Seed oils from species of 
Lesquerella, many of which are adapted to arid lands, contain sizable 
quantities of three hydroxy fatty acids. Domestication of adapted spe- 
cies of Lesquerella and development of a new domestic crop to replace 
castor appears feasible. 

Research on domestication of wild plant species such as Cuphea and 
Lesquerella, the evaluation and development of germplasm leading to use- 
ful varieties, and concurrent development of appropriate crop production 
practices are long-term, high-risk research activities. Exact time- 
tables are difficult to construct, and 10 years is a conservative esti- 
mate for attaining minimal objectives. 

PROCEDURE: 

This project has responsibility for the following essential activities 
relative to the development of germplasm and domestication of new crop 
species. Primary emphasis is on species of Cuphea, and secondary empha- 
sis on species of Lesquerella: 

o Assembling, multiplying, and maintaining working germplasm 
collections. Distributing available seed stocks to bonafide . 
requesters. 
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o Evalua t ion  of germplasm wi th  s p e c i a l  emphasis on p o t e n t i a l  adap- 
t a t i o n  t o  semiarid and a r i d  condi t ions .  I d e n t i f i c a t i o n  and 
s e l e c t i o n  of agronomically promising s p e c i e s  and access ions .  

o Germplasm enhancement. Employment of convent ional  breeding  and 
g e n e t i c  techniques t o  develop u s e f u l  germplasm and breeding  
l i n e s .  Employment of both  intra-and i n t e r s p e c i f i c  c r o s s i n g  t o  
o b t a i n  new g e n e t i c  recombinations t o  remove c o n s t r a i n t s  t o  
domest icat ion and p roduc t iv i ty .  Improved germplasm w i l l  be made 
a v a i l a b l e  t o  coopera t ive  r e sea rch  and developmental programs f o r  
e v a l u a t i o n  and u t i l i z a t i o n .  

o Lia i son  and coordina t ion  of n a t i o n a l  Cuphea r e sea rch  program. 

o  Provide coordina t ion  w i t h i n  USDAIARS. 

o  Provide l i a i s o n  and coordina t ion  w i t h  u n i v e r s i t i e s  and 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 .  

Oregon S t a t e  Un ive r s i ty  - S p e c i f i c  Cooperative Agreement 
(No. 58-9AHZ-3-744). Development of  t o t a l  product ion 
system inc lud ing  germplasm e v a l u a t i o n ,  breeding and gene- 
t i c s ,  and development of a p p r o p r i a t e  c u l t u r a l  and h a r  
v e s t i n g  systems. Primary emphasis on annuals  adapted t o  
Northwest c l i m a t i c  condi t ions .  A  unique 3-way, equal ly-  
funded program invo lv ing  USDA~ARS, Oregon SAES, and member 
companies of  t h e  Soap and Detergent  Associat ion.  

Univers i ty  of  Arizona - Broadform Cooperative Agreement 
(No. 58-9AHZ-3-38). Cooperative r e s e a r c h  on i n t e r s p e c i f i c  
hybr id i za t ion  and cytogenet ics  o f  Cuphea. 

Purdue Un ive r s i ty  - Broadform Coopera t ive  Agreement (No. 
12-14-3001-259). Cooperative r e s e a r c h  on development of  
Cuphea t i s s u e  c u l t u r e  methodology. 

o  Provide l i a i s o n  wi th  indus t ry .  P a r t i c i p a t e  i n  planning,  deve- 
lopment and eva lua t ion  of  Cuphea r e s e a r c h  program w i t h  
Technical  Subcommittee-Cuphea P l a n t  Research Committee of t h e  
Glycerine and Oleochemical Divis ion  o f  t h e  Soap and Detergent  
Associat ion.  

RESULTS AND DISCUSSION: 
Assembling, Mult iplying,  Maintaining,  and D i s t r i b u t i n g  Working Germplasm 
Col lec t ions :  

Cuphea 

A working germplasm c o l l e c t i o n  o f  Cuphea has  been assembled and 
c u r r e n t l y  conta ins  274 access ions  of  59 of t h e  252 known s p e c i e s  from 9  
of t h e  13 s e c t i o n s  of  t h e  genus. I n  many i n s t a n c e s ,  numbers of s eeds  
received were very l i m i t e d  and some were of  d o u b t f u l  v i a b i l i t y .  
Attempts were made t o  germinate seed  of  250 of t h e  access ions  t o  o b t a i n  
p l a n t s  f o r  eva lua t ion  and seed inc rease .  A t o t a l  of  120 access ions  were 
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1 success fu l ly  germinated. However, 130 d id  not  germinate even though 
at tempts  were made t o  f a c i l i t a t e  germination by exc i s ion  of  embryos from 
t h e  seeds. A t o t a l  of 92 accessions and 13 s p e c i e s  were l o s t  due t o  
f a i l u r e  of  germination and l a c k  of  remnant seed. Resul t s  of t h i s  a c t i -  
v i t y  and cu r ren t  s t a t u s  of t h e  USDA/ARS Cuphea Working Germplasm 
Col lec t ion  a r e  summarized i n  Table 1. 

Lesquere l la  

The USDAIARS Lesquere l la  working germplasm c o l l e c t i o n  c o n s i s t i n g  of  93 
access ions  of 23 s p e c i e s  has  been assembled. Approximately one-third of  
these  s p e c i e s  a r e  n a t i v e  t o  t h e  Southwest (Table 2). Seed v i a b i l i t y  and 
germination percentage var ied  considerably al though some germination was 
obtained from over  92% of t h e  access ions  received.  Most of  t h e  seed had 
been c o l l e c t e d  i n  1966-1972, and seed dormancy pe r  s e  was not  a  problem. 

Evaluation of Germplasm: 

Cuphea 

A f i e l d  experiment was designed t o  determine wa te r  usage of  5 Cuphea 
spec ies  under 3 r a t e s  of  i r r i g a t i o n  (wet,  medium and dry) based upon 
s o i l  water  dep le t ion  monitored bv a neutron moisture meter. The 5 soe- 
c i e s  were C. k i g h t i i ,  - C, tolucaka,  a  p u t a t i v e  amphidiploid hybrid o'f C. 
w r i g h t i i  x-2. tolucana, 2. laminuligera,  and 2. procumbens. The exper7- 

A ment was conducted a t  t h e  Univers i ty  of Arizona Maricopa A g r i c u l t u r a l  
Center on a  sandy loam s o i l .  The experiment was r e p l i c a t e d  4 times wi th  
t h e  3 r a t e s  of water  a p p l i c a t i o n  making up t h e  main p l o t s ,  which con- 
ta ined  6 subplo ts  of  t h e  5 spec ie s  (C. w r i g h t i i w a s  planted i n  
dupl ica te) .  Each main p l o t  consiste> of 8-40 inch  beds w i t h  6 con- 
t a i n i n g  t h e  t e s t e d  s p e c i e s  p l u s  2 beds se rv ing  a s  guards. Border d ikes  
separated each main p l o t  i n  o rde r  t o  e f f e c t i v e l y  apply and con ta in  t h e  3 
i r r i g a t i o n  t reatments .  Each subplo t  cons is ted  o f  3-20 f o o t  long  beds 
t h a t  contained 2 rows of  p l an t s lbed  wi th  a  10 i n c h  in t e r row spacing. 
Such spacing provided a p l an t ing  d e n s i t y  of approximately 31,000 
p l a n t s / a c r e  (78,000 p lan t s fhec ta re ) .  Approximately 14,000 p l a n t s  were 
t ransplanted  i n t o  t h e  f i e l d  on A p r i l  12-13, 1984. Transplants  were 
s p r i n k l e r  i r r i g a t e d  u n t i l  e s t ab l i shed .  By June I s t ,  gated p ipes  were 
i n s t a l l e d  t o  d e l i v e r  t h e  3 app l i ca t ion  r a t e s  by furrow i r r i g a t i o n .  

By June l s t ,  only 2 s p e c i e s  2. procumbens and t h e  C. w r i g h t i i  x C. tolu-  
=a hybrid exh ib i t ed  adequate s u r v i v a l  r a t e s  of 8&90X. ~ u r v i v z l -  - 
counts f o r  C. wr igh t i i ,  C. tolucana,  and C. laminulgera were l e s s  than 
1 0 %   actors cont r ibut i% t o  t h e  l o s s  of-stand were high temoeratures 
and poor water  q u a l i t y  f r o m  a  w e l l  wi th  a  h igh  salt  conient  t h a t  was 
inadve r t en t ly  used f o r  t h e  f i r s t  establ ishment  app l i ca t ion .  Another 
important f a c t o r  was the  matur i ty  and condi t ion  of  t h e  p l a n t s  a t  
t ransplant ing .  A de lay  i n  f i e l d  p repa ra t ion  r e s u l t e d  i n  a  de l ay  i n  
p lant ing ,  and many of t h e  t r a n s p l a n t s  were f lower ing  and some were even 
beginning t o  s e t  seed. The advanced ma tu r i ty  of  t h e s e  p l a n t s  
i n t e r a c t i n g  wi th  t h e  environmental f a c t o r s  appa ren t ly  i n h i b i t e d  develop- * ment of new vege ta t ive  growth necessary f o r  s u c c e s s f u l  p l a n t  
establishment.  
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, 

The i r r i g a t i o n  s tudy was s t i l l  c a r r i e d  o u t  w i t h  t h e  2 s u r v i v i n g  spec ies .  
I r r i g a t i o n  was scheduled a t  50% s o i l  mois ture  d e p l e t i o n  f o r  t h e  wet 
t r ea tmen t ,  65% f o r  t h e  medium t rea tment ,  and 80% f o r  t h e  d r y  t rea tment .  
These percentages  were ca l cu la t ed  by u s i n g  t h e  0 t o  50 cm depth  of  s o i l .  
Two neu t ron  access  tubes  were i n s t a l l e d  i n  e a c h  main p l o t  t o  determine 
wa te r  dep le t ion .  Even a t  t hese  low d e p l e t i o n  r a t e s ,  p l a n t  l o s s  con- 
t i nued  throughout  t h e  summer months i n  t h e  d r y  t reatment .  

Approximately 20 inches of water  was used t o  e s t a b l i s h  t h e s e  p l a n t s  from 
t h e  p l a n t i n g  d a t e  i n  mid Apr i l  u n t i l  June 1st. From June 1st u n t i l  mid 
August t h e  wet t reatment  received 27 inches  o f  water .  The medium t r e a t -  
ment r ece ived  18 inches ,  and t h e  dry t r ea tmen t  rece ived  a t o t a l  of 14 
inches  f o r  t h e  75 day period. The on ly  appa ren t  d i f f e r e n c e  i n  amount of 
wa te r  used between t h e s e  2 spec ie s  was i n  t h e  "dry" t reatments .  More 
p l a n t s  o f  C. procumbens were l o s t  throughout  t h e  season than  f o r  t h e  
amphidiploid hybrid i n  t h i s  t reatment ,  t h u s  i n d i c a t i n g  t h a t  2. procum- 
beds has  a h igher  water  requirement. - 
Throughout t h e  experiment both s p e c i e s  f lowered.  The f lowers  of C. pro- 
citmbens appeared normal, but those  of t h e  h y b r i d  d i d  not  develop :or- 
mally. Many of t h e  f lowers f a i l e d  t o  develop p e t a l s .  Very l i t t l e  seed 
s e t  was observed on e i t h e r  s p e c i e s  i n  any of  t h e  wa te r  t rea tments .  Seed 
abor t ion  was a t t r i b u t e d  t o  t h e  h igh  tempera tures  experienced throughout 
t h e  growing season. The experiment was abandoned i n  September w i t h  no 
y i e l d s  taken ,  and t o t a l  water  requirements  f o r  product ion of Cuphea was 
n o t  determined. 

A t o t a l  o f  569 p l a n t s  of  50 germplasm a c c e s s i o n  of  15  s p e c i e s  were a l s o  
t r a n s p l a n t e d  t o  t h e  f i e l d  a t  Maricopa on A p r i l  19th.  By t h e  middle of 
August, p l a n t s  of 48 accessions had d i e d ,  l e a v i n g  only  161 p l a n t s  of  2 
access ions  of  a pe renn ia l  s p e c i e s  C. a n g u s t i f o l i a .  This  s p e c i e s  
flowered and produced a small  amouzt of  seed l a t e r  i n  t h e  f a l l  a f t e r  
temperatures  had decreased. A t o t a l  of  374 p l a n t s  of  71 access ions  of 
15 annual s p e c i e s  were t r ansp lan ted  i n  A p r i l  i n t o  p l o t s  a t  t h e  U. S. 
Water Conservation Laboratory (USWCL) i n  Phoenix. Only about  20% of 
t h e  p l a n t s  and access ions  survived t h e  summer. I n  c o n t r a s t ,  303 p l a n t s  
of 36 access ions  of  16 perennia l  s p e c i e s  were t r a n s p l a n t e d  i n  p l o t s  a t  
t h e  USWCL, and only 1 access ion  was l o s t .  Approximately 77% of t h e  
pe renn ia l  p l a n t s  survived t h e  season,  and many produced seed i n  t h e  
f a l l .  

Foi lage  of a l l  Cuphea s p e c i e s  appears  t o  be  s u s c e p t i b l e  t o  l i g h t  f r o s t s  
al though some d i f f e r e n c e s  i n  degree  of  s e n s i t i v i t y  have been observed. 
Two access ions  each of t h e  p e r e n n i a l s  C. a n g u s t i f o l i a  and C. l l a v e a  sur-  
vived t h e  w i n t e r  of  1983-84 i n  outdoor-planting at  t h e  US%L, and 
regrew vigorously i n  t h e  s p r i n g  from p l a n t  crowns, underground stems and 
roots .  P l a n t s  of 31 access ions  of  11 p e r e n n i a l  s p e c i e s  a r e  p lanted  i n  
outdoor p l o t s  a t  t h e  USWCL t o  observe t h e i r  c a p a c i t y  t o  over  win te r  and 
survive.  

Adaptation of  C. w r i g h t i i  was eva lua ted  i n  t h e  Imper i a l  Valley a t  t h e  I 

USDA/ARS ~ e s e r T  I r r i g a t i o n  Center  a t  Brawley , C a l i f o r n i a .  Approximately 
3,500 s e e d l i n g  p l a n t s  were t r a n s p l a n t e d  by machine on May 8 t h  a s  s i n g l e  

t3 
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1 rows on 8-500 foot  long, 40 inch beds. The s o i l  was a r e l a t i v e l y  heavy 
c lay  loam. Spacing between p l a n t s  w i t h i n  rows was 1 4  inches,  g iv ing  a 
p l a n t i n g  dens i ty  of approximately 11,200 p l a n t d a c r e  (28,000 p lan t s /  
hectare) .  One h a l f  of t h e  p l a n t s  were grown i n  speedl ing  t r a y s  a t  
Brawley and were approximately 2 weeks advanced i n  ma tu r i ty  compared t o  
t h e  balance of t h e  p l a n t s  grown a t  t h e  USWCL i n  Phoenix. The l a t t e r  
were seeded on A p r i l  13  and seed l ing  p l a n t s  pricked o f f  i n t o  speedl ing  
t r a y s  on Apr i l  20th. A t  t h e  time of p lant ing ,  t h e  Phoenix p l a n t s  were 
t ranspor ted  t o  Brawley. These p l a n t s  were i n  very good condi t ion ,  w e l l  
rooted,  from 2 t o  3 inches i n  he igh t ,  i n  t h e  6 t h  l e a f  s t a g e ,  and 
s t a r t i n g  t o  branch. The Brawley grown p l a n t s  were from 4 t o  5 inches  i n  
he ight  and we l l  branched and rooted a t  t h e  time of  t r ansp lan t ing .  
Spr ink le r  i r r i g a t i o n  was used f o r  establ ishment  and water  app l i ca t ion  
was l a t e r  s h i f t e d  t o  furrow i r r i g a t i o n .  It was o r i g i n a l l y  intended t h a t  
3 l e v e l s  of i r r i g a t i o n  would be imposed and water  usage and r a t e  of s o i l  
water  dep le t ion  monitored by a neutron moisture meter. 

Low i n  p l a n t  s t and  a t  Brawley commenced e a r l y  and continued a s  t h e  
season progressed. Since l o s s  i n  s t and  was s o  r ap id ,  a dec i s ion  was 
made t o  forego establ ishment  of d i f f e r e n t i a l  i r r i g a t i o n  t reatments .  I n  
mid-June, 45  days a f t e r  t r ansp lan t ing ,  t h e  s tand  was est imated t o  be 
only approximately 30%. The l a r g e s t  p l a n t s  were only approximately 6 t o  
8 inches  i n  he igh t  and flowering. However, most of t h e  f lowers  showed 
s igns  of  heat  s t r e s s ,  were abnormal i n  appearance, and f a i l e d  t o  develop 
normal pe t a l s .  Very l i t t l e  seed s e t  was observed. Some p l a n t s  were 

A dwarfed and yellowing. High s a l i n i t y  may have been a c o n t r i b u t i n g  fac- 
t o r  s i n c e  obvious salt d e p o s i t s  were observed on t o p  of t h e  beds. 
Continued s tand  deple t ion  and poor p l a n t  growth forced t h e  te rminat ion  
of  t h e  experiment i n  mid-July. A few p l a n t s  produced a very  small  
amount of seed a t  t h i s  time, but  no y i e l d  d a t a  were taken. 

Cuphea w r i g h t i i  was direct-seeded i n  r e p l i c a t e d  p l o t s  a t  t h e  Maricopa 
Agr i cu l tu ra l  Center on A p r i l  20th a s  p a r t  of the  Cuphea Regional 
Experiment managed by D r .  Frank Hi r s inge r  a t  Oregon S t a t e  Univers i ty .  
I n  add i t ion  t o  rows seeded wi th  a P lane t  Jr. d r i l l ,  p l a n t i n g s  were a l s o  
made by f l u i d  d r i l l i n g .  An a d d i t i o n a l  p l a n t i n g  was made on May 2nd 
s i n c e  p l a n t  s t ands  i n  t h e  f l u i d  d r i l l e d  p l o t s  were very low. Data were 
taken pe r iod ica l ly  on s t and  counts ,  branching, p l an t  he igh t ,  f lowering 
and seed s e t .  P l an t  growth and f lower ing  were minimally adequate,  but  
seed set was very l imi t ed ,  most probably due t o  h igh  seasona l  tea- 
pera tures .  A s  w i th  t h e  o t h e r  p l an t ings ,  f lower development was somewhat 
abnormal, most probably due t o  hea t  s t r e s s .  No a t tempt  was made t o  
o b t a i n  y i e l d  d a t a  o r  ha rves t  t h e  l i m i t e d  amount of seed produced. Data 
on emergence, p l an t  growth and s t ands  a r e  summarized i n  Table 3. 

A r e p l i c a t e d ,  d a t e  of p l a n t i n g  experiment was designed t o  determine t h e  
f e a s i b i l i t y  of producing Cuphea a s  a direct-seeded f a l l  c rop  i n  c e n t r a l  
Arizona. Seed of  C. w r i g h t i i  was p lanted  a t  10-day i n t e r v a l s  w i th  a 
P lane t  Jr. d r i l l ,  s t a r t i n g  August 27th. Good germination and s t ands  
were obtained f o r  t h e  f i r s t  2 p l an t ings .  A soil-borne pathogen seve re ly  
reduced s tands  i n  t h e  l a s t  2 p lant ings .  Some p l a n t  l o s s e s  were a l s o  

h observed i n  t h e  f i r s t  2 p lant ings .  In fec t ed  p l a n t s  and s o i l  were taken 
t o  t h e  Department of P lan t  Pathology of t h e  Un ive r s i ty  of Arizona a t  
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Tucson f o r  poss ib l e  i d e n t i f i c a t i o n  of t h e  c a u s a l  organism. Flowering 
occurred 43, 41, 40, and 44 days a f t e r  p l an t ing ,  bu t  f ina l -mean p l a n t  
he igh t s  were  only 12, 8 ,  7,  and 3 cm f o r  t h e  4 p l a n t i n g  d a t e s ,  r e s p e c  
t i v e l y .  Only a l i m i t e d  amount of seed was s e t ,  and t h e  y i e l d s  from one 
ha rves t  made on November 30th  were only 0.11 and 0.08 g / ~ ~  f o r  t h e  f i r s t  
2 p l a n t i n g  d a t e s ,  r e spec t ive ly .  Data on emergence, p l a n t  growth and 
s t ands  a r e  summarized i n  Table 3 s o  t h a t  performance can be r e a d i l y  com- 
pared t o  t h a t  of t h e  s p r i n g  plant ing.  

On October 3rd ,  a 500 f o o t  row of Cuphea w r i g h t i i  and a 500 f o o t  row of 
Lesque re l l a  f e n d l e r i  were p lanted  a t  t h e  Yuma Mesa A g r i c u l t u r a l  Center 
concurrent ly  w i t h  a d i r e c t  seeded p l a n t i n g  of  guayule. Seed was planted 
wi th  a Nibex 300 p r e c i s i o n  p l an te r .  The s o i l  ( S u p e r s t i t i o n  sand) was a 
coarse-textured,  low w a t e r h o l d i n g  capac i ty  sand. I r r i g a t i o n  wa te r  was 
appl ied  w i t h  a n  automated, lateral-move s p r i n k l e r  system. Germination 
and emergence of  t h e  Cuphea was good and s t a n d  coun t s  averaged 41 p l a n t s  
pe r  meter of  row 1 1  days a f t e r  p lan t ing .  However, a t  t h i s  t ime,  most of 
t h e  s e e d l i n g s  showed a yel lowing o r  b leaching  o f  t h e  cotyledonary 
leaves.  Growth o f  s eed l ings  were seve re ly  r e t a r d e d  and many of  t h e  
p l a n t s  were dying. The Lesquere l la  p l a n t s  were showing s i m i l a r  symptoms 
and p l a n t  s t a n d  and growth appeared t o  be more s e v e r e l y  a f f ec t ed .  
E s s e n t i a l l y ,  no  guayule p l a n t s  could be  found. The d i f f i c u l t y  was l a t e r  
t raced  t o  a n  unexpected r e s i d u a l  i n  t h e  s o i l  o f  a previous ly  app l i ed  
herb ic ide .  

Lesquere l la  

On October 1, 1984, 1,632 p l a n t s  from 54 a c c e s s i o n s  of 19 s p e c i e s  of 
Lesquere l la  p l u s  one access ion  of  a s p e c i e s  from a c l o s e l y  r e l a t e d  genus 
(Physaria  f lo r ibunda)  were t r ansp lan ted  i n t o  t h e  f i e l d  a t  t h e  Maricopa 
A g r i c u l t u r a l  Center  and a t  t h e  USWCL f o r  e v a l u a t i o n  and s e l e c t i o n  (Table 
2). An a d d i t i o n a l  d i r e c t  seeded p l a n t i n g  of  74  access ions  of  18  s p e c i e s  
was a l s o  made a t  t h e  same time a t  Maricopa. The p l a n t i n g s  a t  Maricopa 
were made on 10-270 f o o t  40 i n c h  beds, w i t h  2 rows pe r  bed. 
Transplanted p l a n t s  were spaced 10 inches  a p a r t  w i t h i n  t h e  double rows, 
which were spaced approximately 14 inches  a p a r t  on t h e  bed. Such 
spacing provides a p l a n t i n g  d e n s i t y  of approximate ly  32,000 p l a n t s f a c r e  
(80,000 p lan t s /hec ta re ) .  The d i r e c t  seeded p l o t s  were d r i l l e d  wi th  a 
P lanet  Jr. p l a n t e r ,  two rows p e r  bed i n  p l o t s  25  f e e t  (7.6 meters )  i n  
length.  Emergence and s t and  counts  were made p e r i o d i c a l l y ,  and o b s e r  
va t ions  were made on gene ra l  growth c h a r a c t e r i s t i c s  of t h e  seed l ings  and 
t r ansp lan ted  p l a n t s .  Large d i f f e r e n c e s  were observed i n  germinat ion,  
emergence, and r a t e  of  s u r v i v a l  among s p e c i e s  and access ions  w i t h i n  spe- 
c i e s .  To ta l  s e e d l i n g  s t and  counts  f o r  a l l  a c c e s s i o n s  were 3,601 a t  15 
days a f t e r  p l a n t i n g  (DAP); 5,954 a t  25 DAP and 2,395 a t  50 DAP. 
Addi t ional  a t t r i t i o n  i s  a n t i c i p a t e d  du r ing  t h e  w i n t e r  and s p r i n g  months 
of 1985 before  seed h a r v e s t  i n  l a t e  spr ing .  S tand count 50 DAP f o r  
t ransplanted  p l a n t s  a l s o  dropped t o  approximately 54%. 
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-. 
Germplasm Enhancement: 

Cuphea 

Seeds of  pu ta t ive  hybrids involv ing  - Cuphea spec ie s  w i t h i n  t h e  s e c t i o n  
Heterodon have been obtained from c rosses  made a t  Phoenix and Tucson. 
I n  1984 over  500 p o l l i n a t i o n s  were attempted a t  Phoenix involv ing  14 
c ross  combinations among 7  d i f f e r e n t  spec ies .  A t o t a l  o f  82 seeds  were 
obtained from 5  c ross  combinations (Table 4). This  b r ings  t h e  t o t a l  t o  
130 seeds obtained from 13 c r o s s  combinations involving 7  d i f f e r e n t  spe- 
c i e s  i n  1983 and 1984. Germination of t hese  seeds  has been delayed 
u n t i l  1985 i n  an a t tempt  t o  overcome dormancy. A t  Tucson over  1000 
i n t e r s p e c i f i c  p o l l i n a t i o n s  were made by Dr .  Dennis Ray and D r .  Al len  
Gathman i n  1984, r e s u l t i n g  i n  6  cy to log ica l ly  confirmed i n t e r s p e c i f i c  
hybrid p l a n t s  ( 2  - C. procumbens x C. leptopoda,  and 4  - 2. procumbens x 
C. l anceo la t a ) .  preserved buds fro% i n t e r s p e c i f i c  hybr ids  made by D r .  - 
Shi r l ey  Graham, Kent S t a t e  Univers i ty ,  were a l s o  c y t o l o g i c a l l y  analyzed 
a t , ~ u c s o n .  ~h ;ee  a d d i t i o n a l  i n t e r s a e c i f i c  hvbr ids~were-confGmed from 
t h i s  m a t e r i a l  (C. lophostoma x  2. l a n c e o l a t a ,  C. procumbens x C. l l a v e a  
var.  e, and-C. l l a v e a  var.  - h i r t a  x - C. l l a v e a ) .  The p u t a t i T e  amphi- 
d i p l o i d  hybrid 07 C. w r i g h t i i  x 2. tolucana ( A  0260 from D r .  Frank 
Hirs inger)  was c y t ~ l o g i c a l l y  examined and shown t o  have a n  n  chromosome 
number of  22. This r a i s e s  a n  i n t e r e s t i n g  ques t ion  a s  t o  t h e  o r i g i n  of  
t h e  hybrid s i n c e  t h e  n  chromosome number of  t h e  pa ren ta l  s p e c i e s  a r e  C. 
w r i g h t i i  (n=22) and C. tolucana (n=12). However, t h e  hybrid has  l a r g e r  

i- f lowers and seed s i z e  and i s  otherwise morphologically d i s t i n c t  from 
e i t h e r  p a r e n t a l  spec ies .  S teps  a r e  be ing  taken t o  r e c r e a t e  t h i s  
i n t e r e s t i n g  hybrid combination. A t o t a l  of 170 seeds from 6  new c r o s s  
combinations made a t  Tucson w i l l  be  grown out  i n  1985, and a d d i t i o n a l  
c ros ses  w i l l  be  attempted. 

Methods have been developed and per fec ted  a t  Tucson f o r  f i x i n g  and 
s t a i n i n g  Cuphea meio t ic  mater ia l .  Acetocarmine squash p repa ra t ions  of 
meio t ic  an the r s  of 33 access ions  of 14 s p e c i e s  have been c y t o l o g i c a l l y  
examined and charac ter ized  f o r  chromosome number and chiasma frequency 
t o  a s s e s s  t h e  degree of chromosome pa i r ing .  This  information i s  
necessary t o  i n t e r p r e t  cy togenet ic  d a t a  from cur ren t  and f u t u r e  
i n t e r s p e c i f i c  hybrids.  

Se lec t ions  of 53 r ap id ly  germinat ing s e e d l i n g s  of 3 species--C. w r i g h t i i  
(33  p l a n t s  from 2  access ions) ,  2. tolucana (11  p l an t s ) ,  and CT paucipe- 
t a l a  ( 9  p l a n t s  from 2  accessions)  were made i n  a n  at tempt t o m i n i m i z e  - 
seed dormancy. Se l f -pol l ina ted  seed was obta ined  from 5 1  of  t h e  p l a n t s  
and germinated. Thousand seed weights  were a l s o  recorded (Table 5). A 
s u r p r i s i n g l y  high l e v e l  of germinat ion was obtained f o r  some s e l e c t i o n s ,  
ranz inz  a s  h iah  a s  59% wi th in  7  davs a f t e r  a l an t inz .  A t o t a l  of  590 (C. .. - .> - 
w r i g h t i i  - 557; C. tolucana - 29: k. p a u c i p e t a l l a  - 4) f a ~ t - ~ e r m i n a t i ; ~  
seed l ings  were sTlected and potted-up from seed production and f u t u r e  
t e s t i n g .  Data from i n d i v i d u a l  p l a n t s  a r e  c u r r e n t l y  being taken  on seed 
y i e l d ,  seed weight,  p l a n t  h e i g h t  and d r y  weight.  Germination t e s t s  w i l l  
be run on dup l i ca t e  seed samples from each p l a n t .  I n  add i t ion ,  o i l  per- 

f- centages and f a t t y  ac id  contents  w i l l  be determined on i n d i v i d u a l  p l a n t  
progenies  t o  a s s e s s  t h e  ex ten t  of  i n t r a s p e c i f i c  v a r i a b i l i t y .  Appropriate  
s e l e c t i o n s  w i l l  be made and propagated f o r  a d d i t i o n a l  t e s t i n g .  
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At ten t ion  has  been given t o  l o c a t e  and i d e n t i f y  economically important  
g e n e t i c  c h a r a c t e r s  i n  Cuphea t h a t  may a s s i s t  i n  t h e  removal of  produc- 
t i o n  c o n s t r a i n t s .  A compact p l a n t  growth c h a r a c t e r  has  been found i n  
t h e  s p e c i e s  C. leptopoda. This  new c h a r a c t e r i s t i c  may prove u s e f u l  i n  
concentrat in< seed s e t .  Research i s  i n  p r o g r e s s  t o  determine i t s  he r i -  
t a b i l i t y  and u t i l i t y .  The nonst icky mutant of  C. procumbens (A 0263) 
obtained from D r .  Frank Hi r s inge r  was observed t o  be seg rega t ing  f o r  a  
wide range of  f lower c o l o r s  ranging from s o l i d  p inks ,  purp les  t o  r e d s ,  
and va r ious  b i c o l o r  combinations. A c l e a r ,  l i g h t  pink s e l e c t i o n  has  
been made f o r  poss ib l e  use  a s  a  g e n e t i c  marker. Crosses among p l a n t s  
w i t h  d i f f e r e n t  f lower c o l o r  have a l s o  been i n i t i a t e d  a t  Tucson t o  d e t e r  
mine t h e  i n h e r i t a n c e  of f lower  c o l o r  i n  t h i s  s p e c i e s .  

The coopera t ive  r e s e a r c h  program a t  Purdue U n i v e r s i t y  conducted by Dr .  
J u l e s  Janick  has  s u c c e s s f u l l y  developed -- i n  v i t r o  c u l t u r e  methodology f o r  
t h e  s p e c i e s  5. w r i g h t i i  through shoot  t i p  and c a l l u s  cu l tu re .  This  
involves  t h e  product ion of  organogenic c a l l u s  f rom shoo t s  and l e a v e s  and 
t h e  d i r e c t  p r o l i f e r a t i o n  of  shoots.  -- I n  v i t r o  produced shoo t s  have been 
s u c c e s s f u l l y  induced t o  produce roots .  Such r o o t e d  p l a n t l e t s  have been 
s u c c e s s f u l l y  t r a n s f e r r e d  t o  s o i l  c u l t u r e  and p roduc t ion  i n  t h e  
greenhouse. Such methods may l e a d  t o  t h e  p o s s i b i l i t y  of s c reen ing  l a r g e  
numbers of  induced p l a n t l e t s  f o r  somaclonal v a r i a t i o n .  Such v a r i a t i o n  
may prove u s e f u l  i n  removing g e n e t i c  c o n s t r a i n t s  t o  product ion such a s  
seed s h a t t e r i n g ,  dormancy, s t i c k y  p l a n t  h a i r s ,  and in t e rmed ia t e  growth 
and flowering. 

The cooperat ive program a t  Purdue i s  i n t e r e s t e d  i n  expanding s t u d i e s  on 
t h e  c e l l  and t i s s u e  c u l t u r e  of  Cuphea as a n  a d j u n c t  t o  germplasm enhan- 
cement and crop improvement, and t o  exp lo re  -- i n  v i t r o  product ion of  
mediuwchain f a t t y  a c i d s .  These inc lude  t h e  f o l l o w i n g  techniques: 

o  C e l l  and p r o t o p l a s t  c u l t u r e  and p r o t o p l a s t  f u s i o n  technology. 
o  Anther c u l t u r e  of  Cuphea t o  produce h a p l o i d  c e l l s  and p lan t s .  
o  Embryo c u l t u r e ,  t h e  induc t ion  o f  a s e x u a l  embryogenesis, and t h e  

production of embryogenically-competent c a l l u s .  

Lia ison  and Coordinat ion of Nat ional  Cuphea Research  Program: 

Lia ison  and coordina t ion  was provided f o r  t h e  n a t i o n a l  Cuphea r e sea rch  
program, both w i t h i n  USDA/ARS and w i t h  u n i v e r s i t i e s  and s t a t e  agri-  
c u l t u r a l  experiment s t a t i o n s  and wi th  indus t ry .  Within t h e  year ,  3  s i t e  
v i s i t s  were conducted i n  Oregon t o  confer  w i t h  r e s e a r c h  workers,  d i s c u s s  
progress  of  t h e  program, and i n s p e c t  t h e  expe r imen ta l  p l o t s  dur ing  t h e  
growing season. The d a t e s  of  t h e s e  v i s i t s  were August 1 and 2  a t  
Corval l i s ;  August 15  t o  v i s i t  p l o t s  i n  H e m i s t o n  and Ontar io  i n  e a s t e r n  
Oregon; August 27-31 t o  a t t e n d ,  p a r t i c i p a t e  and p r e s e n t  a n  overview of  
t h e  USDA/ARS Cuphea Research Program a t  t h e  1984 Cuphea Research and 
Development Meeting a t  Corva l l i s ;  and December 5-8 t o  debr i e f  D r .  Frank 
Hi r s inge r ,  who was l e a v i n g  t h e  program, and t o  d i s c u s s  admin i s t r a t ive  
and program mat t e r s  w i t h  Oregon S t a t e  U n i v e r s i t y  o f f i c i a l s .  I n  addi- 
t i o n ,  t h e  annual meeting of  t h e  Western Regional  P r o j e c t  (W-157 
"Development of  New and Improved Crops f o r  Water  Conservat ion i n  Arid 
Lands") was a t tended on September 19-21 a t  R i v e r s i d e ,  Ca l i fo rn ia .  
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1 Research on Cuphea and Lesquere l la  was reported along wi th  o t h e r  r e l a t e d  
r e sea rch  of t h e  USWCL on guayule, guar,  and runoff farming. On June 
11-13 an inv i t ed  paper e n t i t l e d  "New Native Crops f o r  t h e  Arid 
Southwest" was presented a t  t h e  Socie ty  f o r  Economic Botany Symposium on 
t h e  "Ethnobotany of t h e  Grea ter  Southwest" a t  Texas A&M Univers i ty ,  
College S ta t ion ,  Texas. Research on Cuphea and Lesquere l la  was c i t e d  a s  
examples. 

SUMMARY AND CONCLUSIONS: 

Cuphea: 

Good progress  has  been made i n  many a r e a s  of research  on Cuphea. The 
program has  generated cons iderable  i n t e r e s t  w i th in  USDA/ARS, s t a t e  uni- 
v e r s i t i e s  and a g r i c u l t u r a l  experiment s t a t i o n s ,  and industry.  The 
cooperat ive a spec t s  of t h e  program a r e  s t rong ly  developing, and t h e  uni- 
que f e d e r a l - s t a t w i n d u s t r y  funding mechanism may we l l  s e rve  a s  a model 
f o r  f u t u r e  new crop R6D programs. Plans a r e  being developed t o  i n c r e a s e  
t h e  scope of t h e  t o t a l  program, and t o  inc rease  t h e  eva lua t ion  of  
germplasm f o r  adapta t ion  i n  o t h e r  geographical  areas.  The 1984 f i e l d  
r e s u l t s  designed t o  eva lua te  Cuphea germplasm f o r  p o t e n t i a l  product ion 
i n  Arizona and t h e  Southwest l ead  t o  t h e  conclusion t h a t  few, i f  any, 
spec ie s  of t h e  genus a r e  adapted t o  t h e  high temperatures experienced 
throughout t h e  growing season. Even though some p l a n t s  continued t o  
grow and flower, e s s e n t i a l l y  no seed s e t  was observed. Resu l t s  a l s o  

A i n d i c a t e  t h a t  f a l l  p l a n t i n g  does not appear  t o  be a v i a b l e  op t ion  f o r  
production of Cuphea i n  t h i s  area.  However, small-scale seed i n c r e a s e  
i n  t h e  greenhouses appears f e a s i b l e  du r ing  t h e  f a l l ,  win ter ,  and e a r l y  
s p r i n g  months. 

The r e l a t i v e l y  high p l an t  s u r v i v a l  of t h e  perennia l  spec ie s  g i v e s  a n  
i n d i c a t i o n  t h a t  such ma te r i a l  may be u s e f u l  f o r  production of  a f a l l  
seed crop a f t e r  h igh  temperatures have abated. However, none of t h e  
perennia l  spec ie s  i n  t h e i r  present  form appear t o  be d i r e c t l y  adapted t o  
agronomic cu l tu re .  Considerable r e sea rch  i n  t h e  a r e a  of germplasm 
enhancement and development would be needed t o  e x p l o i t  t h e  p o s s i b l e  
b e n e f i t s  of  perennia l  growth h a b i t  f o r  c u l t u r e  i n  t h e  a r i d  Southwest. 
To be use fu l ,  pe renn ia l  germplasm w i l l  need t o  be developed t h a t  has  a 
high p o t e n t i a l  f o r  e a r l y ,  concentrated seed s e t  and y i e l d ,  w i t h  reduced 
sha t t e r ing .  

Ind ica t ions  a r e  t h a t  much of t h e  Cuphea germplasm c u r r e n t l y  being eva- 
lua t ed  i n  the  Oregon S t a t e  program t r a c e s  back t o  a l imi t ed  number of 
c o l l e c t i o n s  from wi ld ,  n a t i v e  h a b i t a t s .  Steps a r e  now being i n i t i a t e d  
t o  inc rease  seed and d i s t r i b u t e  f o r  eva lua t ion  a l l  a v a i l a b l e  access ions  
of agronomically promising spec ies .  Seed supply of most of t h e s e  
access ions  i s  c u r r e n t l y  l imi ted .  These inc lude  C. w r i g h t i i  (61, C. 
laminuligera ( 2 ) ,  - C. leptopoda (8), and C. l u t e a - ( 2 7  - -  
It i s  concluded t h a t  f i e l d  experimentat ion should be  l i m i t e d  a t  t h i s  
l o c a t i o n ,  and a major po r t ion  of t h e  r e sea rch  on Cuphea be d i r e c t e d  t o  

"Y germplasm enhancement and development of new sources of germplasm. 
Improved germplasm developed a t  t h i s  l o c a t i o n  w i l l  be made a v a i l a b l e  f o r  
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eva lua t ion  and u t i l i z a t i o n  a t  o t h e r  l o c a t i o n s  encompassed w i t h i n  t h e  
n a t i o n a l  program. This  p r o j e c t  w i l l  a l s o  con t inue  t o  have - the  respon- 
s i b i l i t y  f o r  maintaining t h e  Cuphea working germplasm c o l l e c t i o n  and 
provide coord ina t ion  and l i a i s o n  wi th in  USDA/ARs, and w i t h  s t a t e s  and 
indus t ry .  

Lesquere l la :  

The prospects  of success fu l  domest icat ion of L e s q u e r e l l a  s p e c i e s  f o r  
product ion w i t h i n  t h e  a r i d  and semiarid Southwest a r e  judged t o  be re la -  
t i v e l y  high. Continued eva lua t ion  of  t h e  USDA/ARS Lesque re l l a  working 
germplasm c o l l e c t i o n  w i l l  be  made w i t h i n  t h e  p l a n t i n g s  a t  Marieopa and 
t h e  USWCL i n  Phoenix. Appropriate s e l e c t i o n s  and seed i n c r e a s e  of 
access ions  w i l l  be made. Based upon c u r r e n t  performance, new p lan t ings  
w i l l  be made i n  t h e  l a t e  f a l l  a t  Maricopa and p o s s i b l y  a t  Yuma and 
Brawley f o r  f u r t h e r  eva lua t ion .  
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TABLE 1. CURRENT STATUS OF USDAIARS CUPHEA CERUPLAStI UORKING COLLECTION 
U.S. WATER CONSERVATION LABORATORY-PHOENIX, AZ (JAN 1985) 

GERMPLASM ACCESSIONS 
SECTIONS OF GENUS NUMBER OF SPECIES NUMBER NUliBER 

6 RECEIVED1 SURVIVED/ NUHBER SUCCESSFULLY WITH REMNANT NUMBER 
S P E C I E S  KNOW RECEIVED RECEIVED CERYINATED SEED LOST 

SUBGENUS CUPIIEA: 

-: 
C. fruticosa 1 L I 0 
C. racemosa 4 2 4 0 
C. salicifolia 2 0 1 1 
TOTAL 3 / 1 7  313 7 3 6 1 

SUBGENUS EUCUPHEA: 

IIETEKANIHUS: 01 10 - 0 - - - 

BRACW&VDRA: 
C. aperta 2 1 2 0 
C. calophylla 3 0 3 0 
C. carthagenensis 1 6  4 7 9 
C. ferrisiae I 0 L 0 
C. vesicuiigera 3 0 2 1 
TOTAL 51 26 5 1 5  2 5  5 15 10 

EUANDRA: 
C. dios~ifolia - 3 0 0 3 
C. glutinosa 7 5 5 - 2 
C. hyssopifolia 1 0 1 0 
C. linariodcs 2 2 1 I 
C. linifolia 2 1 I 1 
C. poiynorphoides - 2 0 0 - 2 
C. pseudovacciniun 3 0 0 3 
C, sclerophylla - I 0 0 I 
C. thymoides 1 0 1 0 
TOTAL 9 1 7 4  4 1 9  22 8 9 1 3  

TRISPERHUX: 
C. ericoides - 2 0 0 2 
C. reflexifolia - 2 0 0 - 
TOTAL 2 /  16 O/ 2 4 0 0 4 

PSEUDOCIRCAEA: 
C. lurescene 3 0 i 2 
TOTAL 119 11 1 3 0 I 2 
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Table I (Cant.). - .- 
GEMPLASH ACCESSIONS 

SECTIONS OF GENUS NUPiDER OF SPECIES NUWEB NUMBER 
6 RECEIVED1 SUKVIVED/ NUKBER SUCCESSFULLY WITH REMNANT NUMNER 

SPECIES W O W  RECEIVED RECEIVED CERHINATED SEED LOST 

HETERODON: 
C. angustifolia 2 2 2 0 
C. calcarata 2 2 1 1 
C. craesiflora 2 2 1 I 
C. glossostoma 2 0 1 1 
C. inLlaCa 3 I 1 2 
C. koehneana 3 2 3 0 
C. laminulieera 4 3 3 1 
C. lanceolata 29 29 28 1 
C. leptopoda 11 5 9 2 
C. llavea 14 4 9 - 5 
C. lobophoca 9 0 0 9 
C. lophostoma 2 1 I 1 
C. lutea 3 3 3 0 
C. pnluatris 2 1 t 1 
C. paucipetala 6 2 5 1 
C. procumbens 19 18 16 3 
C. quntecnata - 1 0 0 1 
C. trochilus - 1 0 0 1 
C. tolucana 17 8 14 3 
C. vsightii 18 6 9 9 
C. ri~ightll x C. tolucana 2 2 2 0 
c. viscosa - 2 0 0 2 
C. viscosissir~a 1 1 1 0 
TOTAL 23/31 19/23 155 93 110 45 

MELVILLA: 
C. ceccilise 1 1 1 0 
C. hecerophylla - 7 0 0 7 
C. ignea 5 2 4 1 
C. jorullenals 2 0 1 1 
C. melvilla 3 0 3 0 
C. microperala 3 0 3 0 
TOTAL 6/36 516 21 3 12 9 

LEPTOCALYX: 
C. aequipccala 6 2 6 0 
C. bustimanta 1 0 1 0 
C. calaminthifolia - 1 0 0 1 
C. gracillora - 4 0 1 3 
TOTAL 418 314 12 2 8 4 

DIPLOPTYCHIA: 
C. cynea 4 I 1 3 
C. hookeriana 9 8 8 1 
C, nitidula 2 0 2 0 
C, painteci 1 0 1 0 
C. pinecarurn 1 1 1 0 
C, spectabilis 1 1 I 0 
TOTAL 6/21 61 6 18 11 14 4 

DIPLOPTYCHIA: 
C. cynea 
C. hookeriana 
C, nitidula 
C, painteci 
C. pinecocurn 

-: 717 ?I? 7 0 7 0 

GRAND TOTAL 59f252 46/59 274 125 182 92 
PERCENT 23.4 79.0 - 45.6 66.4 33.6 
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TABLE 3 .  GROIJTH PERFORMANCE OF CUPHEA WRIGHT11 DIRECT SEEDED PLANTINGS - SPRING -, 
& FALL, 1984. HARICOPA AGRICULTURAL CENTER 

SPRING FALL PLANTING 
GROWTH PARAEETERS PLANTING 1 2 3 4 

DATE OF PLANTING: 4/20 8/27 9 / 4  9 /14 9/24 

EMERGENCE: 

DAYS TO EMERGENCE 11 7 6 7 7 
NO. OF SEEDLINGS* 15 66  25 17 9 

2-LEAF STAGE: 

DAYS AFTER PLANTING 
NO. OF SEEDLINGS* 

6-LEAF STAGE : 

DAYS AFTER PLANTING 
NO. OF SEEDLINGS* 
PLANT HEIGHT (em) 

BRANCHING STAGE: 

DAYS AFTER PLANTING 
NO. OF SEEDLINGS* 

FLOWERING STAGE: 

DAYS AFTER PLANTING 
NO. OF SEEDLINGS* 
PLANT HEIGHT (cm) 

RIPENING STAGE: 

DAYS AFTER PLANTING 
NO. OF SEEDLINGS* 
PLANT HEIGHT (cm) 

* Number of  s e e d l i n g  p l a n t s  p e r  meter of row. 
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TABLE 4. CUPHEA INTERSPECIFIC CROSSES ATTEbPTED - 1984 

FLOWERS FLOWERS WITH SEEDS 
PARENTAL SPECIES POLLINATED SEED SET OBTAINED 

FEMALE PARENT x MALE PARENT (NO*) NO. % (NO.) 

C. angustifolia 

C. angustif olia 

C. lanceolata 

C. procumbens 

C. crassiflora 

C. crassiflora 

C. laminuligera 

C. leptopoda 

C. leptopoda 

F C. leptopoda 

C. procumbens 

C. procumbens 

C. llavea 

C. llavea 

C. laminuligera 

C. leptopoda 

C. angustifolia 

C. angustifolia 

C. laminuligera 

C. leptopoda 

C. leptopoda 

C. laminuligera 

C. llavea 

C. procumbens 

C. leptopoda 

C. laminuligera 

C . laminuligera 
C. procumbens 

TOTAL 
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TABLE 5. SELECT1011 FOR LVIUITY OF CERLlll:ATIO!I - E>EKCEI:CE OF PROCE:IY OF 
SELECTED SCEDLI!:CS. SEED PWlTED 9/24/86. 

1000 SEED PLANTS 
PEDIGREE NUEIDER NUWDER OF SEEDS WIGHT GEMNATION 2 SELECTED 

OBTAINED PWITED ( g )  7 DM* 11 OAP* 16 O.V* (%) 
C. WRIGWTII: 

0255-1 101 100 2.46 29.0 31.0 - 31.0 

-18 144 100 2.55 8.0 i0.0 - 9.0 
-19 61 61 2.64 41.0 15.9 - 42.6 
-20 81 81 2.16 42.0 45.7 - 42.0 
-21 72 72 2.54 29.2 34.7 - 29.2 

TOTAL 1233 1127 - 356 403 - 381 
MAN (;) - - 2.495 31.59 35.76 - 33.81 

0261-1 218 100 2.47 21.0 24.0 - 22.0 
-2 481 100 1.97 20.0 30.0 - 22.0 
-3 125 100 2.63 14.0 20.0 - 15.0 
-4 455 100 2.13 13.0 15.0 - 14.0 
-5 381 100 2.01 4.0 9.0 - 5.0 
-6 304 100 2.33 16.0 21.0 - 16.0 
-7 359 100 2.07 25.0 27.0 - 23.0 
-8 370 100 2.09 17.0 20.0 - 17.0 
-9 301 100 1.97 4.0 8.0 - P.0 
-10 344 100 2.37 10.0 10.0 - 10.0 
-11 60 60 2.54 23.3 31.7 - 21.7 
-12 335 !OD 1.89 18.0 22.0 - 15.0 

TOTAL 3733 1160 - 176 225 - 176 
MAN (x) - - 2.204 15.17 19.40 - 15.17 

C. TOLUCANA: 
0262-1 678 100 1.10 0 0 0 0 

-2 195 100 0.90 0 0 0 0 
-3 1027 100 1.17 0 1.0 2.0 2.0 
-4 885 100 1.11 1.0 1.0 1.0 1 .O 
-5 983 100 1.12 1.0 3.0 4.0 4.0 

-11 260 100 1.06 0 0 0 0 
TOTAL 6870 1100 - 6 16 29 29 
MA!! (;) - - 1.074 0.55 1.45 2.64 2.64 

C. PAUCIPETALA: 
0253-1 240 100 1.80 1.0 1.0 1.0 1 .O 

-2 468 100 1.77 0 0 0 0 
-3 210 100 1.74 0 0 0 0 
-4 227 100 1.90 0 0 0 0 
-5 285 100 1.80 0 0 0 0 

-7 284 100 1.75 0 0 0 0 
TOTAL 1926 700 - 1 1 1 1 
MAN (;) - - 1.789 0.14 0.14 0.14 0.11, 

0259-1 $81 100 1.82 0 2.0 3.0 3.0 
-2 0 0 - - - - - 

TOTAL 481 100 - 0 2 3 3 
NEW (;) - - 1.817 0 2.00 3.00 3.00 

* DAP - Days after plant ing.  
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TITLE: TRICKLE AND LNEL BASIN IRRIGATION OF COTTON ON A SANDY LOAM 

SOIL 

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

INTRODUCTION: 

One of t h e  g r e a t e s t  cha l lenges  confront ing farmers i n  t h e  southwestern 
United S t a t e s  i s  s t r i k i n g  a  balance between l i m i t e d  water  s u p p l i e s  and 
ob ta in ing  h igher  y i e lds .  P r e c i s e  information on crop water  requirements  
and on t h e  e f f e c t s  of  water  d e f i c i t s  on crop  y i e l d  and q u a l i t y  a r e  
needed before  i r r i g a t i o n  e f f i c i e n c i e s  can be increased.  Recently, 
growers and researchers  have reported c o t t o n  l i n t  y i e l d s  of  more than 
2250 kg/ha (2000 l b / a c ,  4  b a l e d a c )  us ing  t r i c k l e  i r r i g a t i o n  (Taylor  et 
a 1  1983). An economic r epor t  i nd ica t ed  t h a t  i f  wa te r  d e l i v e r i e s  we= 
,'I 
a t  a  minimum and y i e l d  were r a i s e d  by 280 kg/ha (250 lb / ac )  o r  more, 
t r i c k l e  i r r i g a t i o n  of co t ton  could be p r o f i t a b l e  (Wilson ets., 1984). 
Because of  t h e  i n t e r e s t  i n  improving water  use  e f f i c i e n c i e s  and achieving  
maximum y i e l d s  on co t ton ,  a n  ex tens ive  i r r i g a t i o n  s tudy was conducted i n  
1984. The o b j e c t i v e  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  wa te r  
placement and frequency f o r  t r i c k l e  and leve l -bas in  i r r i g a t i o n  methods 
under optimum moisture condi t ions  f o r  conventional  and nar rowrow plant- 
i n g ~  us ing  t h e  newer shor t - s t ab le  co t ton  v a r i e t i e s .  

F ie ld  Procedures: 

P' Cotton v a r i e t i e s  of  DPL-61, DPL-90, DPL-41, and S tonev i l l e  825 were 
planted on t h e  conventional 1.0 m (40 i n )  row spac ing  on A p r i l  11, 1984 
a t  t h e  Maricopa Agr i cu l tu ra l  Center,  Un ive r s i ty  of  Arizona, on a  sandy 
loam s o i l .  A t  t h e  same time DPL-61, DPL-90, DPL-30 and DPL-70 were 
planted on t h e  narrow-row, 0.75 m (30 i n )  row spac ing  i n  a  mulch a f t e r  a  
preplant  i r r i g a t i o n .  An e x c e l l e n t  s tand  was obtained on t h e  conven- 
t i o n a l  p lan t ing;  however, t h e  seed germination was inadequate  f o r  
r e sea rch  purposes on t h e  narrowrow p l a n t i n g  because of  cold tem- 
pe ra tu res  and r ap id  dry ing  on t h e  sma l l e r  beds. The narrow-row p l a n t i n g  
was rep lanted  on May 2, and es tab l i shment  was exce l l en t .  Each treatment  
p l o t  was 10 m (33  f t) long and cons is ted  o f  24 rows wi th  6  rows o f  each 
of t h e  fou r  d i f f e r e n t  v a r i e t i e s ,  a s  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 ep l i -  
cated s i x  times. 

The f i v e  i r r i g a t i o n  t rea tments  1984 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  per  two co t ton  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 k l e  l i n e  per  two c o t t o n  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  per  t h r e e  co t ton  rows i r r i g a t e d  da i ly ;  ( 4 )  l eve l -  
bas in  i r r i g a t e d  weekly; and (5) leve l -bas in  i r r i g a t e d  biweekly ( eve ry  
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-te., 
1982) and meteorological  e s t ima tes  of  evapo t ransp i r a t ion  wi th  conven- 
t i o n a l  and nar rowrow cot ton  r ece iv ing  t h e  same water  app l i ca t ions .  
Regular i r r i g a t i o n  t rea tments  commenced on June 4  and continued through 
September 16. S o i l  water  was measured weekly on t h r e e  r e p l i c a t e s  t o  a  

1 
1.8 m ( 6  f t )  depth wi th  neutron moisture meters on t rea tments  1, 4, and 
5  f o r  DPL-61 and DPL-90 v a r i e t i e s .  Treatment 1 was monitored t o  show 
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placement and uni formi ty  of s o i l  water  contents ,  whereas t r ea tmen t s  4 
and 5 were used f o r  e s t ima t ing  t h e  water  consumed by t h e  co t ton  crop. 

The t r i c k l e  l i n e  used was t h e  1 r r i d e l c d  system w i t h  in- l ine 2L/h (0.5 
g a l / h )  e m i t t e r s  placed 1.0 m (40 i n )  a p a r t  a long  t h e  l i n e .  The water 
supply was from two farm we l l s  and was f i l t e r e d  through sand f i l t e r s  
followed by a  sc reen  f i l t e r  w i th  74 micron (200 mesh) openings. The 
e l e c t r i c a l  c o n d u c t i v i t i e s  of t h e  two w e l l s  were abou t  1.1 dS/M (690 
mg/l) and a  3.2 dS/M (2070 mg/l) r e spec t ive ly .  About one h a l f  of  t h e  
wa te r  app l i ed  was from each well .  The i r r i g a t i o n  w a t e r  appl ied  was 
measured through household, 2  c m  (0.75 i n )  d i ame te r ,  p r o p e l l e r t y p e  
wa te r  meters.  The furrow p l o t s  were i r r i g a t e d  by d e l i v e r i n g  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 n e s  
going t o  t h e  i n d i v i d u a l  p lo t s .  Water app l i ed  was measured through a 10 
cm ( 4  i n )  diameter ,  p r o p e l l e r t y p e  wa te r  meter f o r  a l l  furrow i r r iga -  
t ions. 

F e r t i l i z e r  a p p l i c a t i o n s  were made through bo th  i r r i g a t i o n  systems i n  t h e  
form of l i q u i d  UN32. A t o t a l  of  269 kglha (240 l b s  N/ac) was appl ied  a t  
a r a t e  of  34 kg (30fi) of N pe r  week ove r  an e i g h t  week period beginning 
on June 18  and f i n i s h i n g  on August 10. Cotton l e a f  p e t i o l e  samples were 
taken beginning on June 8, continued every  two weeks through September, 
and analyzed f o r  n i t ra te -n i t rogen.  I n  a d d i t i o n ,  t h e  s o i l  was sampled i n  
l a t e  November t o  a  120 cm ( 4  f t )  depth  and analyzed  f o r  pH, n i t r a t e s ,  
and t o t a l  d i s so lved  salts. 

A Bioregula tor  compound 2-(3,4-dichlorophenoxy) - t r i e t h y l a m i n e  [DCPTA] 
was a l s o  sprayed on May 15, 22, and 29 a t  t h e  3,  5,  and 8 l e a f  s t a g e s  on 
t h e  conventional  row spacing and on June 1, 8 ,  and 1 5  a t  t h e  same growth 
s t a g e s  on t h e  narrow-row spac ings  f o r  DPL-61 and 9 0  v a r i e t i e s .  The 
b i o r e g u l a t o r  sp ray  formulat ion inc luded 0.1% Or tho  X-77 spreader  
(Chevron Chemical Co. _1/), 100 mgll of 2-diethylaminoethanol,  and 50 
m l l l  i sopropanol  a s  a  we t t ing  agent .  Two c o n c e n t r a t i o n s  of  bioregula-  
t o r s  a t  125 mgll and 25 mgll p l u s  t h e  w e t t i n g  agen t  a lone  were sprayed 
wi th  about 800 m l  of  s o l u t i o n  being app l i ed  p e r  sp ray ing  d a t e  on s ingle-  
row p l o t s  4.6 m (15  f t )  long  loca ted  a longs ide  b u f f e r  rows. The appl i -  
c a t i o n  r a t e s  then  t o t a l e d  about 0.88 kg/ha (0.78 l b l a c )  and 0.18 kg/ha 
(0.16 l b / a c )  on t h e  conventional  row spac ings  and 1.1 kg/ha (1.0 l b / a c )  
and 0.25 kglha (0.22 l b l a c )  on t h e  narrow row s p a c i n g s  i n  terms of  
a c t u a l  b io regu la to r  chemical app l i ed  on t h e  h i g h  and low concent ra t ion  
sprayings.  

The co t ton  f i e l d  was d e f o l i a t e d  i n  e a r l y  and l a t e  October; however, l a t e  
season r a i n s  delayed ha rves t ing  u n t i l  November and December. From 
November 12-16, c o t t o n  was handpicked from 3.0 m ( 1 0  f t )  rows on DPL-61 
and 90 v a r i e t i e s  f o r  t h e  b io regu la to r ,  w e t t i n g  a g e n t ,  and check t r e a t -  
ment. On December 18, two rows 9.1 m (30  f t )  l o n g  were harves ted  from 
t h e  6 row p l o t s  f o r  a l l  v a r i e t i e s  and row s p a c i n g s  on t r ea tmen t s  1, 2, 

Trade names and company names a r e  inc luded f o r  t h e  b e n e f i t  of t h e  
reader  and do n o t  imply any endorsement o r  p r e f e r e n t i a l  t r ea tmen t  of 
t h e  product l i s t e d  by t h e  U.S. Department o f  Agr i cu l tu re .  
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4, and 5, except t h r e e  rows were harves ted  f o r  treatment 3  ( a  s i n g l e  rn 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 ) .  

RESULTS AND DISCUSSION: 

The t o t a l  amount of water  appl ied  p l u s  r a i n f a l l  on t r i c k l e  and leve l -  
bas in  i r r i g a t i o n  methods averaged 855 mm (34.8 i n )  and 860 mm (33.9 i n ) ,  
r e s p e c t i v e l y ,  a s  shown i n  Table 1, a f t e r  about 150 mm (5.9 i n )  o f  wa te r  
was s t o r e d  wi th in  t h e  r o o t  zone from p rep lan t  i r r i g a t i o n s .  The number 
of  i r r i g a t i o n s  ranged from 90 on t h e  d a i l y  t r i c k l e  ( t rea tment  1 )  t o  8  on 
t h e  biweekly level-basin p r a c t i c e  ( t r ea tmen t  5). The 1984 consumptive 
water  u s e  f o r  co t ton  averaged 830 mm (32.7 i n )  on t reatment  4  and 725 mm 
(28.5 i n )  on t reatment  5  wi th  semi-monthly va lues  shown i n  F igure  2  and 
3  f o r  DPL-61 and 90 v a r i e t i e s .  These seasonal  consumptive u s e  va lues  as 
measured by t h e  s o i l  water  dep le t ion  method were nea r ly  t h e  same f o r  
conventional  and narrow-row p lan t s ,  bu t  were considerably l e s s  than  p r e  
v ious ly  repor ted  e s t ima tes  (1045 mm, 41.2 i n )  f o r  o lde r  c o t t o n  v a r i e t i e s  
i n  c e n t r a l  Arizona. Lower daytime temperatures ,  higher  r e l a t i v e  humid- 
i t y  and increased  cloud cover accounted f o r  some of  the  r educ t ion  i n  t h e  
1984 evapot ranspi ra t ion  r a t e s .  

Leaf p e t i o l e  samples taken throughout t h e  growing season (Table 2) indi -  
ca ted  t h a t  a n  adequate n i t rogen  supply was a v a i l a b l e  t o  t h e  c o t t o n  
p l a n t s  and t h a t  a  s i m i l a r  n i t rogen  u s e  p a t t e r n  wi th  time r e s u l t e d  f o r  
t h e  two row spacings,  d i f f e r e n t  v a r i e t i e s ,  and var ious  i r r i g a t i o n  t r e a t -  
ments. Although n i t r a t e -n i t rogen  l e v e l s  may have been somewhat low i n  

P' l a t e  June, they recovered quickly  i n  e a r l y  J u l y  s o  t h a t  l e a f  p e t i o l e  con- 
c e n t r a t i o n s  of more than 10,000 mg/l e x i s t e d  on a l l  t reatments  by J u l y  
14. S o i l  s a l i n i t y  was moderate and r e s i d u a l  s o i l  n i t rogen was adequate 
a t  t h e  end of  t h e  co t ton  experiment (Table  3). 

Hand-picked cot ton  y i e l d s  from rows t r e a t e d  w i t h  b io regu la to r ,  w e t t i n g  
agent only ,  and t h e  con t ro l  a r e a  were gene ra l ly  t h e  same r e g a r d l e s s  of  
t h e  t reatment  on both row spacings (Table  4). Visua l  observa t ions  were 
t h a t  t h e  b io regu la to r s  had l i t t l e  e f f e c t  on p l a n t  he ight ,  b o l l  s e t ,  o r  
number o f  b o l l s .  Although b i o r e g u l a t o r s  have exh ib i t ed  dramatic  e f f e c t s  
i n  t h e  greenhouse, t h e  type  of b i o r e g u l a t o r  used i n  t h i s  f i e l d  experi- 
ment was not  e f f e c t i v e  a t  t h e  two a p p l i c a t i o n  r a t e s .  Average l i n t  
y i e l d s  from t h e  hand picked p l o t s  i n  mid-November (Table 4 )  were s i m i l a r  
t o  t h e  l a r g e r  machine picked p l o t s  on December 18 (Table 5). 

A maximum l i n t  y i e l d  of 2540 kg/ha (2265 l b j a c ,  4.5 ba le s l ac )  was 
achieved f o r  t h e  DPL-90 v a r i e t y  w i t h  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 r ea tmen t  1 )  on t h e  conventional  row 
spacing, a s  shown i n  Table 5. Cotton grown on t h e  1.0 m spac ing  pro- 
duced about 15% more l i n t  y i e l d  when a  s i n g l e  t r i c k l e  l i n e  pe r  two cot- 
t on  rows was used r a t h e r  than  t h e  leve l -bas in  i r r i g a t i o n  method, and 
c o t t o n  l i n t  y i e l d s  were reduced by 33% f o r  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  co t ton  rows ( t rea tment  3,  3.0 m wa te r  placement d i s t ance )  compared 
wi th  a  s i n g l e  t r i c k l e  l i n e  per  two rows ( t r ea tmen t  1, 2.0 m d i s t ance ) .  
On t h e  o t h e r  hand, t h e r e  was l i t t l e  y i e l d  d i f f e r e n c e  between t h e  two 

lh 
i r r i g a t i o n  methods f o r  t h e  nar row-rar  p lan t ings .  However, 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 i r r i g a t e d  d a i l y  ( t rea tment  3)  showed 
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. 
cons iderable  promise where t h e  l a t e r a l  l i n e s  were 2.3 m (90  i n )  a p a r t  o r  
narrow rows r a t h e r  t han  3.0 m (120 i n )  on t h e  convent ional  row spacings.  

For  both row spac ings ,  t h e  weekly leve l -bas in  i r r i g a t i o n  t rea tment  
outy ie lded  t h e  biweekly schedule by about  170 k g l h a  (150 l b l a c )  on t h e  
v a r i a b l e ,  sandy loam s o i l  (Table 6) .  Also, c o t t o n  l i n t  y i e l d s  were 
about  100 kg/ha (90  l b f a c )  h igher  on t h e  d a i l y  v e r s u s  twice  weekly 
t r i c k l e  i r r i g a t i o n s ,  p a r t i c u l a r l y  on t h e  conven t iona l  row spacing,  i nd i -  
c a t i n g  t h a t  t h e  more f requent  i r r i g a t i o n s  were advantageous f o r  t h e  con- 
d i t i o n s  o f  t h i s  experiment. V a r i e t a l  response  showed t h a t  t h e  DPL-90 
was t h e  b e s t  f o r  t h e  conventional  row spac ings ,  whereas DPL-70 was 
adapted t o  t h e  narrow-row spacing. 

F ie ld  s t u d i e s  on c o t t o n  us ing  t r i c k l e  and l eve l -bas in  i r r i g a t i o n  methods 
w i l l  be  repea ted  i n  1985 wi th  emphasis on t h e  e f f e c t s  of  wa te r  p l a c e  
ment, i r r i g a t i o n  frequency,  conventional  and n a r r o w r o w  product ion,  and 
newer c o t t o n  v a r i e t i e s .  Since DPL-61 was t h e  lowes t  producer on both  
row spacing,  we p lan  t o  r ep lace  i t  wi th  t h e  exper imenta l  DPL-775. A 
manuscript w i l l  be prepared f o r  p r e s e n t a t i o n  a t  t h e  Thi rd  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 i n  1985. 

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 opera ted ,  have a  p o t e n t i a l  t o  achieve  h igh  c o t t o n  y i e l d s  and wa te r  
use  e f f i c i e n c i e s  on a  marginal  s o i l .  A maximum l i n t  y i e l d  o f  2540 kg/ha - 
(4.5 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  w i t h  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  p e r  every  two rows i r r i g a t e d  d a i l y  on t h e  con- 
ven t iona l  row spacing. Narrow-row p l a n t i n g s  may n o t  always i n c r e a s e  
y i e l d s  ove r  conventional  p l an t ings ;  however, l i g h t - f r e q u e n t  i r r i g a t i o n s  
can be  b e n e f i c i a l  where t h e  uni formi ty  of  w a t e r  a p p l i c a t i o n s  i s  high. 
Water placement from a t r i c k l e  i r r i g a t i o n  l i n e  c a n  be  a s  much a s  2.3 m 
(90  i n )  a p a r t ,  bu t  a  3.0 m (120 i n )  d i s t a n c e  w a s  n o t  adequate  f o r  t h e  
coarse-textured s o i l .  Some of  t h e  newer c o t t o n  v a r i e t i e s  appear  t o  have 
a  lower wa te r  requirement than  t h e  v a r i e t i e s  p l a n t e d  10 y e a r s  ago i n  t h e  
a r i d  Southwest and a r e  more adap t ive  t o  f r e q u e n t  i r r i g a t i o n s .  No s ign i -  
f i c a n t  y i e l d  i n c r e a s e  r e s u l t e d  from t h e  u s e  o f  a promising b i o r e g u l a t o r  
compared t o  t h e  nont rea ted  c o t t o n  p l a n t s  s u g g e s t i n g  t h a t  a d d i t i o n a l  
f i e l d  s t u d i e s  a r e  needed. 
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Table 1. Water applied 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 t h  t r i c k l e  
and leve l -bas in  i r r i g a t i o n  systems, 1984.11 

I r r i g a t i o n  No. of  T o t a l  Water T o t a l  Water 
 rea at men&/ I r r i g a t i o n s  Applied ( m d  Applied (a) 

1.0 m Furrows 0.75 m Furrows 

11 R a i n f a l l  t o t a l e d  214 mm (8.4 i n )  throughout  t h e  growing season. z/ 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  l e  ana lyses  f o r  Ni t ra te -Ni t rogen (mg/l) 
I ?  w i t h  time i n  1984.- - .  

Sampling Dates 
Spacing Var i e ty  618 6/25 7/9 7/23 8 / 6  8 /20  9/4 9/17 1014 

DPL-61 10100 6800 9200 11000 8600 5100 2000 1700 500 
1.0 m DPL-90 12200 6800 9200 10200 7800 4900 1800 1500 400 

DPL-41 12700 7900 9800 11200 9500 5900 2200 1900 450 
Stone. 825 12200 5500 8500 11300 8500 6100 2500 2200 500 

.! 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 e p l i c a -  
t ions. 
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Table 3. S o i l  a n a l y s i s  i n  l a t e  November f o r  t h e  1984 cot ton  experiment. 

S o i l  Depths (em) 
0-5 0-30 30-60 60-0 90-120 

T o t a l  Dissolved 1046 1572 1633 1736 1176 
s a l t s  (glm3) 

N i t r a t e  (mg/l) 66.1 89.9 101.3 100.6 78.0 
Nitrogen 

Table 4. Average cot ton  y i e l d s  f o r  DPL-61 and 90 v a r i e t i e s  a s  a f f e c t e d  
by b io regu la t ion  andlor  we t t ing  agent  from handpicked p l o t s  i n  
mid-November 1984. 

Row Seed Weight L i n t  L i n t  Weight L i n t  Yield 
Spacing Treatment (g/plot)L1 pPercen& (g/plot)L1 (kg/ha)Z/ 

1 I Conventional B i o r e g u l a t o r  
1.0 m Wetting Agent 

Control  
Mean 

Narrow Row Bioregula tor  
0.75 m Wetting Agent 

Cont ro l  
Mean 

DCPTA p l u s  we t t ing  agent .  
T/ Each number r ep resen t s  a mean of 6 r e p l i c a t e s .  z/ 560 kglha  = 1.0 ba le lac .  
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Table 5. Average l i n t  c o t t o n  y i e l d s  f o r  t r i c k l e  and leve l -bas in  i r r i g a -  

t i o n  methods from machine picked p l o t s  on December 18, 1984. 

Row Cotton I r r i g a t i o n  Trea tment ,  1 I 
Spacing Var ie ty  1 2 3 4 5 Mean 

L i n t  Yie ld  (kg/ha)&l 

Conventional DPL-61 2065 2115 1595 1870 1845 1898 
1.0 m DPL-90 2540 2365 1605 2220 2180 2182 

DPL-41 2315 2285 1500 2125 1710 1984 
S t o n e v i l l e  825 2355 2110 1400 2165 1895 1985 

Mean 2318 2218 1525 2095 1908 2013 

NarrowRow DPL-61 1830 1885 1945 1805 1705 1834 
0.75 m DPL-90 1800 1870 1980 1920 1815 1877 

DPL-30 2185 1985 2025 2150 1955 2060 
DPL-70 2317 2290 2380 2420 2190 2320 
Mean 2033 2008 2083 2074 1916 2023 

Ll 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;  each number repre- 
s e n t s  a  mean o f  6 r e p l i c a t e s .  

2/ 560 kg/ha = 1.0 ba le l ac ;  l i n t  percentage  averaged 39.5% on t h e  con- 
v e n t i o n a l  and 38.4% on t h e  na r rowrow p l a n t i n g s .  
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1984 COTTON EXPERIMENT-MARICOPA AGRICULTURAL CENTER 
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* A l l  measurements i n  meters 

NARROW 
ROW 

COTTON 

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  d a i l y .  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. D P L - ~ ~  1. DPL-61 
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  leve l -bas in  method i r r i g a t e d  hi-weekly. 4. STONE.825 4. DPL-70 

? 

1.0 m rows 0.75 m rows 
Figure 1. P lan t ing  diagram f o r  1984 cot ton  experiment a t  t h e  Maricopa w 

Agr icu l tu ra l  Center,  Maricopa, AZ. ,.- 
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DPL-61 AND DPL-90 
COTTON VARIETIES 

I / SEMIMONTHLY SOIL WATER DEPLETION \ 

Figure 2 .  Mean Soi l  water depletion curve for cotton irrigated weekly a t  the Maricopa 
Agricultural Center, blaricopa, AZ, 1984. 
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DPL-61 AND DPL-90 
COTTON VARIETIES 

TOTAL DEPLETION 725 mm 

SEMIMONTHLY SOIL WATER DEPLETION 

Figure 3 .  Wean S o i l  water depletion curve for cotton irrigated biweekly a t  the Maricopa 
Agricultural Center, Plaricopa, AZ, 1984.  
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TITLE: BORDER IRRIGATION UNIFOREIITY: COMBINED EFFECTS 

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

INTRODUCTION : 

The uniformity at which water can be distributed over a field can have a 
direct impact on the potential irrigation efficiency when irrigations 
are intended to fully meet consumptive use or on yields when deficit 
irrigation is practiced. Thus it is of interest to know the uniformity 
of distribution of the irrigation water for any irrigation system. For 
surface irrigation systems, there are a number of factors which 
influence this uniformity. These include variations in opportunity 
time, variations in soil infiltration characteristics, variations in 
surface retention after recession caused by a nonplane field surface, 
variations in furrow wetted perimeter caused by flow depth variations, 
variations in inflow rate and cutoff times between irrigation sets, etc. 
The first two of these are the dominant causes of nonuniformity in many 
cases, and are the topic of this paper. 

For any type of surface irrigation system, differences in opportunity 
time occur because of fundamental differences in the shapes of the 
advance and recession curves. Irrigation engineers have long studied 
opportunity times as a means of measuring uniformity and irrigation 
effectiveness. Even for uniform opportunity times, infiltrated amounts 
will vary over the field due to differences in soil conditions. Soil 

(r Scientists have recently increased research efforts on the spatial 
variations of infiltration. However, little has been done on how this 
variation affects irrigation design and operation. The purpose of this 
paper is to develop methods for combining the effects of variations in 
opportunity time and spatial variations in infiltration. These methods 
can then be used in the design and management of irrigation systems. 

Uniformity: 

A variety of terms have been used to describe irrigation uniformity. 
One of the most useful of these terms is the low quarter distribution 
uniformity 

DUlq = Average depth of lowest quarter of area 
Average depcn or total area 

DUlq can be related to yield when the lowest YL, of the field is 
underirrigated, the yield response to deficits is linear, and there is 
no yield response to over irrigation. DUlq can be related to deep per- 
colation losses (and thus irrigation efficiency) when the numerator is 
the desired application depth. Thus DUlq is a useful uniformity 
measure. For a normal distribution of depths, DUlq can be determined 
from the coefficient of variation, CV, by 

where CV = standard deviation of infiltrated depths divided by the 
average infiltrated depth. 
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In general, opportunity times in surface irrigation are not normally 
distributed, as will be demonstrated herein. Spatial variations in 
infiltration are also probably not normally distributed. Within close 
distances, soil properties are supposedly similar. However, for soils 
farther apart than about 10 to 30 m, properties are independent or ran- 
dom and thus normally distributed. This assumes that any trends in soil 
properties have been removed. For now, trends will be ignored and will 
be studied in more detail at a later date. 

It will be assumed that infiltration is of the form 

where D is the cumulative infiltrated depth over time t and k and a are 
empirical constants. It is further assumed that the exponent a does not 
vary spatially. In general, variations in a are not as significant as 
variations in k. Infiltration data from multiple ring infiltrometers 
often show similar slopes on log-log plots of z vs t, where a is the 
slope. It is recognized that this straight-line power function is only 
valid within a limited range of infiltration. It is however reasonable 
for this analysis. 

With the above assumptions, the variations in depth can be separated 
into two terms; k and ta. Variations in k are then related to soil spa- 
tial variations and variations in ta are related to variations in 
infiltration opportunity time. Now if the variations in these two 
variables are independent, then the expected value of the total 
variation in terms of the coefficient of variation CVD can be described 
by 

where CVh is the coefficient of variation of the resultant opportunity 
time distribution in terms of ta and CVk is the coefficient of variation 
caused by soil variation in terms of k. This equation is valid for any 
two distribution types for ta and k provided that the distributions are 
independent. CVD is the expected value of the total variance. Actual 
values for a specific site will vary from this. 

Except for special cases, the form of the resulting distribution is not 
known. This makes evaluating distribution uniformity or any other per- 
formance parameter difficult. If both distributions are normally 
distributed, the resulting distribution will be normally distributed. 
Then by knowing the coefficients of variations CVh and CVk, one could 
find CVD from Equation ( 4 )  and DUlq from Equation (2). However, the 
distribution of ta is in general not normally distributed. In an 
earlier work (Clemmens, 19851, I developed a method for estimating DU1 

distributed. The method is based on finding an equivalent CV for the 
P with Equations ( 2 )  and ( 4 )  when one of the distributions is not normal y 

non-normal distribution that would give the correct DUlq for that 
distribution. The procedure would be as follows for a non-normal 
distribution of ta. 
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1. Compute the distribution of ta. 
2. Compute DUlq for ta from Equation (1) (more precisely with D 

from Equation (3) with k = 1). 
3. Compute an equivalent or back calculated CVh from DUlq above 

and Equation (2). 
4. Determine CVk for given soil. 
5. Compute CVD from Equation ( 4 ) .  
6. Compute DUlq from Equation (2). 

Fox trickle irrigation simulation with variations in pressure and 
emitter characteristics and a discharge relationship similar to Equation 
(3), this procedure when compared to the average value from simulation 
was within C 1.1%. In a later section, this procedure will be examined 
for a surface irrigation simulation. 

Clemmens (1985) indicated that for trickle irrigation that pressure 
variations were essentially independent of variations in emitter 
discharges from the mean. Jaynes and Clemmens (1985) indicate that for 
low values of CVh and large values of CVk that the opportunity time 
variations in terms of ta and the soil variations in infiltration in 
terms of k were independent when soil variability was assumed normally 
distributed. This independence assumption needs to be further examined 
for the cases where CVh is relatively large compared to CVk, where 
trends exist in the soil variation, and where the soil variation has 
spatial dependence. When soil variations are large, the stream advance 
may be slowed or sped up from that with uniform conditions. Also when 

F trends exist, the distribution of depth will undoubtedly change 
depending on how the infiltration trends match up with the opportunity 
time trends. When one or both distributions are somewhat random this is 
not a factor. When both have trends, then it is a factor. For the 
analysis presented here, independence is assumed. Further work will 
have to be done to test these independence assumptions. 

Simulations for Level Basins: 

Simulation runs were made to test the suitability of Equations (2) and 
(4) and the procedure presented for back calculating DUlq for estimating 
the DUlq of a surface irrigation system. Level basins were chosen for 
this analysis since simulation of opportunity times is simplified by an 
assumed uniform recession time. Stream advance distance is assumed to 
be an exponential function of time with exponent h. The opportunity 
time is simply the difference between the advance time and recession 
time. In an earlier work (Clemmens, 1981), it was shown that the 
distribution of opportunity times could be defined by the exponents h 
and a from the advance and infiltration equations respectively and the 
ratio of the advance time to the minimum opportunity time (at the end of 
the basin). The inverse of this ratio is often called the advance 
ratio, AR. Thus a, h and AR are sufficient to develop a distribution of 
opportunity times. 

For the purposes of this analysis, a and h were arbitrarily set to 0.6. 

P' Then AR was adjusted to develop values of CVh of 0.05 to 0.25 by steps 
of 0.05. Values for 1/AR were 0.33, 0.81, 1.57, 2.93 and 5.80 for CVh 
from 0.05 to 0.25, by 0.05, respectively. The field length was broken 
into 100 segments, with each segment assigned a value for opportunity 
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time. With k set arbitrarily to unity, the distribution of depths was 
calculated from Equation (3) and used to calculate DUlq for the oppor- 
tunity time distribution alone from Equation (1). Next a b'ack calcu- 
lated CVh was found from Equation (2) for later analysis. These 
calculations were made for each value of CVh. 

Next, the infiltration constant k was allowed to vary with a Monte Carlo 
simulation. Values of k were randomly assigned to each segment of field 
length for a given value of CVk. These k values were adjusted to give 
the correct overall mean. This was repeated 100 times for each CVk 
value and was run for CVk values from 0.05 to 0.25 by steps of 0.05. 
For each combination of CVh and CVk, DU1 was computed from Equations 4 (2) and (4) for assumed normal distribut ons, DUN. A back calculated 
DUlq, DUBC, was computed from Equations (2) and (4) with the back 
calculated CVh. A simulated Duxq, DUs, was computed from Equation (2) 
with the average CVD value from the 100 simulation runs for each CVk, 
CVh combination, An actual DUlq, DUA, was computed as an average from 
the actual depths from the 100 simulation runs. The standard deviation 
of DUA, SDU, was also computed to determine the magnitude of the 
vitriation in DUlq from the average or expected value. Thus the results 
of the simulation run include DUN, DUBC, DUS, DUA and SDU. These 
results are given in Table 1. 

RESULTS: 

Column 3 of Table 1 shows the DU1 for assumed normal distributions. In 4 all cases, the last term in Equat on (4) was dropped according to the 
recommendations by Bralts -- et al. (1981). The actual simulation results 
are given in column 6. The difference between columns 3 and 6 is given 
in column 8. While the differences are not too large, the results 
clearly indicate that the hydraulic distribution is not normally distri- 
buted. For large CVh and small CVk, DUN predicts higher uniformities 
than are actually attained (eg. CVh=85% and CVk=5% gives an error of 
+4.2). For small CVh and large CVk, DUN predicts lower uniformities, 
but generally the differences are much lower. Thus for small CVh, a 
combined normal distribution is not too unreasonable, as was found by 
Jaynes and Clemmens (1985). 

Column 5 of Table 1 shows the DUlq from Equation (2) for the actual 
average CVD from the simulation. Only minor differences are noted be- 
tween columns 3 and 5, usually being less than Y2X. Some of the dif- 
ferences are due to the dropping of the last terms in Equation (4) in 
the calculation of DUN. However, in many cases, dropping the term 
actually improved the prediction of DUN. For example, at CVh=25%, 
CVk=25%, DU~=55.4, DUr55.1 while with the last term added DU~=54.4. 
With DU~=54.3, the CVD from simulation is in correspondence with 
Equation (4). At CVh=5%, CVk=25% or vise versa, the last term in 
Equation (4) changes DU1 by less than 0.1%. Table 2 shows parts of 
Table 1 broken down for 1 irect comparison. It appears that part of the 
discrepancy results from the variations in the simulation runs as evi- 
denced by the differences in DUS. Note that column 7 of Table 2 (column 
10 of Table 1) gives the standard deviation of the simulation mean. 
Thus the true mean of DUS will be within +2 SDU of the value given with 
a 95% level of confidence. Thus any differences in CVD from simulation 
and from Equation (4) with or without the last term cannot really be 
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h distinguished. Thus with the range of conditions given here, CVD can be 
predicted with sufficient accuracy. As in the previous study (Clemmens, 
1985), the value of SDU (column 7) appears to be only affected by CVk 
and not CVh. Noting that k was chosen randomly and ha was not, it 
appears that the variation in DUX from the expected value is caused by 1 only the random components. Tren s in parameters will change the 
expected value, but will probably not affect SDu. 

Table 2 also indicates some significant differences in DUA depending 
upon whether the nonuniformity is caused by one source or the other. 
Clearly, the hydraulic distribution has more of a negative impact on 
uniformity when viewed in terms of CV. The magnitude of CV values for 
actual field conditions has not been adequately studied. For basins, 
CVh values will generally be less than 15%. Values of CVk for non- 
steady state infiltration under irrigation have not been reported in the 
literature. 

Column 4 of Table 1 gives the back calculated DUlq. Column 9 gives a 
comparison of the back calculated and actual DUlq. From the magnitude 
of differences shown, it appears that the back calculating procedure is 
no better than the straight forward use of Equation (4). For GVH (15% 
and CVk <IS%, neither procedure is off by more than +-2%. For any CV1s 
shown, by using the average of DUN and DUBC, the error will be less than 
224.  It is interesting that for trickle pressure distributions, the 
back calculating procedure worked well and the DUN values were conser- 
vative. Here, the procedure didn't work well and the DUN values are 
generally nonconservative (ie, higher than actual). The main difference 
here is in the shape of the distributions. Pressure distributions have 
a high peak and then level off to a more uniform pressure (at least for 
horizontal lateral lines). Opportunity time distributions for basins 
have a large area with a relatively large, uniform depth and then drop 
off to a low point at the end of the field. Thus pressure distributions 
have a nearly constant pressure over the low quarter, while opportunity 
time distributions have rapidly changing values over the low quarter. 

So far these analyses have been made only for simple, limited con- 
ditions. Since the shape of the distributions has a marked effect on 
the effects of combining these distributions, additional studies will 
have to be made to determine the impact of distribution shape under a 
wider range of conditions. 

SUMMARY : 

Two of the major factors which affect the distribution of water in sur- 
face irrigation systems are the opportunity time variations and soil 
spatial variations. Simple combinations of variance techniques can be 
used to determine the effective variance for these two factors, for 
coefficients of variation from 0 to 25%. However, since the shape of 
the distribution is unknown, estimates of distribution uniformity made 
from an assumed normal distribution will be in error. A procedure deve- 

P' loped for trickle irrigation uniformity for back calculating an effec- 
tive hydraulic distribution (analogous to opportunity time distribution) 
was found to be relatively ineffective for the level basin examples pre- 
sented. The difference is in the shape of the distribhtions. These 
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r e s u l t s  were developed from a  Monte Carlo s imula t ion  model f o r  s o i l  
v a r i a b i l i t y  and a  previous ly  developed oppor tuni ty  time model f o r  l e v e l  
bas ins .  It was assumed t h a t  t hese  d i s t r i b u t i o n s  were independent,  which 
w i l l  r e q u i r e  f u r t h e r  v e r i f i c a t i o n .  It was a l s o  assumed t h a t  no t r ends  
e x i s t e d  i n  i n f i l t r a t i o n  v a r i a t i o n .  These r e s u l t s  should a l s o  be 
v e r i f i e d  f o r  a  wider range of i n f i l t r a t i o n  and advance exponents. It 
was a l s o  specula ted  t h a t  t h e  v a r i a t i o n  i n  CV and D U 1  from t h e  expected 
va lue  is a f f e c t e d  only by t h e  var iance  components whqch r e s u l t  from ran- 
dom va r i ab le s .  

PERSONNEL: A. J. Clemmens and D. B. Jaynes 
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Table 1. Resu l t s  of s imulat ions of l e v e l  b a s i n  low q u a r t e r  d i s t r i b u t i o n  
uniformity.  For advance exponent ha0.6, i n f i l t r a t i o n  exponent 
a=0.6, f i e l d  length  broken i n t o  100 segments, and 100 simula- 
t i o n  runs f o r  a  random normally d i s t r i b u t e d  i n f i l t r a t i o n  con- 
s a n t  k. A l l  values shown i n  percent .  

Columns 
( 3 ) - ( 6 )  

( 8 )  

+0.1 
0.0 

-0.2 
-0.6 
-1.4 

+1 .o 
+0.4 
-0.3 
-0.6 
-0.8 

+2.0 
+1.2 
4-0.1 
-1 .o 
-1.1 

+3.1 
+2.3 
+0.9 
-0.5 
-0.9 

+4.2 
+3.5 
i2 .1  
+0.6 
-0.3 

Columns 
( 4 ) - ( 6 )  

( 9 )  

-0.5 
-0.4 
-0.5 
-0.8 
-0.6 

-0.5 
-0.8 
-1.2 
-1.4 
-1.4 

-0.4 
-1 .o 
-1 -8 
-2.6 
-2.5 

-0.5 
-0.9 
-2.1 
-3.1 
-3.3 

-0.4 
-0.9 
-2.0 
-3.1 
-3.7 

CVh = c o e f f i c i e n t  of v a r i a t i o n  of oppor tun i ty  time e f f e c t s  on depth 
CVk = c o e f f i c i e n t  of v a r i a t i o n  of i n f i l t r a t i o n  v a r i a t i o n  on depth 
DUN = Expected value of DU1 computed f o r  an  assumed normal d i s t r ibu -  

t i o n  from Equations ($1 and ( 4 )  
DUBC = Expected value of DUlq computed f o r  back ca lcu la t ed  CVh from 

- Equations ( 2 )  and ( 4 )  
DUS = Average value of DU computed from a c t u a l  CVD from s imula t ion  

- runs with Equation t j )  
DUA = Average value of DUlq computed from dep th  d i s t r i b u t i o n  from simu- 

l a t i o n  runs with Equation ( 1 )  
= Standard dev ia t ion  of DUA from 100 s i m u l a t i o n  runs 
= Standard dev ia t ion  of expected mean of DUA d i s t r i b u t i o n  f o r  simu- 

w 
l a t i o n  
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P Table 2. Comparison of the e f f e c t s  of simulation for  CVN from Equation 
( 4 )  with and without the l a s t  term. 
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TITLE: CANAL CAPACITIES FOR DEIGND UNDER SURFACE IRRIGATION 

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

INTRODUCTION : 

Some i r r i g a t i o n  p ro jec t s  a r e  b u i l t  t o  supply wa te r  t o  farms t h a t  apply 
water w i t h  su r face  i r r i g a t i o n  methods. Water i s  o f t e n  d i s t r i b u t e d  t o  
farmers wi th in  t h e  pro jec t  through a network of canals .  Canals a r e  used 
because they can be constructed more inexpens ive ly  than o t h e r  a v a i l a b l e  
methods and because l o c a l  l abor  and m a t e r i a l s  can be used. The s imples t  
method of d i s t r i b u t i n g  water  i n  a canal  network is t o  supply a continu- 
ous flow of water  t o  each farmer. The farmer i s  then r e spons ib le  f o r  
d i s t r i b u t i n g  t h i s  water  over d i f f e r e n t  p a r t s  of h i s  farm. This  contin- 
uous flow system is simple t o  opera te  s i n c e  once flow i n t o  t h e  canal  
system i s  s e t ,  i t  does not change. However, s i n c e  p l a n t s  use  water  a t  
d i f f e r e n t  r a t e s  over t h e  growing season, a continuous flow system would 
supply t o o  much water  e a r l y  i n  t h e  season and perhaps not  enough water  
l a t e r  i n  t h e  season. Where a v a i l a b l e  water  i s  i n  s h o r t  supply,  t h i s  
type of i n e f f i c i e n c y  is not  reasonable. Some continuous flow systems 
a d j u s t  t h e  supply flow r a t e  p e r i o d i c a l l y  t o  t r y  t o  more c l o s e l y  match 
p l a n t  water  needs. 

For su r face  i r r i g a t i o n ,  i t  i s  not  p r a c t i c a l  t o  supply water  at  t h e  r a t e  
at  which t h e  p l an t s  need water. For example, p l a n t s  may u s e  water  a t  a 
r a t e  of 2 t o  10 mm per  day, whereas s u r f a c e  i r r i g a t i o n  systems genera l ly  
a r e  designed t o  apply from 50 t o  150 mm, which w i l l  gene ra l ly  be appl ied  
i n  a per iod  of 1 t o  24 hours. This  i s  d i c t a t e d  by s o i l  water  holding 
c a p a c i t i e s ,  root  zone depths,  s o i l  i n f i l t r a t i o n  r a t e s ,  and e f f i c i e n t  
i r r i g a t i o n  stream s i zes .  Thus t o  achieve even a reasonable e f f i c i e n c y ,  
a n  a v a i l a b l e  i r r i g a t i o n  stream must be r o t a t e d  between d i f f e r e n t  a r e a s  
of land. I f  a farmer 's  land  a r e a  i s  l a r g e  enough, he may be a b l e  t o  
handle a continuous flow, otherwise i t  i s  more p r a c t i c a l  t o  r o t a t e  t h e  
a v a i l a b l e  i r r i g a t i o n  stream among neighboring farmers. Operat ion of t h e  
canal  d i s t r i b u t i o n  system f o r  a r o t a t i o n  system does not  change from 
t h a t  of a continuous flow system except  f o r  where water  i s  a c t u a l l y  
turned i n t o  t h e  farms. Rotat ion systems may a l s o  be i n e f f i c i e n t  i f  
in f lows a r e  not  ad jus ted  through t h e  season t o  match p l an t  water  
requirements. 

I f  t h e  same stream t h a t  was once s p l i t  among 8 farmers,  f o r  example, i s  
now given t o  one farmer one day out  of 8 days, h i s  farm cana l s  and t h e  
s t r u c t u r e  which turns  water out  of t h e  p r o j e c t  cana l  must be a b l e  t o  
handle 8 t imes the  flow r a t e .  However, t h e  c a n a l  which b r ings  water  t o  
these  8 farmers has not  changed i n  s i ze .  Now i f  e f f i c i e n c i e s  have been 
improved, t h e  farm canal  s i z e  could be reduced somewhat from t h e  8-fold 
increase .  I n  addi t ion ,  t h i s  i nc rease  i n  e f f i c i e n c y  could p o t e n t i a l l y  
reduce the  s i z e  of t h e  supply canal .  Thus h e r e  we see  t h a t  i f  a change 
i n  de l ive ry  method can improve e f f i c i ency ,  wh i l e  i t  may r e q u i r e  l a r g e r  
cana l s  on t h e  farm, i t  may r e s u l t  i n  sma l l e r  p r o j e c t  canals  o r  more pro- 
j e c t  a r e a  be ing  serviced.  

t- Surface i r r i g a t i o n  systems a r e  gene ra l ly  designed t o  be e f f i c i e n t  w i t h i n  
a small range of app l i ca t ion  depths. Since p l a n t s '  water  u s e  r a t e s  
vary widely over the  season, t h e  per iod  between i r r i g a t i o n s  should a l s o  
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change. Thus v a r i a t i o n s  i n  frequency r a t h e r  than flow r a t e  a r e  
necessary t o  ad jus t  a  r o t a t i o n  schedule t o  match p l a n t  needs f o r  su r face  
i r r i g a t i o n .  An ad jus t ab le  frequency r o t a t i o n  system i s  somewhat d i f -  
f i c u l t  t o  develop. I n  add i t ion ,  due t o  v a r i a t i o n s  i n  so i l  cha rac te r i s -  
t i c s  and d i f f e rences  i n  crop s e l e c t i o n s ,  d i f f e r e n t  f i e l d s  w i t h i n  a 
r o t a t i o n  u n i t  w i l l  a c t u a l l y  need d i f f e r e n t  r o t a t i o n  i n t e r v a l s  during t h e  
same p a r t  of the  season, a  nea r ly  impossible t a s k  f o r  a  r o t a t i o n  scheme. 

It has been known f o r  seve ra l  decades t h a t  i n  o r d e r  t o  be  e f f i c i e n t  i n  
water  use  and productive i n  y i e l d s ,  a  d e l i v e r y  system t h a t  i s  f l e x i b l e  
i n  r a t e ,  frequency and dura t ion  is  required.  An extreme case  of t h i s  
f l e x i b i l i t y  i s  a  demand system where any q u a n t i t y  of water  i s  de l ive red  
whenever des i r ed  f o r  any dura t ion  des i red .  Obviously such systems must 
opera te  wi th in  some p r a c t i c a l  bounds, eg. w i t h i n  a range of flow r a t e s  
and wi th in  an  o v e r a l l  seasonal  water  a l l o c a t i o n .  Returning t o  our e i g h t  
farmers i n  r o t a t i o n ,  i f  a l l  e i g h t  wanted wa te r  a t  t h e  same time, t h e  
supply canal  t o  those e i g h t  farmers would have t o  be e i g h t  t imes a s  
l a r g e  a s  f o r  a  r o t a t i o n .  I f  each farmer wanted double t h e  usua l  flow, 
say  f o r  ha l f  t he  dura t ion ,  t h e  cana l  would have t o  be 16 times as large .  
One a l t e r n a t i v e  i s  t o  use farm r e s e r v o i r s  t o  accep t  water  given i n  rota-  
t i o n ,  and apply i t  when needed. Another a l t e r n a t i v e  i s  f o r  farmers t o  
ar range  water  d e l i v e r i e s  i n  an e f f o r t  t o  reduce t h e  amount of over lap  i n  
demand. Of course t h e  p r o b a b i l i t y  t h a t  a l l  e i g h t  farmers would want 
water  a t  t h e  same time would be f a i r l y  low. 

But how l a r g e  a  canal  i s  necessary f o r  a  demand system, f o r  example, i f  I 

you want t o  be a b l e  t o  supply demand say 70 o r  80% of t h e  time? How i s  
t h i s  overlap i n  demand mi t iga ted  by arranged schedules? And what should 
canal  c a p a c i t i e s  be under these  circumstances? Th i s  paper w i l l  a t tempt 
t o  quant i fy  these  i s s u e s  and answer these  ques t ions .  

Canal Capacity Relat ionships:  

Canal c a p a c i t i e s  a r e  based on the  peak water  use  period and on t h e  land 
a r e a  which they serv ice .  The peak water  use  r a t e ,  NU, is def ined  a s  the  
peak consumptive use  divided by t h e  i r r i g a t i o n  e f f i c i e n c y .  It repre- 
s e n t s  the  amount of water  t o  be de l ivered .  Now, g iven a d e l i v e r y  f low 
r a t e  Qd which is e s t a b l i s h e d  a s  an  average ( o r  maximum) f o r  des ign  of 
farm turnouts ,  t h e  a r e a  t h a t  can be serv iced  by a continuous f low system 
would be 

wi th  appropr ia te  u n i t s  conversion. This  i s  a l s o  t h e  a r e a  serv iced  by a  
s i n g l e  r o t a t i o n  of a  r o t a t i o n  system, which approximately corresponds 
t o  the  d e f i n i t i o n  of a  t e r t i a r y  u n i t  (Bos. 1979). Now i f  we a r e  given 
a  farm s i z e  o r  quar ternary  u n i t  s i z e  which i s  se rv iced  by one t u r n  i n  
t h e  ro ta t ion ,  h, and r o t a t i o n  frequency, F,  such  t h a t  Nr = 1/F farmers 
t ake  turns  i n  r o t a t i o n ,  then the  necessary d e l i v e r y  flow rate i s  
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It i s  u s e f u l  t o  de f ine  these  va r i ab le s  i n  r e l a t i v e  terms. The flow r a t e  
"'Y of a canal ,  Q, i s  referenced t o  t h e  turnout  design flow r a t e ,  Qd, t o  

g ive  a r e l a t i v e  flow r a t e  

S i m i l a r l y ,  t h e  s i z e  of a cana l  s e r v i c e  a rea ,  A, i s  referenced t o  both  
t h e  farm o r  quaternary u n i t  s i z e ,  Aq, and the  r o t a t i o n  o r  t e r t i a r y  u n i t  
s i z e ,  At,  t o  give r e l a t i v e  se rv ice  a r e a s  

Af = AlA 4 (4 

An " MAt 
(5)  

From Equations ( I ) ,  (3) ,  and (5)  f o r  a r o t a t i o n  o r  continuous flow 
system, we ge t  

~ h u s  A, and Qn a r e  convenient f o r  analyzing t h e  changes i n  cana l  capac- 
i t y  requi red  f o r  f l e x i b l e  (arranged and demand) d e l i v e r y  over  t h a t  f o r  
t h e  r i g i d  (continuous flow o r  r o t a t i o n )  de l ive ry  schemes. 

Clement's Demand Formulas: 

Clement (1955) has developed two formulas f o r  analyzing t h e  demand 

P' requirements f o r  i r r i g a t i o n .  These formulas were developed f o r  a n  irri- 
g a t i o n  p ro jec t  which used pr imar i ly  s p r i n k l e r  i r r i g a t i o n .  Thus a p a r  
t i c u l a r  f i e l d  de l ive ry  po in t  o r  quaternary  u n i t  has flow e i t h e r  on o r  
o f f  f o r  a given day. Given t h a t  t h e r e  a r e  R de l ive ry  po in t s ,  t h e  f i r s t  
demand formula i s  used t o  f i n d  t h e  number of u se r s  N such t h a t  t h e  prob- 
a b i l i t y  of N o r  fewer u s e r s  w i l l  be  us ing  t h e  system simultaneously i s  
g r e a t e r  than some des i red  p r o b a b i l i t y  Pq. This  i s  a s u p p l i e r  o r i en ted  
view s i n c e  i t  considers  a time frequency of meeting capaci ty.  The 
second demand formula f i n d s  the  system capaci ty  N such t h a t  t h e  p r o b  
a b i l i t y  of t h e  use r  f ind ing  t h e  system a t  capac i ty  o r  busy when he  wants 
water  (congest ion)  i s  l e s s  than some des i r ed  p robab i l i t y ,  Pa. This  i s  a 
more use r  or ien ted  view s i n c e  i t  cons iders  a use o r  demand frequency of 
over  capaci ty.  Clement's f i rs t  demand formula i s  

where N and R a r e  defined above p i s  t h e  frequency of i r r i g a t i o n ,  q 
I-p and U is defined from Pq = n(U) where t h e  func t ion  n i s  t h e  normal 
cumulative d i s t r i b u t i o n  funct ion.  Th i s  equat ion was derived by in i -  
t i a l l y  assuming t h a t  t h e  p r o b a b i l i t y  of a p a r t i c u l a r  farm u n i t  being 
operated during a given day i s  descr ibed  by a binomial p r o b a b i l i t y  
d i s t r i b u t i o n .  A binomial d i s t r i b u t i o n  assumes t h a t  t h e  p r o b a b i l i t y  of  
i r r i g a t i n g  a given f i e l d  on any p a r t i c u l a r  day i s  independent of t h e  
p a s t  h i s t o r y  of i r r i g a t i o n s .  This s ays  t h a t  an i r r i g a t i o n  would be j u s t  
a s  l i k e l y  today i f  we i r r i g a t e d  yes terday  o r  a week ago. This  does not  

P4 
seem reasonable f o r  su r face  i r r i g a t i o n .  Next, i t  was assumed t h a t  i f  R 
was l a r g e ,  t h a t  t h e  binomial d i s t r i b u t i o n  could be approximated w i t h  a 
normal d i s t r i b u t i o n .  This  approximation i s  v a l i d  only  f o r  l a r g e  R. 
T h i s  formula supp l i e s  continuous va lues  of N whi le  i n  genera l ,  capaci- 
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- 
ties a r e  usua l ly  d i s c r e t e  mul t ip l e s  of t h e  d e l i v e r y  r a t e .  Clement's 
second demand formula i s  given by 

where U' i s  found from 

where $(U') i s  t h e  normal p r o b a b i l i t y  d e n s i t y  funct ion .  Some va lues  
f o r  Q(U1)/n(U') a r e  given i n  Table 1. Th i s  formula was der ived  from a 
binomial d i s t r i b u t i o n  a s  a Poisson pure  b i r t h / d e a t h  process.  Again f o r  
l a r g e  R, t h e  binomial was replaced w i t h  a normal d i s t r i b u t i o n .  Clement 
recommends the  f i r s t  formula f o r  R < 100 and t h e  second f o r  R > 100. It 
i s  a l s o  noted t h a t  no accounting i s  made f o r  t h e  cond i t ion  where when 
demand i s  g r e a t e r  t han  capac i ty  t h i s  excess  demand must be handled i n  
l a t e r  periods.  Clement recommends t h a t  t h e  second formula (Equations 8 
and 9) be  used w i t h  Pa = 0.01. This  a l s o  a p p l i e s  t o  t h e  f i r s t  formula 
and t h e  P must be very high,  say 0.99. 

9 

Clement's formulas can be w r i t t e n  i n  t h e  terminology of t h e  previous 
s e c t i o n  s i n c e  by d e f i n i t i o n  R = Af = A /F, N 

Q,, = F, = 1-F, where n 
Clement's terms a r e  s t a t e d  t o  t h e  l e f t  of  t h e  equal  s ign.  Equation (7) ,  
( 8 )  and ( 9 )  become - 

Q n P A , , + U -  (10) V 

Thus t h e  second term i n  Equations (10) and (11) r ep resen t  t h e  excess 
capac i ty  needed f o r  demand. 

Example: 

Given a cana l  which s e r v i c e s  2000 ha, w i t h  10 h a  pe r  farm t u r n o u t ,  an 
i r r i g a t i o n  frequency of 1 day i n  12 days and a farm turnout  capac i ty  of 
200 l /s ,  what i s  t h e  canal  capaci ty  r equ i red  f o r  cont inuous f low and f o r  
demand from Clement's two formula w i t h  Pq = 0.99 and Pa = 0.011 

Given: A = 2000ha, Aq = 10  ha, F = 1/12, Qd = 200 l/s 

Calculate:  Af = AIA = 200, A, = AfF = 16.67 4 

Solut ion:  For a continuous flow Qn = A,, = 16.67 from Equat ion  (6 )  t hus  
from Equation ( 3 )  

For Clement's f i r s t  demand formula 
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Pq 
= 0.99 = n(u). From the  normal cumulative d i s t r i b u t i o n  

t a b l e s .  U = 2.324. From Equation (10) 

For Clement's second demand formula 

* ( u l )  = P = O.Ol(3.909) = (0.0391) 
777 a 

t h i s  g ives  U1 = 2.16 from Table 1. 

Qn = k, + u'J-1 = 16.67 + 2.16 J 1 6 . 6 7 0  

It i s  c l e a r  t h a t  t h i s  high l e v e l  of system performance ( i e . ,  less than  
1% chance of not g e t t i n g  flow when des i r ed )  and f l e x i b i l i t y  has caused a 
l a r g e  inc rease  i n  t h e  canal  s i z e .  However, t h e  change i n  e f f i c i e n c y  

h t h a t  would o f t e n  take p lace  has not  been considered. 

The binomial (and then assumed normal) d i s t r i b u t i o n  used i n  t h e  develop- 
ment of t h e s e  formula which were derived f o r  s p r i n k l e r  i r r i g a t i o n  do not  
appear t o  be appropr ia te  f o r  su r face  i r r i g a t i o n .  Also, Clement's f o r  
mulas a r e  meant t o  apply only f o r  r e l a t i v e l y  l a r g e  s c a l e  systems (Af > 
100) and f o r  l a r g e  performance measures (conges t ion  of 1%). However, 
l e s s e r  performance may be more appropr i a t e  f o r  su r face  i r r i g a t i o n  
systems, p a r t i c u l a r l y  where arranged schedules  a r e  used. A s imula t ion  
model was developed t o  s imulate  t h e  demand f o r  water  under su r face  irri- 
ga t ion  i n  o rde r  t o  t e s t  Clement's formula and t o  determine what a c t u a l  
demand c a p a c i t i e s  a r e  needed. 

Surface I r r i g a t i o n  Demand Simulation: 

I r r i g a t i o n  d a t e s  and amounts were determined by s imula t ion  f o r  60 f i e l d s  
f o r  20 yea r s  with a modified ve r s ion  of t h e  CREAMS model (Reinink 1985). 
Weather d a t a  f o r  t h e  20 year  s imula t ion  was developed wi th  program WGEN 
(Weather Generator) based on t h e  c l imate  a t  Phoenix, Arizona. An a r i d  
c l imate  was chosen because i t  i s  more t y p i c a l  of a r e a s  which a r e  water  
sho r t  and i n  need of conservat ion measures. The 60 f i e l d s  cons is ted  of 
combinations of 4 'crops a s  shown i n  Table 2. F ive  s o i l s  wi th  varying 
water  holding capac i t i e s  a s  shown i n  Table 3 and 3 dep le t ion  l e v e l s ,  
namely 45, 55 and 65% of a v a i l a b l e  water ,  a t  which i r r i g a t i o n  was i n i -  
t i a t e d .  CREAMS uses d a i l y  va lues  of water u s e  s o  t h a t  only t h e  day of 

cq 
i r r i g a t i o n  and the  depth t o  r e f i l l  t h e  roo t  zone i s  given as output .  
The crops were chosen t o  g ive  a wide v a r i e t y  of consumptive use  p a t t e r n s  
and s t i l l  be t y p i c a l  of crops grown i n  t h e  a rea .  The i n p u t  t o  CREAMS 
( r o o t i n g  depths and l e a f  a rea  index) was a d j u s t e d  t o  g ive  consumptive 
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u s e  va lues  i n  agreement with those  published by E r i e  -- e t  a l .  (1981), s ee  
Table  2 and Figure 1. S o i l s  were chosen t o  r e p r e s e n t  a  v a r i e t y  of  water  
hold ing  c a p a c i t i e s  (Table 3). A s e p a r a t e  s imula t ion  model'was developed 

b 
t o  analyze t h e  combinations of i r r i g a t i o n s  on d a t e s  du r ing  t h e  peak use  
per iod  of June, J u l y  and August ( J u l i a n  Days 152 t o  243). The average 
depth app l i ed  per  i r r i g a t i o n  was 113 mm (4.45 inch )  wi th  a  s tandard  
dev ia t ion  of 42 mm (1.65 inch).  No adjustment was made f o r  e f f i c i e n c y  
s i n c e  only  r e l a t i v e  numbers a r e  of s i g n i f i c a n c e .  The average i n t e r v a l  
between i r r i g a t i o n s  was 16.3 days (F = 0.061), t h e  s tandard  d e v i a t i o n  of 
average i n t e r v a l  f o r  t h e  s i t e s  of 10.7 days. For  t h e  60 sites, t h e r e  
was an average of 3.43 i r r i g a t i o n s  pe r  day o r  6311 i r r i g a t i o n s  over  t h e  
92 day i n t e r v a l  f o r  20 years.  

The f i e l d s  were taken i n  groups of two, t h r e e ,  f o u r  e tc . ,  up t o  60 i n  
numbers by which 60 is evenly d i v i s i b l e  i n  o r d e r  t o  s imula t e  cana l s  
w i t h  d i f f e r e n t  downstream s e r v i c e  a reas .  Th i s  was done day by day over  
t h e  1840 t o t a l  days. The o r d e r  (and thus  groupings)  of f i e l d s  was cho- 
s e n  randomly. Two s e t s  of output  s t a t i s t i c s  were co l l ec t ed .  The f i r s t  
was based on spreading the  t o t a l  demand f o r  t h e  canal over  t h e  24 hour 
per iod ,  t hus  depth applied would have a  s i g n i f i c a n t  inf luence .  The 
second was based s t r i c t l y  on t h e  number of f i e l d s  being i r r i g a t e d  on a  
p a r t i c u l a r  day. The s t a t i s t i c s  c o l l e c t e d  inc luded t h e  time based fre- 
quency of demand a t  a  s e r i e s  of c a p a c i t i e s  and t h e  demand based f r e  
quency a t  t h e  same s e r i e s  of c a p a c i t i e s .  From t h i s ,  t h e  capac i ty  
r ep resen t ing  a  p a r t i c u l a r  va lue  of cumulative frequency could be d e t e r  
mined f o r  comparison wi th  Clement's formula. 

Many of t h e  condi t ions  represented  by t h i s  s imula t ion  may be s l i g h t l y  
u n r e a l i s t i c  i n  t h a t  they do not  r e p r e s e n t  a n  a c t u a l  l oca t ion .  However, 
they  may be viewed a s  a  worst  case  s i t u a t i o n  s i n c e  t h e  v a r i a t i o n s  i n  
condi t ions  i s  more than usual.  On t h e  o t h e r  hand, farmer t iming of 
i r r i g a t i o n s  would l i k e l y  vary from t h a t  assumed h e r e  and thus  more 
ove r l ap  could occur. 

The na ture  of demand i s  inf luenced  by s p e c i f i c  s i t e  condi t ions .  I f  
c a p a c i t i e s  a r e  based on supplying wa te r  f o r  24 hour per iods ,  7 days a 
week and i r r i g a t o r s  w i l l  on ly  work d a y l i g h t  hour s ,  5 day8 a week, t h e  
cana l s  w i l l  probably not  be capable of meeting t h e  demand. More s e r i o u s  
i s  t h e  problem of c o n t r o l l i n g  a  cana l  system under  t h i s  form of  demand, 
bu t  t h i s  i s  beyond t h e  scope of t h i s  paper. Such p r a c t i c a l  con- 
s i d e r a t i o n s ,  however, make arranged d e l i v e r y  schedules  more p r a c t i c a l  
f o r  su r face  i r r i g a t i o n  than  demand schedules .  

RESULTS : 

The r e s u l t s  of t h e  s imula t ion  model f o r  a  t ime based s e r v i c e  frequency 
of 80% i s  shown i n  F igure  2 .  The s imula t ion  model w i t h  v a r i a t i o n s  i n  
app l i ed  depth and Clement's f i r s t  formula a r e  i n  ve ry  c l o s e  agreement 
over  t h e  f u l l  range of va lues .  Th i s  i n d i c a t e s  t h a t  t h e  assumptions used 
t o  develop t h i s  formula a r e  reasonable  even f o r  s u r f a c e  i r r i g a t i o n .  
However, t h e r e  is  some ques t ion  about t h e  r e l evance  of t h i s  formula as a 
s e r v i c e  measure. Note t h a t  below a r e l a t i v e  s e r v i c e  a r e a  of approxima- 
t e l y  An = 0.45, t h e  r e l a t i v e  c a n a l  c a p a c i t y  d rops  below one. In  f a c t ,  
s i n c e  t h e  smal le r  canals  a r e  i d l e  more than  80% o f  t h e  time, t h e i r  capa- 
c i t y  goes t o  zero. This  formula (and s e r v i c e  measure) were probably 
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never intended f o r  such small  s e rv ice  a reas  (eg,  An <I). A procedure 
was developed to  a d j u s t  the  frequency of canal  demand being less than o r  
equal  t o  some value f o r  canals  which would be expected t o  be i d l e  even 
under a r o t a t i o n  system ( i e ,  An < I ) .  A r e l a t i v e  frequency, P,, i s  found 
by ad jus t ing  the  s imula t ion  time-based frequency, Pq, by t h e  amount of 
expected busy time, A,,, with 

Now the  time-based frequency is found r e l a t i v e  t o  t h e  expected busy time 
r a t h e r  than t o t a l  time. These r e s u l t s  a r e  a l s o  shown i n  F igure  2. This 
form of t i m e  based frequency is more user o r i en ted  a s  shown by t h e  
increased  capaci ty.  This new frequency can be computed from Clement's 
f i r s t  formula. Suppose i n  our previous example, A = 600 ha o r  An = 0.5 
with F = 1/12 and, Pq = 80% and U = 0.84. This would g ive  Q,, = 1.069. 
From Equation (13),  so lv ing  f o r  Pr 

Thus the computed capaci ty  of Q,, = 1.069 w i l l  be adequate only 60% of 
t h e  time t h a t  the  canal  i s  expected t o  be i n  se rv ice .  This  adjustment 
procedure is only v a l i d  f o r  An < 1. It is not  a very convenient proce- 2 

t- dure s ince  Pr is found a f t e r  the  f a c t  r a t h e r  than being input .  

The s imulat ion model r e s u l t s  f o r  d i s c r e t e  demand a r e  a l s o  shown i n  
Figure 2, where only t h e  number of f i e l d s  being i r r i g a t e d  is of concern. 
Note t h a t  t h e  l i n e  f o r  continuous v a r i a t i o n s  i n  demand f a l l s  through t h e  
middle of the  s t a i r  s tepping pa t t e rn .  Also shown i n  F igure  2 a r e  the 
ad jus ted  s imulat ion r e s u l t s  f o r  Pq = 95% along with Clement's f i r s t  fo r -  
mula over p a r t  of the  range f o r  comparison. Agreement is not  a s  good 
he re  a s  i t  was a t  Pq = 80%. 

' The r e s u l t s  of the  s imula t ion  f o r  a demand-based s e r v i c e  frequency a re  
shown i n  Figure 3 along with Clement's second formula. The c a p a c i t i e s  
from the s imulat ion model a t  an 80% s e r v i c e  l e v e l  a r e  s i g n i f i c a n t l y  
higher  than Clement's formula. This  i s  not  too s u r p r i s i n g  s i n c e  
Clement's formula does not consider  any v a r i a t i o n s  i n  q u a n t i t y  o r  depth 
de l ivered  t o  each user .  This v a r i a t i o n  can be removed from t h e  r e s u l t s  
i f  the  d i s t r i b u t i o n  of depths is known. A cumulative p r o b a b i l i t y  of 80% 
f o r  t h i s  d i s t r i b u t i o n  occurs a t  147.3 mm (5.8 inch ) .  Thus t h e  capaci ty  
f o r  a uniform app l i ca t ion  (and t h e  same timing d i s t r i b u t i o n )  would be 
i n  d i r e c t  proport ion t o  the  mean o r  113/147.3*100 = 76.7% of the  simula- 
t i o n  output.  These va lues  a r e  p l o t t e d  i n  Figure 3 and show much b e t t e r  
agreement with Clement's formula, p a r t i c u l a r l y  a t  high An values.  The 
s t a i r  s tepping p a t t e r n  f o r  d i s c r e t e  demand is t o  t h e  l e f t  of Clement's 
formula, again i n d i c a t i n g  the e f f e c t  of v a r i a t i o n s  i n  demand quant i ty .  
Note a l s o  t h a t  c a p a c i t i e s  f o r  Clement's formula drop below un i ty ,  while ,--. f o r  the s imulat ion they do not. 

A comparison of the  demand-based r e s u l t s  of the  s imula t ion  and Clement's 
formula f o r  demand s e r v i c e  l e v e l s  of 50, 80, 90  and 95 percent  a r e  shown 
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i n  Figure 4. The r e s u l t s  
second formula throughout 

a r e  considerably d i f f e r e n t  from Clement's 
the  e n t i r e  range. 

DISCUSSION: 

It was noted e a r l i e r  t h a t  a l l  t h e  s imula t ion  r e s u l t s  l i e  above Qn = 1 
while  Clement's formulas have 4, < 1. A r e l a t i v e  canal  capaci ty  of 1 
would normally be used with a r o t a t i o n  system. I n  f a c t ,  f o r  a s t r i c t  
r o t a t i o n  system, canal  c a p a c i t i e s  would be i n  d i s c r e t e  increments of t h e  
d e l i v e r y  r a t e ,  qd, o r  would be i n t e g e r  va lues  of 4,. Thus, r a t h e r  than 
t h e  s t r a i g h t  l i n e  ( i e .  4, An) of a continuous flow system, a strict 
r o t a t i o n  system would have a s t a i r  s tepping  p a t t e r n .  I n  t h i s  case  a s  An 
approaches zero,  Qn approaches one. This  p a t t e r n  i s  shown i n  a l l  t h e  
s imula t ion  r e s u l t s ,  even though t h i s  was not  s t i p u l a t e d  as a requi re-  
ment. This  makes sense  s i n c e  even t h e  sma l l e s t  a r e a  t o  which water  i s  
de l ive red  should r ece ive  the  design d e l i v e r y  r a t e .  For Clement's fo r -  
mulae, 4, approaches zero a s  An approaches zero. Thus Clement's formu- 
l a e  a r e  not  appropr i a t e  below An = 1. However, i s  i t  appropr i a t e  t o  
des ign  cana l s  i n  noninteger  mul t ip l e s  of Qd f o r  arranged and demand 
d e l i v e r y  systems? I f  the  d e l i v e r y  flow r a t e  is f i x e d  by po l i cy ,  then i t  
i s  not  appropr ia te .  However, i f  f l e x i b i l i t y  i n  f low r a t e  is allowed, 
t hen  i t  makes sense s i n c e  the  farmers can o rde r  a f low r a t e  which is 
e f f i c i e n t  f o r  the  cu r ren t  condit ions.  I n  some cases  it may be above qd, 
and i n  o t h e r s  i t  may be below Q s o  t h a t  flow i n  t h e  canal  can be s p l i t .  

It should be emphasized t h a t  arranged and demand schedules  can o f t e n  
r e s u l t  i n  h igher  farm i r r i g a t i o n  e f f i c i e n c i e s .  This  of course depends 
upon t h e  c a p a b i l i t i e s  of the  farmers.  Inc reas ing  f l e x i b i l i t y  can make 
cana l  opera t ions  more d i f f i c u l t  r e s u l t i n g  i n  lower conveyance e f f i c i e n -  
c i e s  caused by the  i n a b i l i t y  t o  uniformly d i s t r i b u t e  water.  Automatic 
c o n t r o l s  can g r e a t l y  reduce t h i s  problem. Without automatic  c o n t r o l s ,  
conveyance l o s s e s  due t o  r egu la t ion  (not  seepage)  f o r  non-automated 
cana l  systems with arranged schedules  a r e  on t h e  o r d e r  of 10-15%. This  
i s  gene ra l ly  a s  good a s  water is d i s t r i b u t e d  i n  most r o t a t i o n  systems. 
I n  gene ra l ,  t h e  inc rease  i n  e f f i c i e n c y  on farm w i l l  o f f s e t  t h e  i n c r e a s e  
i n  r e l a t i v e  canal  capaci ty.  The tendency i s  f o r  l a r g e r  d e l i v e r y  rates, 
l a r g e r  quaternary cana l s ,  s l i g h t l y  l a r g e r  t e r t i a r y  cana l s  and smal le r  
main canals  when comparing f l e x i b l e  (arranged) t o  r i g i d  ( r o t a t i o n )  sche- 
dules .  This  a n a l y s i s  has ignored t h e  f a c t  t h a t  when congest ion occurs ,  
t hose  wai t ing  f o r  s e r v i c e  p o t e n t i a l l y  can cause more congest ion i n  l a t e r  
periods.  Thus the  a c t u a l  congest ion i s  h igher .  We can assume t h a t  by 
s e l e c t i n g  a capaci ty  with a simple p r o b a b i l i t y  of 1% congest ion,  
increased  congestion by t h i s  1% w i l l  be n e g l i g i b l e .  However, f o r  a 
capac i ty  a t  a simple p r o b a b i l i t y  of SO%, inc reased  conges t ion  i s  c e r t a i n  
t o  be s i g n i f i c a n t  and the  a c t u a l  conges t ion  h ighe r  than  50%. This  makes 
t h e  t r u e  capaci ty  requi red  f o r  50% demand s e r v i c e  h i g h e r  than ind ica t ed  
he re ,  thus bringing these  capaci ty  curves f a r t h e r  a p a r t .  The magnitude 
of t h i s  s h i f t  i n  capaci ty  has not been eva lua ted  here.  

Arranged schedules  a r e  used t o  reduce t h e  c a p a c i t y  requirements  of a 
demand schedule and t o  al low supply o r i e n t e d  o p e r a t i o n  of canals .  
Arranged schedules  a r e  a combination of supply and demand o r i e n t e d  
systems. D i f f e ren t  arrangement schemes a l low d i f f e r e n t  types and 
degrees of f l e x i b i l i t y .  E a r l i e r ,  t h e  time based s e r v i c e  c a p a c i t i e s  were 
ad jus t ed  t o  account f o r  canal  non-use p e r i o d s ,  a more demand o r i e n t e d  
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approach. Also, demand c a p a c i t i e s  were reduced by removing the  f luc -  
t ua t ions  i n  q u a n t i t i e s  ordered,  a more supply o r i en ted  approach. The 
r e s u l t s  of these  two approaches i s  shown i n  Figure 5 f o r  8CF and 95% 
s e r v i c e  measures. These two approaches a r e  i n  reasonably c l o s e  
agreement on required cana l  capaci ty ,  being d i f f e r e n t  mixtures of supply 
and demand o r i en ta t ion .  Thus i t  may be reasonable t o  use these  capaci- 
t i e s  f o r  arranged d e l i v e r y  systems. 

It is d i f f i c u l t  t o  judge what l e v e l  of performance i s  necessary f o r  t h e  
e f f i c i e n t  opera t ion  of a canal  system. It may be u s e f u l  t o  compare 
these  r e s u l t s  with the  a c t u a l  c a p a c i t i e s  of e x i s t i n g  i r r i g a t i o n  p r o j e c t s  
with f l e x i b l e  de l ive ry  schedules. Figure 6 shows d a t a  from two d i f -  
f e r e n t  canal  systems; t h e  S a l t  River Pro jec t  (SRP) i n  c e n t r a l  Arizona 
and t h e  Wellton-Mowhawk I r r i g a t i o n  and Drainage D i s t r i c t  (W-M) i n  south- 
western Arizona. Data f o r  SRP was taken from l a t e r a l s  off  the  Eastern 
Canal f o r  1978 acreages (Clemaens, 1974). The high r e l a t i v e  c a p a c i t i e s  
a r e  p a r t i a l l y  due t o  land which has been taken out  of product ion by 
urban growth. However, SRP c a p a c i t i e s  a r e  s t i l l  s i g n i f i c a n t l y  higher  
than  W-M capac i t i e s .  SRP opera tes  on a more f l e x i b l e  schedule than W-M 
with 1 day r a t h e r  than 3 day lead  times and fewer c o n f l i c t s  i n  arrange- 
ment. However, with 3 day lead  t imes,  de l ivery  wi th in  t 1 day can al low 
arrangements ro reduce peak demand. This  i s  not  meant t o  imply t h a t  
arranged schedules r e q u i r e  long l ead  times. The arranged and demand 
curves shown represent  t h e  s imulat ion r e s u l t s  f o r  90% s e r v i c e  l e v e l  f o r  
t h e  ad jus ted  (with depth v a r i a t i o n s  removed) and o r i g i n a l  capac i t i e s .  
Capaci t ies  f o r  80 and 95% se rv ice  l e v e l s  a r e  only s l i g h t l y  d i f f e r e n t .  

r The Wellton Mohawk I r r i g a t i o n  and Drainage District appears t o  have been 
designed with an equat ion of the form Q = 30 + 0.01875A a s  a guide 
(Slocum, 1980). When t r a n s l a t e d  t o  the  no ta t ion  used h e r e ,  with qd 
425 11s (15 f t 3 / s ) ,  Wu = 11.33 m l d a y  (0.446 inchlday) ,  and A t  = 324 ha 
(800 ac) t h i s  equat ion becomes 9, = An + 2. This  equat ion  is shown i n  
Figure 6 along with some a c t u a l  va lues  f o r  canals  i n  t h e  p ro jec t .  It 
appears t h a t  t h e  equat ion was used only f o r  the  l a r g e r  cana l s  (say An > 
1.5) and probably r i g h t f u l l y  so s ince  t h e  equat ion gave inc reas ing ly  
b e t t e r  s e rv ice  f o r  very small  An. It appears t h a t  a c t u a l  c a p a c i t i e s  f o r  
smal l  s e rv ice  a reas  may have been a l i t t l e  low, o r  a t  l e a s t  represent ing  
lower se rv ice  c a p a b i l i t i e s  than the  l a r g e r  canals.  Capacity problems 
have a r i s e n  f o r  canals  with small s e r v i c e  a reas .  Even s o ,  t h i s  p ro jec t  
opera tes  very e f f i c i e n t l y  on an arranged schedule wi th  f l e x i b i l i t y  i n  
r a t e ,  frequency and durat ion.  

The arranged and demand curves a t  a 90% s e r v i c e  l e v e l  a r e  shown i n  
Figure 7. Note t h a t  t h e  arranged schedule only r e q u i r e s  a small  
i nc rease  i n  canal  c a p a c i t i e s  over the  r o t a t i o n  and continuous flow sche- 
dules .  These d i f f e rences  may e a s i l y  be overcome by i n c r e a s e s  i n  e f f i -  
c iency f o r  most l a t e r a l  and main canals .  A demand system, however, 
r e q u i r e s  considerably g r e a t e r  c a p a c i t i e s  being 2 t o  3 times ( f o r  An > 
2) g r e a t e r  than t h a t  requi red  f o r  continuous flow. It is doubt fu l  t h a t  
t h e  f l e x i b i l i t y  of fered  could alone improve e f f i c i e n c i e s  t h a t  much. 
Thus arranged systems can be j u s t i f i e d  by reduct ions  i n  system c o s t s  and 
improved opera t ions ,  while  expanding canals  t o  handle demand may not  be 

P e a s i l y  j u s t i f i e d .  Farm r e s e r v o i r s  provide an a t t r a c t i v e  a l t e r n a t i v e  
when demand opera t ion  is required. Also shown i n  F igure  7 a r e  t h e  
des ign  curve f o r  W-M and the  r e s u l t s  of Clement's second formula 
(Clement 11) f o r  Pa = 0.10 and F = 1116.3. Note t h a t  Clement I1 f a l l s  
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between the demand and arranged demand. The exact location of the 
arranged curve is subject to some speculation and may depend on a number 
of operational factors, thus this formula could be used fof arranged 
schedules. However, it is fairly certain that Clement's formula is not 
reasonable for the type of demand used in this simulation. The 
variations in depth and frequency for this simulation were chosen to 
give extreme conditions; however, frequency was essentially random 
whereas in actual practice external circumstances may cause more overlap 
in demand. Thus the demand curve shown is reasonable. Clement I1 is 
reasonably good at this service level from 0.2 < A, < 2, with values 10 
to 15% higher than the arranged curve for An > 2. The W-M design curve 
is relatively good for An > 2. For An < 2 it gives overly conservative 
results. The arranged curve can be approximated for simplicity by the 
following 

(m=1.6A,+l f o r A , < l  
= A, + 1.6 for An > 1 

Note that this is very similar in form to the W-M equation, at least for 
A > 1 The demand curve can be approximated by 

Q n a 4 A n f  1 for An C 1 
Qn = 1.5 An + 3.5 for An > 1 

which is also of a similar form. 

A simulation model was used to determine canal capacities for demand and 
arranged irrigation distribution systems for surface irrigation. 
Simulation results were compared with Clement's two demand formulae 
developed for sprinkler irrigation supply systems in France. For com- 
parison, canal capacity, (m, is expressed as a multiple (fraction) of 
the design farm delivery rate and service area, An, is expressed as a 
multiple (fraction) of the area for which the design farm delivery rate 
could meet the daily water requirements if delivered on a continuous 
basis (ie., rotation area). The simulation model developed irrigation 
frequencies and quantities for 60 sites representing a wide range of 
crops, soils, and irrigation management strategies over a 20 year period 
with water use and depletions for a simulated arid climate. 

It was found that for surface irrigation demand systems, Clement's for- 
mulae under predicted the necessary capacities. Clement's first formula 
is particularly poor for A, < 1 (less than 1 rotation area) since the 
canal capacity is allowed to go below the farm delivery rate (Qn < 1). 
Capacities for arranged systems were determined by adjusting supply 
oriented capacities to reflect relative service time (more demand orien- 
ted) and by adjusting demand oriented capacities to remove quantity 
variations (more supply oriented). This is reasonable since arranged 
schedules are a mixture of supply and demand oriented considerations. 
These results were compared with capacities of existing arranged canal 
systems. Clement's formulae are in reasonable agreement with the 
arranged canal capacity curve, being generally 10-15% higher. 
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Finally simple canal capacity equations were developed for  both demand 
+"% and arranged schedules which are easy to use. These equations are i n  a 

form similar to those used i n  the design of an ex i s t ing  i rr igat ion  pro- 
j e c t .  

PERSONNEL: Albert J. Cleamens 
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I 
Table 1. Values of +(U')/n(U') and n(U) for use in Clement's demand 

formulas where $(U') is the normal probability density func- 
tion and n(U) is the cumulative normal distribution function. 
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Table 2. Crops used in CREAMS model with rooting depths as input and 
resulting consumptive use over 92 day period of June, July and 
August . 

Effective Representative Consumptive Use 
Crop Rooting Depth of 92 day period 

inch - m - inch - mm - 
Alfalfa 78 1.98 
Cotton 60 1.52 
Citrus 54 1.37 
Sorghum 60 1.52 
(double cropped) 

Table 3. Soils chosen and water holding capacities for input to CREAMS 
model. 

Available water 

Soil Type - % mmlm inlft -- 
Loamy Sand 8.4 84 1.0 

Sandy Loam 10.9 109 1.3 

Very fine sandy loam 14.3 143 1.72 

Loam 16.5 165 1.98 

Silty clay loam 19.9 199 2.39 
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CU SIMULATION 

0 

JULIAN DATE 

Figure 1. Representative consumptive use during peak use period of 
June, July and August (Julian days 152 to 243) for the four 
crops used in the simulation. 
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RELATIVE SERVICE AREA,  An 

Figure 2. Comparison of canal capabilities for time (supply) based ser- 
vice levels of 80 and 95% from simulation and from Clement's 
first formula (Clement I). 

0 - simulation data for Pa = 80% 
A - simulation data adjusted for idle time for Pa = 

80% 
[ ]  - simulation data for Pa = 95% with data adjusted - 

for A, < 1. 
DISCRETE - simulation results for integer increments 

of canal capacity 
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RELATIVE SERVICE AREA,An 

Figure 3. Comparison of canal capacities for demand based service level 
of 80% from simulation and from Clement's second formula 
(Clement 11). 

0 - simulation data 
A - simulation data adjusted to remove variations in 

quantity ordered. 
DISCRETE - simulation results for integer increments of 

canal capacity 

Annual Report of the U.S. Water Conservation Laboratory



1 I I I I , ,  I I 

0.1 0.5 I 5 

RELATIVE SERVICE AREA,A, 

Figure 4. Comparison of canal capacities for demand based service 
levels of 50, 80, 90 and 95% from simulation and from 
Clement's second formula. 
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Figure 5. Canal c a p a c i t i e s  f o r  s e r v i c e  l e v e l s  of 80 and.95% f o r  supply 
based s e r v i c e  l e v e l s  ad jus ted  f o r  demand (ADJ SUPPLY) and f o r  - - -  
demand based s e r v i c e  l e v e l s  ad jus ted  f o r  supply (ADJ DEMAND) 
from simulat ion.  
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Figure 6. Canal c a p a c i t i e s  from a c t u a l  i r r i g a t i o n  p r o j e c t s  compared t o  
r o t a t i o n ,  arranged and demand schedules ,  t h e  l a t t e r  two a t  
90% s e r v i c e  l e v e l s .  

0 - sample d a t a  from t h e  S a l t  River  P r o j e c t  
SRP - curve approximately f i t t i n g  S a l t  River  P r o j e c t  

d a t a  
A - sample d a t a  from Wellton-Mohawk I r r i g a t i o n  and 

Drainage District 
W-M - design guide f o r  Wellton-Mohawk I r r i g a t i o n  and 

Drainage D i s t r i c t  
DEMAND - s imula t ion  r e s u l t s  f o r  demand s e r v i c e  l e v e l  of  

90% 
ARRANGED - s imula t ion  r e s u l t s  f o r  ad jus t ed  demand s e r v i c e  

l e v e l  of  90% 
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Figure 7. Canal capaci ty  des ign  r e l a t i o n s .  
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TITLE: CANAL OPERATIONS 

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

INTRODUCTION: 

The operation of canal systems that deliver water for irrigation can 
have a significant impact on the farm operator's ability to apply water 
efficiently and uniformly. Irrigation delivery policies and conditions 
are usually established very early in the life of the project. Often, 
these policies and conditions limit the crops that can be considered and 
limit the effectiveness of modern on-farm irrigation systems that can 
significantly improve water management. Existing control schemes, 
structures, and canals for many delivery systems are not geared toward 
providing flexibility for farm operations. Some more specific problems 
follow : 

1) Very little detailed information exists on the impact of 
district operations on farm deliveries and farm irrigation 
practices. 

2) Current instrumentation for monitoring canal operations is 
either too costly or not accurate enough. 

3) Canal capacity requirements for flexible irrigation delivery 
schemes have not been adequately studied. 

4) Little has been written about the design of fixed structures in 
terms of their response to changes in incoming discharge. 
Existing control structures for maintaining a constant down- 
stream head (or discharge) require electrical power (and are 
thus too expensive), cannot maintain accuracy to a reasonable 
level, or are not adjustable. 

We are approaching the problem from a number of directions. First, it 
is viewed from the farm operators' standpoints, that is, what 
constraints does the delivery system put on his farm operations. This 
includes such things as delivery schedules, lead time for ordering, abi- 
lity to change flow or duration during the delivery period, and the uni- 
formity of delivery. The second view is taken from the district's 
standpoint, that is, how can I provide better service for the same cost. 
This includes analysis of operational procedures, control schemes, 
control structures, and canal capacities. A third approach represents 
an integration of these two views, that is, what will give the best 
overall results. The idea is to develop easy to manage district systems 
that can still provide the farmer with enough flexibility that his mana- 
gement is also simple. Objectives of our research effort are to improve 
water deliveries through: 1) a better understanding of the impact of 
delivery policies and operating conditions on farm operations, 2) a 
better understanding of canal operations and their effect on deliveries, 
and 3) the development of improved operational schemes and associated 
structures. Some specific research approaches follow. 

1) A detailed study will be initiated to monitor the operation of 
individual lateral canals. We will monitor all inflows and 
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outflows plus water levels in the lateral. We will hopefully 
be able to study the effects of different operational policies 
and structures on canal transients and delivery un'iformities. 

We are attempting to develop and to encourage the commercial 
development of low cost, highly accurate instrumentation for 
measuring water levels in open channels. We will test any new 
schemes and available instruments to evaluate accuracy and cost 
effectiveness. 

We will simulate the conditions of water demand under surface 
irrigation in order to determine a relationship between capa- 
city and ability to deliver water on demand or as arranged for 
various levels within a canal system. 

We will work on developing new gate control mechanisms for 
maintaining constant flow at an offtake from a canal or reser- 
voir. 

RESULTS AND CONCLUSIONS: 

1) Canal operations monitoring - In 1984 contacts were made with 
two irrigation districts (Imperial Irrigation District, IID, and the 
Wellton-Mohawk Irrigation and Drainage District, WIDD) for the purpose 
of developing a cooperative research program to study canal operations. 

The IID has an ongoing conservation program in which we plan to 
participate. They are currently monitoring inflows and outflows from 
about 50 fields which are spread around the district. We planned on 
concentrating on four laterals that were chosen for initial study. They 
were chosen because of their location relation to check structures in 
the main canal and because two were completely lined and two were only 
partially lined. There are 130 delivery points on these four laterals. 
Of these delivery points, about 10 have previously installed flumes. 
The rest will need flume installations. An additional 9 or 10 flumes 
will have to be installed in district lateral canals. The WMIDD has 
also agreed to allow us to study canals within their district. We have 
chosen two canals for our initial study. These two have approximately 
60 delivery sites, half of which have flumes already installed. 

These two districts have some interesting differences. The IID has 
500,000 ac, 3 days notice, deliveries in 24 hour increments, 11 cfs 
standard deliveries and 8 hour ditchrider shifts. The WMIDD has 60,000 
ac, 3 days notice, deliveries for any duration, standard deliveries of 
15 cfs (with 20 to 25 cfs more common) and ditchriders on 24 hour call. 
Of interest will be the differences in operation for these two districts. 

2) Canal monitoring instrumentation - We surveyed a large portion 
of the commercially available flow monitoring equipment and found it far 
too costly (> $1000 per head). Generally the equipment is not simple to 
install, requires a stilling well in many instances, requires excessive 
power to operate by battery for extended periods, and does not meet our 
head-detection accuracy requirements (t .O1 ft). The most economical 
approach presently available to adequately monitor a number of water 
levels in the same proximity appears to be a recently introduced data 
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logging system (Easy Logger by Omnidata) coupled with a bubblerJpressure 
transducer system devexoped at the U. S. Water Conservation Laboratory. 
Bartex, Inc., presently manufactures a water level sensing system, based 
on an acoustical (shock wave) transducer, that is simple to use in the 
field, exceeds our accuracy requirements, but in its present form is too 
costly. The company is interested in developing a unit that includes a 
single sensorjlogger with simplified electronics mounted directly on the 
side of a concrete lined canal, without a stilling well. The expected 
marketing price of such a unit is $750 or less if the development, manu- 
facturing and tooling costs were defrayed by the Government or other 
interested entity. The estimate for such a one-time development charge 
is 135-175 thousand dollars. 

3) Canal capacities - A Frenchman named Clement developed two dif- 
ferent equations for canal capacities for demand systems. His equations 
were developed for sprinkler irrigation where it was assumed that there 
was a known probability of a particular field being irrigated on a given 
day regardless of prior irrigations, and that all irrigations were of 
the same rate and duration. This is not too realistic for surface irri- 
gation. 

A simulation model was developed to determine canal capacities 
under surface irrigation. Time and amount of irrigation were simulated 
for 20 years on 60 fields to develop data to determine a distribution of 
canal capacities. These results were compared with Clement's equations 
and existing capacities in existing canal systems which operate under 

f- arranged schedules. The results were mixed. Clement's first equation 
did not predict the results well. His second equation was adequate 
within a certain range, but only when uniform rate and duration are 
assumed. At a given level of performance, variations in rate, duration 
and volume applied showed a need for much higher capacity. One of the 
difficulties of making a determination on canal capacity is in deter- 
mining appropriate performance levels. This would require an analysis 
of the impacts of performance on farm operations which is yet to be 
done. 

4) Gate controller - A gate controller mechanism was devised and 
tested, which will maintain a constant downstream discharge, which is 
powered only by the head upstream from the gate (no electricity), and 
which is continuously adjustable (any discharge can be set). A proto- 
type system was set up in the hydraulics lab with a butterfly valve on a 
pipe supplying a short channel section. The upstream pressure was 
periodically changed to simulate changes in upstream water level. The 
system returned to equilibrium quickly (say < 10 min.) and accurately 
(to within + 1 mm),  even for quick step changes in upstream head 
(changes in-the field are gradual). A similar mechanism was installed 
at a test site at the Salt River Project (SRP). The site has an 8' wide 
radial gate at the entrance to a channel which has a flume. Flow is 
diverted from an upstream reservoir. Excess flow (in excess of what is 
set for the channel) flows over a Cipoletti weir into a bypass channel. 
Some initial testing was done in 1984. The system appears to control 

Z 
the downstream water level to within about t 3mm (or 2 2% of flow). 
This system has the potential for regulating the outlet of a reservoir, 
in addition to farm or lateral offtakes from canals. 

Annual Report of the U.S. Water Conservation Laboratory



SUMMARY AND CONCLUSIONS: 

A study has  been i n i t i a t e d  t o  monitor t h e  opera t ion  o f ' i n d i v i d u a l  
l a t e r a l s  i n  t h e  Imperial  I r r i g a t i o n  D i s t r i c t  and 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 s p e c i f i c  l a t e r a l s  s e l e c t e d  were 
chosen f o r  t h e i r  unique l o c a t i o n  wi th in  t h e  d i s t r i c t  d e l i v e r y  system 
r e l a t i v e  t o  main canal  con t ro l  s t r u c t u r e s .  I n i t i a l  surveys f o r  i n s t r u -  
mentat ion of a l l  de l ive ry  poin ts  were completed. 

To monitor a number of water l e v e l s  i n  t h e  same proximity,  the  most 
economical approach inc ludes  t h e  use of a r e c e n t l y  in t roduced da ta  
logging system from Omnidata coupled w i t h  a bubbler /pressure  t ransducer  
system developed a t  t h e  U.S. Water Conservation Laboratory. Plans a r e  
being made t o  eva lua te  t h e  u t i l i t y  of t h i s  system f o r  our  canal  moni- 
t o r i n g  program. We have worked c l o s e l y  wi th  a number of companies i n  
encouraging commercial development of low c o s t ,  h igh ly  accura t e  i n s t r u -  
mentat ion f o r  measuring water l e v e l s .  Bartex,  Inc. i s  i n t e r e s t e d  i n  
developing a u n i t  t h a t  inc ludes  a s i n g l e  senso r l logge r  which mounts 
d i r e c t l y  on the  s i d e  of the  concre te  l i n e d  canal .  The system would be 
easy  t o  i n s t a l l  i n  the  f i e l d ,  would exceed our  accuracy requirements ,  
and would have an expected marketing p r i c e  of $750 o r  l e s s  i f  develop- 
ment, manufacturing, and too l ing  c o s t s  were defrayed by t h e  Government 
o r  o t h e r  i n t e r e s t e d  p a r t i e s .  

Some prel iminary s t u d i e s  on the  r e l a t i o n s h i p  between canal  capaci ty  
and a b i l i t y  t o  d e l i v e r  water on demand o r  as arranged were completed. A 
s imula t ion  model was developed t o  determine cana l  capac i ty  requirements 
f o r  su r face  i r r i g a t i o n .  

A ga t e  c o n t r o l l e r  was devised and t e s t e d  which w i l l  maintain a 
cons tant  downstream water su r face  e l eva t ion .  The c o n t r o l l e r  is powered 
by the  head upstream from the  g a t e ,  hence r e q u i r i n g  no e l e c t r i c i t y .  The 
downscream head s e t t i n g  is ad jus t ab le .  A pro to type  system was s e t  up 
and t e s t e d  i n  the  l abora to ry  and c o n t r o l l e d  t h e  downstream water  su r face  
t o  wi th in  + 1 mrn when experiencing abrupt  upstream head changes. A 
s i m i l a r  system was i n s t a l l e d  i n  coopera t ion  wi th  t h e  S a l t  River P ro jec t  
where an e i g h t  f o o t  wide r a d i a l  g a t e  a t  t h e  en t r ance  of a channel was 
con t ro l l ed .  The system appeared t o  c o n t r o l  t h e  downstream water  su r face  
t o  wi th in  + 3 mm. - 
PERSONNEL: 

A.J. Clemmens, A.R. Dedrick, J.A. Replogle,  R. Kapfer,  J. P a d i l l a ,  R.J. 
Gerard, B.J. Fry. 
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TITLE: FURROW INFILTRATION: VOLUME BALANCE EQUATIONS 

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

INTRODUCTION: 

The methods developed here  apply t o  determining i n f i l t r a t i o n  under 
furrow i r r i g a t i o n  when the  fol lowing information is c o l l e c t e d  f o r  indi -  
v idua l  furrows: inf low hydrograph, outflow hydrograph, furrow cross- 
s e c t i o n ,  and flow depth hydrographs a t  a  number of s t a t i o n s .  The b a s i c  
scheme is t o  compute a  volume balance a t  d i s c r e t e  time i n t e r v a l s .  A t  
any given i n s t a n t  of  time, the  n e t  volume of water t h a t  has  entered t h e  
furrow (and not  y e t  run o f f )  must be known. The computations a r e  broken 
i n t o  two pa r t s .  The f i r s t  p a r t  i s  t o  compute t h e  t o t a l  volume of wa te r  
on t h e  surface.  This  volume i s  sub t rac t ed  from t h e  n e t  volume which has  
en tered  t h e  furrow, r e s u l t i n g  i n  t h e  volume i n f i l t r a t e d .  The second 
p a r t  of t h e  computations determines how t h e  i n f i l t r a t e d  wa te r  i s  d i s t r i -  
buted along the  furrow and thus  determines t h e  i n f i l t r a t i o n  func t ion  o r  
equat ion constants .  

SURFACE VOLUMES: 

Many furrow shapes can be adequately described by a  power func t ion  of 
t h e  form 

rl where y i s  the depth, B i s  t h e  t o p  width,  and C and M a r e  empir ica l  
constants .  Not a l l  furrows have a  uniform cross-sect ion wi th  e i t h e r  
t ime o r  d i s t ance ,  t hus  the  cons tants  C and M should be allowed t o  vary 
w i t h  e i t h e r  time o r  d is tance .  Since s u r f a c e  volumes a r e  computed a t  
d i s c r e t e  t imes, changes i n  c ross  s e c t i o n  can be accommodated by simply 
changing constances. However, s i n c e  t h e  volume between s t a t i o n s  (where 
depth and cross-sect ion a r e  measured) must be determined, some means of 
determining in termedia te  values of c ross  s e c t i o n a l  a r e a  must be found. 
The approach taken h e r e  i s  t o  al low t h e  top  width a t  a  g iven  depth t o  
change l i n e a r l y  from one s t a t i o n  t o  t h e  next. This  can be expressed by 

where xo and xl a r e  t h e  d i s t ances  t o  s t a t i o n s  0 and 1 re spec t ive ly ,  x i s  
a n  in termedia te  l o c a t i o n  and B(Y,X) i s  t h e  top width a t  depth y and 
l o c a t i o n  x. Note t h a t  the constant  C and M a r e  def ined  only a t  xo and 
XI and Equation (2)  i s  solved f o r  B(y,x). 

Since t h e  depth of water  i n  t h e  furrow changes wi th  d i s t ance ,  a  method 
f o r  es t imat ing  t h e  flow depth between s t a t i o n s  must be used. Two 
methods a r e  presented here. The f i r s t  assumes a  power func t ion  of depth 
wi th  d i s t ance  of t h e  form 
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where yo and yl a r e  t h e  depths a t  s t a t i o n s  0 and 1 respec t ive ly  and 0 i s  
t h e  usual  surface shape f a c t o r .  ( I n  a c t u a l i t y  y l  = y l ( t ) ,  however 
Equation ( 3 )  i m p l i c i t l y  assumes a constant  known time). When 011, t h e  
change i n  depth y wi th  d i s t a n c e  x i s  l i n e a r .  When 8=0, y=yo between xo 
and xl .  The second method assume a power func t ion  of a r e a  wi th  
d i s t ance ,  where 

where A i s  the c ross  s e c t i o n a l  flow a r e a  f o r  a depth  y, t he  s u b s c r i p t s  o 
and 1 a r e  a s  previously defined and a i s  the  a r e a  shape f a c t o r .  Two 
cases  a r e  considered f o r  t h e  development of gene ra l  equations. The 
f i r s t  case represents  t h e  t i p  ce l l  of an advancing water  f ron t .  The 
volume balance can only  be determined a t  t imes when t h e  t i p  c e l l  reaches 
a known s t a t i o n .  Defining t h i s  a s  s t a t i o n  1, w e  g e t  yl"O wi th  yo a 
measured value and 0 is  some p o s i t i v e  value g r e a t e r  than z e r o  (and 
genera l ly  l e s s  than one). For t h e  o t h e r  c e l l s  of an  i r r i g a t i o n  stream 
(second case) where yl and yo a r e  p o s i t i v e  va lues ,  a l i n e a r  depth  ( o r  
a rea )  p r o f i l e  is assumed wherein 0=1 ( o r  a=l ) .  These s u r f a c e  volumes 
a r e  derived from 

y( x) 
Vs = fX1 / ~ ( ~ , x ) d ~  dx ( 5 )  

Xo O 
- 1 

Under the  assumption of water  depth a s  a f u n c t i o n  of d i s t a n c e  and a uni- 
form cross  sec t ion  between s t a t i o n s  0 and 1, t h e  s u r f a c e  volume i s  f o r  
t h e  t i p  c e l l  

Mil 

vs = (xl  - xof 2 1 
Mil :1 +B(M+l)  

f o r  B>O, yl = 0 (6) 

and f o r  the  in termedia te  c e l l s  

A s i m i l a r  p a i r  of equat ions f o r  nonuniform c r o s s  s e c t i o n s  g ives  f o r  t h e  
t i p  c e l l  

Annual Report of the U.S. Water Conservation Laboratory



and for the intermediate cells 

M1+2 Mof2 

vs = - C1y y - y1 1 + Coy 
{- - 

(yo-y1) MI+3 Ml+2 (Y~-Y~)(M~+~) 

for B = 1 

Note that flow is from section 0 to section 1, 

A similar set of equations can be developed from the assumption of flow 
area as a function of distance. For a uniform cross section we get for 
the tip cell 

Mtl 

and for the intermediate cell 

For the nonuniform cross section, the volume for the tip cell can be 
found from Equation (8) with a =B (Mo+l). Since no area exists at sec- 
tion 1, it must be assumed that the depth along the furrow follows from 
the area power law for section 0. (This assumption allows equation (8) 
to be used). No other developments are readily apparent. For the 
intermediate cell, the surface volume is found from 

Equations (6) thZu (12) have been verified by numerical integration. 

SUBSURFACE VOLUMES: 

In general, the inflow and outflow to each reach of the furrow are not 
known. Thus, just knowing the total volume of water infiltrated gives 
little information on how the water is disttibuted. Information on the 
distribution of time and volume are necessary to develop an infiltration 
equation. In a previous work (I), I developed a method for estimating 

P'=' an infiltration function from a volume balance on a single border. This 
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method assumed s p a t i a l l y  uniform 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  over  t h e  
border.  Separat ion of s p a t i a l  c h a r a c t e r i s t i c s  i s  beyond t h e  scope of 
t h i s  paper  a s  we l l ,  a l though these  techniques could be expended t o  
i n c l u d e  some information on s p a t i a l  v a r i a t i o n s .  

I f  i n f i l t r a t i o n  i n t o  the  furrow i s  not  a  func t ion  of f low depth,  then 
t h e  procedure developed f o r  borders  could be used wi th  minor modifica- 
t i ons .  I f  t h e  i n f i l t r a t i o n  i s  a f f e c t e d  by flow depth,  t h e  equat ion  
developed f o r  borders  a r e  inappropr ia te .  The gene ra l  procedure however, 
i s  s t i l l  appropriate .  There a r e  two main assumptions t h a t  t h e  border 
method uses  t o  develop an i n f i l t r a t i o n  funct ion.  The f i r s t  i s  t h a t  
i n f i l t r a t i o n  funct ions  approximately fo l low a power func t ion  ( a t  l e a s t  
over  s h o r t  ranges).  The second i s  t h a t  t h e  average depth i n f i l t r a t e d  
(over  a  given wetted d i s t a n c e  and i r r i g a t i o n  time) p lus  t h e  a s soc ia t ed  
i n f i l t r a t i o n  opportuni ty time f o r  t h a t  average depth r ep resen t  t h e  
appropr i a t e  information t o  be der ived  from t h e  a n a l y s i s  (and from which 
t o  develop an i n f i l t r a t i o n  funct ion) .  The border  procedure b a s i c a l l y  
s t a r t s  by assuming a power func t ion  of t h e  form 

where z i s  the  i n f i l t r a t e d  depth,  T i s  t h e  oppor tuni ty  time and k and a 
a r e  empiracal constants .  It i s  assumed t h a t  t h e  cons tan t s  k and a a r e  
t h e  same over t h e  e n t i r e  border. The t o t a l  i n f i l t r a t e d  volume found 
from previous computations a t  any given time i s  represented  by - 

where B i s  the  border width and xa i s  t h e  advance d i s t a n c e  ( r e v e r t s  t o  
f i e l d  l eng th  a f t e r  advance i s  completed). The only  unknowns i n  Equation 
1 4  a r e  k and a. Two equat ions  a r e  requi red  t o  s o l v e  f o r  t h e  two 
unknowns. However, an equat ion  e x i s t s  f o r  each t i m e  per iod  (i .e. ,  
advance time t o  each s t a t i o n  dur ing  advance, and any o t h e r  t ime dur ing  
continuing phase and r ecess ion  times a t  each s t a t i o n ) .  Thus each p a i r  
of  equat ions can be used t o  f i n d  k and a values.  I n  t h e  border  proce- 
dure, a t  each time period va lues  f o r  k and a were determined i n  com- 
b i n a t i o n  wi th  a l l  previous time periods. Rather  than  some numerical 
average of k and a, t h e  va lues  of oppor tun i ty  t i m e  ( from each k and a) 
were found from the  average i n f i l t r a t e d  depth a t  t h a t  time, t ,  being 

The opportuni ty times were then averaged t o  determine one po in t  on t h e  
i n f i l t r a t i o n  curve. 

For the border method, a  d i r e c t i o n  equat ion  ( i n  summation form) was 
found f o r  the  i n t e g r a l  of Equation 14. Also, n o t i c i n g  t h a t  t h e  cons tant  

Annual Report of the U.S. Water Conservation Laboratory



k is  removed from t h e  i n t e g r a l  ( o r  summation) a  s h o r t  cu t  method was 
developed t o  i t e r a t e  on k and a  sepa ra t e ly ,  r a t h e r  than simultaneously. 
(Once a  value i s  assumed f o r  a ,  k is  found d i r e c t l y ) .  This  method 
proved e f f i c i e n t  s i n c e  t h e  impact of v a r i a t i o n  i n  t h e  value of a  i s  not  
dramatic. Note a l s o ,  t h a t  i f  k i s  a  func t ion  of x,  even i f  k  was 
assumed cons tant  over  each furrow ( o r  border)  reach,  t h e r e  a r e  more 
unknowns than equat ions (dur ing  advance) and no s o l u t i o n  f o r  k(x)  i s  
ava i l ab le .  Allowing - a  t o  vary with d i s t ance  adds f u r t h e r  d i f f i c u l t i e s .  

For furrows, t h i s  s imple method may not  be e n t i r e l y  appropr ia te  
depending upon how i n f i l t r a t i o n  is described. I n  any case, numerical 
i n t e g r a t i o n  can be used t o  develop i n f i l t r a t i o n  cons tants  by t r i a l  and 
e r r o r .  It would be convenient,  however, i f  d i r e c t  equat ions were 
ava i l ab le ,  a t  l e a s t  f o r  s p e c i a l  cases. 

Furrow I n f i l t r a t i o n  

A'number of formula t ions  f o r  t h e  e f f e c t s  of i n f i l t r a t i o n  wi th  depth have 
been developed ( 2 ) .  The moat complex i s  where each new a r e a  of s o i l  
wetted a s  t h e  water  r i s e s  a c t s  a s  i f  t h e  i n f i l t r a t i o n  j u s t  s t a r t e d .  
Thus the (c ross-sec t ional )  a r e a  i n f i l t r a t e d  (depth  i n f i l t r a t e d  times 
width)  i s  dependent upon t h e  wetted perimeter ,  W 

where s i s  t h e  d i s t ance  along t h e  wetted per imeter  and T~ i s  t h e  oppor- 
t u n i t y  time a t  any l o c a t i o n  s along t h e  wetted perimeter.  Since the  
change i n  depth over time does not  fol low a  known simple func t ion ,  t h i s  
development becomes extremely complex and a  s o l u t i o n  must be found 
numerically.  Note t h a t  A, r ep laces  B.z(x) i n  Equat ion (14). 

The next form f o r  A, assumes t h a t  t h e  f i l t r a t i o n  r a t e  over t h e  wetted 
perimeter  i s  cons tant  and t h a t  t h e  t o t a l  i n f i l t r a t i o n  r a t e ,  &,Idt, i s  a  
product of t h e  poin t  i n f i l t r a t i o n  r a t e  t imes t h e  wetted perimeter  

Given the top width from Equation ( I ) ,  t h e r e  i s  no simple expression f o r  
wetted perimeter.  Thus t h e  W(t) i n  Equation 17 would have t o  be found 
by numerical i n t eg ra t ion .  

One option would be t o  have a  sepa ra t e  func t ion  f o r  wetted perimeter.  
The ana lys i s  would fo l low a s  f o r  i n f i l t r a t i o n  a s  a  func t ion  of top width 
o r  

Annual Report of the U.S. Water Conservation Laboratory



Here B(t), or actually B(x,t), can be determined directly from y(t,x) 
and Equation (1). Equations for this assumed infiltratio? relation will 
be developed after a brief discussion of the remaining methods. 

More precisely, Equation (18) should be stated 

The remaining methods are simplifications on this form (or an equivalent 
form of Equation 17). It can be assumed that infiltration is a function 
only of upstream (PO) top width or wetted perimeter 

where w,( t) = W( t,x=O) and 

where ~ ~ ( t )  = B(t,x=O). Similarly, it can be assumed that infiltration 
is a function of some constant fixed depth. For wetted perimeter aC 
normal depth for the furrow inflow rate, WN, 

and for top width at normal depth, BN 

Other fixed widths that have been chosen are top width and wetted peri- 
meter for 1/2 the furrow inflow rate ( 4 )  and top width and wetted peri- 
meter at the furrow inflow rate plus an arbitrary constant of 0.7 ft (3). 

Furrow Volume Balance Equations 

For the surface volume case, I considered both water surface and surface 
area shape factors. Here, surface area shape factors have no relevance 
and will not be considered. The general equations for subsurface volu- 
mes are found by integrating Equation (19) over distance and time, or 
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f o r  which the i n f i l t r a t i o n  i s  assumed t o  vary wi th  top width and where 
i ( s )  = d z ( ~ ) / d ~ .  NOW f o r  t h e  t i p  c e l l  with a uniform c r o s s  sec t ion ,  
l i n e a r  advance and a uniform wave f r o n t  wi th  shape f a c t o r . 8 ,  t h i s  becomes 

M a  
V, = Cyo ka (xl - xo) ( t l  - t o )  f o r  B>O, y l  = 0 (251 

where advance i s  from s t a t i o n  0 t o  s t a t i o n  1, and tl and to represent  
advance times, 8  is found from Equation ( 3 ) ,  a and k a r e  from Equation 
(12),  and C and M a r e  from Equation (1). Over shor t  t imes and reach 
l eng th  these  assumptions a r e  reasonable. 
For a  nonuniform cross  sec t ion  wi th  in termedia te  widths represented by 

,Equation (Z),  t h e  t i p  c e l l  equat ion becomes 

f o r  8>O, y l  = 0 (26)  

For t h e  border method, piecewise l i n e a r  advance was assumed i n  the  deve- 
lopment of a  gene ra l  equat ion f o r  in te rmedia te  c e l l s .  This  was deve- 
loped a s  a  r ecu r s ive  equat ion based on shape f ac to r s .  For an advancing 
s tream with N c e l l s ,  t h e  recurs ive  equat ion f o r  furrows would be ( f o r  a  
uniform cross  s e c t i o n  and f o r  s e c t i o n  i n f i l t r a t i o n  d i r e c t l y  r e l a t e d  t o  
top  width, Equation 19) , 

where, I rep resen t s  the  cu r ren t  time, ti i s  t h e  advance time t o  s t a t i o n  
i and ti-l i s  t h e  advance time t o  s t a t i o n  i-1. I n  genera l ,  t h i s  
equat ion does not hold s ince  i t  assumes a  cons tant  known su r face  shape 
f a c t o r  over the  e n t i r e  stream and ove r  the  e n t i r e  i r r i g a t i o n  event.  
This  i s  too r e s t r i c t i v e  an assumption i n  many cases.  It may l e a d  t o  
erroneous r e s u l t s  when the  measured i n t e r i o r  depths d i f f e r  t oo  f a r  from 
those  computed by a  power law (B)  and t h e  f u r t h e s t  upstream depth.  In 
a c t u a l i t y ,  the  equat ion i s  only v a l i d  when advance i s  l i n e a r  ( n o t  
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piecewise l inea r ) .  This  may l ead  t o  a d d i t i o n a l  e r r o r s  i n  t h a t  i t  assu- 
mes a power law depth hydrograph a s  well .  This may cause e r r o r s  i n  
r e l a t i v e  i n f i l t r a t i o n  from one time period t o  the  next. Thus t h i s  
equat ion should only be  used f o r  the  t i p  c e l l  and t h e  ce l l  immediately 
behind i t  o r  when t h e  top  width e f f e c t  on i n f i l t r a t i o n  i s  cons tant  over 
t h e  i r r i g a t i o n  (i .e. ,  Equations 20 through 23). An a l t e r n a t i v e  equation 
can be developed i f  we a g a i n  assume piecewise l i n e a r  advance and t h a t  
t h e  change i n  top width i s  l i n e a r  over each time increment. This  second 
assumption i s  not r e a l i s t i c  f o r  t h e  t i p  c e l l  o r  t h e  c e l l  immediately 
behind the  t i p  c e l l .  Note t h a t  i f  i n f i l t r a t i o n  i s  assumed t o  vary 
according t o  wetted perimeter ,  then under t h i s  assumption wetted peri- 
meter must vary l i n e a r l y  w i t h  time. The inaccuracy of us ing  Equation 
(27) f o r  the  c e l l  behind t h e  t i p  c e l l  i s  l e s s  than assuming a l i n e a r  
change i n  top width. Thus, Equation (27) can be used f o r  t h e s e  f i r s t  
two cells (N and N-1). The a l t e r n a t i v e  i s  numerical i n t e g r a t i o n .  

An equation f o r  o t h e r  in termedia te  c e l l s  can be found, when the  top 
width ( o r  wetted per imeter )  i s  assumed t o  vary l i n e a r l y  w i t h  time a t  a  
given s t a t i o n  and wi th  d i s t a n c e  between s t a t i o n s  a t  a  given time, when 
i n f i l t r a t i o n  v a r i e s  l i n e a r l y  with top width ( o r  wetted per imeter ) ,  and 
when i n f i l t r a t i o n  fo l lows a power funct ion.  This  equat ion  i s  v a l i d  f o r  
e i t h e r  a  uniform o r  nonuniform cross-section. Because of t h e  change i n  
assumption on the  change i n  depth with time from t h e  f i r s t  two c e l l s  t o  
t h e  l a t t e r  c e l l s ,  only t h e  change i n  volume over  a  g iven  time i n t e r v a l  
can be found. This  equat ion  is 

(This has not been checked numerically) 
where ta i s  advance time (eg ,  ta(xi) i s  the  advance t i m e  t o  xi, i t  i s  
simply ca l led  t i ) ,  A t a  i s  t h e  d i f f e r e n c e  i n  advance time between x i  and 
xi-1. The terms i n  Equation (28) a r e  def ined  a s  
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f o r  n = 0,  1, 2 

Note t h a t  even though Equation (28)  appears  complex, t h a t  only k and a a r e  
unknown. With an assumed value f o r  a ,  AVZ and k a r e  l i n e a r l y  r e l a t e d ,  
making a s o l u t i o n  f o r  d i f f e r e n t  values f o r  k f a i r l y  s t r a i g h t  forward. 
The s o l u t i o n  procedure used t o  so lve  f o r  k and a i s  given i n  (1).  

SUEfMARY OF TECHNIQUES 

The fol lowing methods of analyzing i n f i l t r a t i o n  i n  borders  and furrows 
have been proposed o r  used t o  analyze i n f i l t r a t i o n .  'Shis sec t ion  o u t l i -  
nes how t h e  ana lys i s  techniques suggested he re  can be appl ied  t o  each of 
t h e s e  methods. - 

0 1. Borders: Use Equat ion (27),  wi th  M=O and B(x, t )  = cons tant  (e.g., 1 
f o o t  o r  border s t r i p  width). 

2. Furrows where i n f i l t r a t i o n  i s  not  a  f u n c t i o n  of depth: 
Use Equation (27) wi th  M=O and B(x , t )  = cons tant  (e.g., 
furrow spacing)  

3 .  Furrows where i n f i l t r a t i o n  is a d i r e c t  func t ion  of t op  width at  n o r  
ma1 depth f o r  the  inflow (Qo), BN (Equat ion 23): 

Use Equation (27) with M=O and B(x , t )  = BN = cons tant  

4 .  Furrows where i n f i l t r a t i o n  i s  a  d i r e c t  f u n c t i o n  of wetted perimeter  
a t  normal depth f o r  t h e  inf low (QO), WN (equat ion  22): 

Use Equation (27)  with M=O and B(x, t )  = WN = cons tant  

5.  Furrows where i n f i l t r a t i o n  i s  a d i r e c t  func t ion  of t op  width a t  no? 
ma1 depth f o r  one ha l f  t h e  inf low (Qo/2), B ~ ( Q o / ~ ) :  

Use Equation (27)  wi th  K=O and B(x, t )  = BN(Qo/2) = cons tant  

6. Furrows where i n f i l t r a t i o n  i s  a d i r e c t  f u n c t i o n  of wetted perimeter  
a t  normal depth f o r  one ha l f  t h e  inf low (90121, W (Q0/2): 

Use Equation (27) with l+O and B(x , t )  = N~(QOYZ) = cons tant  

7. Furrows where i n f i l t r a t i o n  i s  a d i r e c t  f u n c t i o n  of t op  width a t  n o r  
ma1 depth p lus  an empir ica l  cons tant  of  0.7 f t :  

Use Equation (27)  wi th  I4=O and B(x , t )  = BE% + 0.7 f t  = constant 
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8. Furrows where i n f i l t r a t i o n  i s  a d i r e c t  func t ion  of wetted perimeter  
a t  normal depth p l u s  a n  empir ica l  cons tant  of 0.7 f t .  (3): 

Use Equation (27) wi th  *PO and B(x , t )  = WN + 0.7 f t  = constant  

For these  f i r s t  e i g h t  func t ions ,  t h e  e f f e c t i v e  width i s  f i x e d  f o r  t h e  
e n t i r e  i r r i g a t i o n  (both  time and d i s t ance ) .  Thus the  cummulative 
i n f i l t r a t i o n  and i n f i l t r a t i o n  r a t e  func t ions  a r e  s t i l l  i n  d i r e c t  rela-  

' t i o n  t o  one another. That is ,  t h i s  cons tant  width can b e  mul t ip l i ed  t o  
e i t h e r  func t iona l  form. Now when t h e  e f f e c t i v e  width changes with time 
and d i s t ance ,  t he  s i t u a t i o n  i s  not  a s  simple. Equation (27) app l i e s  t o  
t h e  case  of a r i s i n g  water  depth where the  e n t i r e  water  s u r f a c e  p r o f i l e  
fol low the  same power func t ion  (Equation 3)  f o r  t h e  e n t i r e  i r r i g a t i o n .  
Here the  width can be mul t ip l i ed  by t h e  cummulative i n f i l t r a t i o n  func- 
t ion .  However, a s  t h e  depths  drop dur ing  recess ion ,  not  only does 
Equation (27) not apply,  but  mul t ip ly ing  t h e  c u m u l a t i v e  func t ion  by t h e  
top width is not reasonable,  s i n c e  a t  t h e  end of t h e  i r r i g a t i o n  the  
depth (and thus a r e a  i n f i l t r a t e d )  would be  zero. As such,  Equation (27) 
i s  only reasonable when B(x, t)  i s  constant  o r  f o r  very s h o r t  reaches and 
time i n t e r v a l s  during advance. I n  t h e  l a t t e r  case,  B(x , t )  must be 
determined from the  su r face  shape f a c t o r .  Thus, when i n f i l t r a t i o n  is 
t r u e l y  e f fec ted  by width (and flow depth) ,  some func t ion  of t h e  width 
must be mul t ip l ied  by t h e  i n f i l t r a t i o n  r a t e  r a t h e r  than t h e  cummulative 
i n f i l t r a t i o n  funct ion.  The remaining methods a r e  based on t h e  in tegra-  
t i o n  of width times i n f i l t r a t i o n  r a t e s  a s  shown i n  Equation (24). 

9. Furrows where i n f i l t r a t i o n  i s  a d i r e c t  f u n c t i o n  of t o p  width a t - t h e  
head end of t h e  f i e l d ,  B(x, t)  = Bo(t): 

Use Equation (27) f o r  f i r s t  two advancing c e l l s .  Therea f t e r ,  
Use Equation (28) wi th  AB(t) = 0 and AB = 0. 

10. Furrows where i n f i l t r a t i o n  i s  a d i r e c t  func t ion  of wet ted  perimeter  
a t  t h e  head end of t h e  f i e l d ,  B(x , t )  = Wo(t): 

Use Equation (27) f o r  f i r s t  two advancing c e l l s .  Thereaf ter ,  
Use Equation (28) wi th  AB(t) = 0 and AB = 0. 

11. Furrows where i n f i l t r a t i o n  i s  a d i r e c t  func t ion  of l o c a l  top  width, 
B(x, t )  = B(x, t): 

Use Equation (27) f o r  f i r s t  two advancing c e l l s .  Thereaf ter ,  
Use Equation (28) 

12. Furrows where i n f i l t r a t i o n  i s  a d i r e c t  f u n c t i o n  of l o c a l  wetted 
perimeter,  B(x, t)  = W(X, t): 

Use Equation (27) f o r  f i r s t  two advancing c e l l s .  Therea f t e r ,  
Use Equation (28) 

13. Furrows where i n f i l t r a t i o n  s t a r t s  a t  t ime ze ro  f o r  each  wetted 
segment of furrow c ross  sec t ion :  

Use numerical i n t e g r a t i o n ,  s ince  i n f i l t r a t i o n  r a t e  (over  
cross-sect ion)  depends upon e n t i r e  h i s t o r y  of c ross-sec t ion  
wet t ing  ( i .e .  per imeter  over depth hydrograph). 
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While Equation (28) i s  based on a power funct ion ,  similar equations can 
be developed f o r  o ther  funct ions .  The add i t ion  of a cons tant  t o  the  
cummulative i n f i l t r a t i o n  funct ion  ( a s  i n  S o i l  Conservation Service  
I n f i l t r a t i o n  Famil ies(3))  does not change Equation (28) s i n c e  i t  is 
applied t o  the  advancing t i p  where Equation (27) appl ies .  The add i t ion  
of a constant  term t o  t h e  i n f i l t r a t i o n  r a t e  equat ion  adds only one addi- 
t i o n a l  term t o  Equation (28). For the  cummulative i n f i l t r a t i o n  funct ion  

Euqation (28) becomes 

+ terms on r i g h t  hand s i d e  of Equation (28) (30) 

For the  case where the  e f f e c t i v e  width changes wi th  time but  not 
d is tance ,  ( i .e . ,  methods 9 and lo) ,  Equation (30) becomes 

Equation (27) can be appl ied  t o  any i n f i l t r a t i o n  funct ion .  

DISCUSSION: 

I n  the  development of equations and s o l u t i o n  procedures f o r  borders,  k and 
a were assumed constant  over the  whole f i e l d .  This  i s  not  genera l ly  the  
case. However, i f  k and a a r e  assumed t o  be unknown f o r  each d i s t a n t  
increment, then we have 2 times N unknowns, r e q u i r i n g  2 t imes N equations. 
It may be reasonable t o  assume t h a t  k v a r i e s  w i t h  l o c a t i o n ,  while  a i s  
r e l a t i v e l y  constant.  I n  t h i s  case, t he re  a r e  N+1 unknowns and N equations. 
Thus, a so lu t ion  f o r  the  ki and a cannot be found dur ing  t h e  advance phase, 
bu t  can be found a f t e r  t h e  s t a r t  of the  cont inuing phase. I f  a i s  assumed 
beforehand, k can be computed during advance. However, t h i s  procedure is 
subjec t  t o  s i g n i f i c a n t  e r r o r s  i n  the  e a r l y  p a r t  of t h e  i r r i g a t i o n  s i n c e  the  
sur face  volume a t  t h e  t i p  c e l l  i s  only roughly approximated. 

Equations f o r  subsurface volume have been developed f o r  i n f i l t r a t i o n  under 
furrow i r r i g a t i o n  f o r  a v a r i e t y  of i n f i l t r a t i o n / f l o w  depth r e l a t ion -  
sh ips .  Also, developed a r e  equations f o r  t h e  su r face  s t o r a g e  i n  the  
furrow during an i r r i g a t i o n  from measured water  depths  and cross-sect ion 
shapes. From t h i s  and measurements of inflow and outflow, the  s u b s u r  
f ace  volumes over time can be determined and used wi th  t h e  subsurface 
volume equation t o  determine i n f i l t r a t i o n  equation cons tants .  These 
equations allow f o r  v a r i a b l e  furrow cross-sect ion wi th  d i s t a n c e  and 
s e v e r a l  schemes f o r  varying i n f i l t r a t i o n  with flow depth. The p o t e n t i a l  

e e x i s t s  f o r  determining the  v a r i a t i o n  i n  i n f i l t r a t i o n  cons tants  with 
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d i s t a n c e ,  but  probably not  t o  a h igh  degree of accuracy. This  work i s  
a n  extens ion  of p r i o r  work i n  borders .  

PERSONNEL: A. J. Clemmens 
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TITLE : PROGRAM FOR COMPUTING FLUME RATING TABLES 

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

INTRODUCTION 

Most s t r u c t u r e s  b u i l t  f o r  the  purpose of measuring o r  r egu la t ing  the  
r a t e  of flow (9) i n  i r r i g a t i o n  canals  and n a t u r a l  s t reams cons i s t  of a 
converging t r a n s i t i o n  which guides the a c c e l e r a t i n g  water  i n t o  a th roa t  
where it f u r t h e r  a c c e l e r a t e s  to  s u p e r c r i t i c a l  f low, and a downstream 
t r a n s i t i o n  where t h e  flow v e l o c i t y  i s  reduced t o  an acceptable  s u b c r i t i -  
c a l  v e l o c i t y  ( see  Figure 1) .  

Upstream of the  s t r u c t u r e  i s  an approach channel i n  which the  water sur- 
f a c e  must be s u f f i c i e n t l y  s t a b l e  t o  enable a good reading  of i t s  eleva- 
t i on .  Downstream from t h e  s t r u c t u r e  is a t a i l -wa te r  channel,  which is 
fundamentally important t o  the design of t h e  s t r u c t u r e  because the  range 
of t a i l w a t e r  l e v e l s  t h a t  w i l l  r e s u l t  from va ry ing  flow r a t e s  determines 
t h e  e l eva t ion  of the  c r e s t  of t h e  th roa t  w i th  r e s p e c t  t o  t h e  t a i lwa te r  
channel bottom, P2. 

The d i f f e rence  i n  e l eva t ion  between the c r e s t  of t h e  t h r o a t  and the 
water  l e v e l  i n  t h e  approach channel i s  c a l l e d  t h e  upstream si l l -  
referenced head (SH1). That p a r t  of the approach channel where t h i s  
water su r face  e l e v a t i o n  i s  measured is c a l l e d  t h e  head measurement sec- 
t i o n  or  gauging s t a t i o n .  The hydraul ic  theory  of c r i t i c a l  flow asso- 

9 c i a t e d  wi th  long-throated Elumes has been known f o r  more than  a century. 
However, most flumes r equ i re  an empir ical  d i scha rge  c o e f f i c i e n t  or  a 
lab'oratory c a l i b r a t i o n  i n  order  t o  determine t h e  s tage-discharge rela- 
t i on .  A mathematical model was r ecen t ly  developed which allows the  pre- 
d i c t i o n  of t h i s  s tage-discharge r e l a t i o n  and t h e  r e l a t e d  head l o s s  
requirement,  which is v a l i d  i f  t h e  l eng th  of t h e  flume t h r o a t ,  TL, is 
long wi th  respec t  t o  the  upstream s i l l - r e f e r e n c e  energy head, HI. The 
model is accura te  t o  + 2 X  wi th in  the  range 0.075 < Hl/TL < 0.75. Such 
measuring devices oft& a r e  named "long-throated flume" and 
"broad-crested weir",  which from a hydraul ic  po in t  of view a r e  very 
s imi l a r .  These long-throated devices have a number of advantages over 
o t h e r  devices  i n  terms of p r e d i c t a b i l i t y ,  a d a p t a b i l i t y ,  low head l o s s  
requirement, and r e l a t i v e l y  low cos t .  The purpose of t h i s  a r t i c l e  is t o  
provide a BASIC computer program use fu l  f o r  t h e  des ign  and c a l i b r a t i o n  
of these  devices.  

The Model 

For an i d e a l  f r i c t i o n l e s s  f l u i d ,  t he re  is a unique r e l a t i o n s h i p  between 
t h e  s i l l - r e fe renced  energy head at  the  head measurement s e c t i o n  (HI) and 
t h e  i d e a l  r a t e  of flow (QI) through a c o n t r o l  s e c t i o n  of known shape 
where c r i t i c a l  flow e x i s t s .  A t r i a l  and e r r o r  s o l u t i o n  is necessary t o  
o b t a i n  a r e l a t i o n s h i p  between t h e  s i l l - r e f e r e n c e d  head (SH1) and 91, 
s ince  the  r e l a t i o n s h i p  between SH1 and H 1  v a r i e s  w i t h  t h e  shape of the  
approach channel. This  t r i a l  and e r r o r  s o l u t i o n  i s  r e l a t i v e l y  simple 
and converges quickly  (convergence i s  a c t u a l l y  performed on t h e  c r i t i c a l  
depth, YC, provided t h a t  the flow a rea  i n  t h e  t h r o a t ,  AC, i s  l e s s  than 
t h a t  i n  t h e  approach sec t ion ,  Al). A flow c h a r t  of t h e  procedure is 
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shown i n  Figure 2, where Y 1  = flow depth i n  approach channel and TC a 
t o p  width of flow a t  t h e  con t ro l  sec t ion .  

For r e a l  f l u i d s ,  t he  d ischarge  v a r i e s  Erom t h a t  computed above due t o  
f r i c t i o n a l  energy l o s s e s ,  non-uniform v e l o c i t y  p r o f i l e s  and s t reaml ine  
curvature.  A mathematic model has been developed which w i l l  account f o r  
most of these  e f fec t s .  This  model i s  presented i n  a recent  book which 
a l s o  inc ludes  r a t i n g  t a b l e s  f o r  s tandard flumes, design procedures and 
cons t ruc t ion  methods (1) .  This  model i s  presented  here  i n  BASIC. 

Other l i m i t a t i o n s  a re  t h a t  the  Froude number i n  t h e  approach s e c t i o n  
(FR1) be l e s s  than 0.45 and t h a t  the  r a t i o  of convergence t o  the  flume 
t h r o a t  (EN) be approximately 3 t o  1 ( h o r i z o n t a l  t o  v e r t i c a l ) .  (For 
v a r i a t i o n s  on these l i m i t s ,  see  Reference 1). 

The model a l s o  c a l c u l a t e s  the  energy l o s s  ac ross  the  s t r u c t u r e  requi red  
f o r  maintaining c r i t i c a l  flow i n  the  flume th roa t .  This  energy l o s s  is 
expressed i n  terms of the  modular l i m i t  which i s  t h e  r a t i o  of the  
downstream t o  upstream energy head (H2/H1) a t  which the  t a i l w a t e r  l e v e l  
begins t o  a f f e c t  the  s t a g e  discharge r e l a t i o n s h i p .  Modular flow e x i s t s  
when the  stage-discharge r e l a t i o n s h i p  is not a f f e c t e d  by the  t a i l w a t e r  
l eve l .  We recommend t h e  use of e i t h e r  a sudden r a p i d  expansion (EM = 0) 
o r  a gradual  expansion a t  between 4 and 6 t o  1. 

The Computer Program - - 
The program input  is  given i n  Table 1. The flume dimensional v a r i a b l e s  
a r e  defined i n  Figure 3. The da ta  entered  i n  l i n e  90 de f ine  the  cross- 
s e c t i o n a l  shapes a t  t he  t h r e e  c ross  s e c t i o n s  of F igure  3. Di f fe ren t  
shapes can be used by modifying the  func t ions  f o r  a r e a ,  top width, and 
wetted perimeter ( l i n e s  20 through 70). The second d a t a  l i n e  def ines  
the  flume p r o f i l e  and t h e  ma te r i a l  roughness k ( s e e  Table 2). An 
approximate roughness va lue  is s u f f i c i e n t  (e.g., w i th in  one order  o r  
magnitude) unless  the  roughness is r e l a t i v e l y  l a r g e  (say  1%) wi th  
r e spec t  t o  the  flow depth.' The l a s t  d a t a  l i n e  (120) g ives  the  i n i t i a l  
value of SH1 f o r  which a c a l i b r a t i o n  i s  des i r ed ,  t h e  increment f o r  suc- 
cess ive  va lues  of SH1 and t h e  h ighes t  va lue  of SHl. 

The input  va r i ab le  names were used t o  provide cons is tency between t h i s  
program, expanded program i n  the  FORTRAN language and with t h e  theory pre- 
sented  i n  Reference (1).  The program has been w r i t t e n  t o  fol low the  com- 
pu ta t iona l  procedure presented i n  Chapter 9 of Reference (1). The r o u t i n e s  
used converge very r ap id ly  f o r  flumes which ope ra te  as intended. Thus t h e  
r e l a t i v e  e r r o r  used t o  check convergence has been set very low. Typ ica l ly  
5 t o  10 i t e r a t i o n s  a r e  s u f f i c i e n t .  When t h e r e  i s  not enough of a contrac- 
t i o n  i n  flow area  from the  approach channel t o  the  flume th roa t  o r  not  
enough expansion i n  flow a rea  from the  t h r o a t  t o  t h e  t a i l w a t e r  channel,  t he  
rou t ines  used w i l l  not converge. A counter  was added t o  these  r o u t i n e s  t o  
terminate execution a f t e r  100 i t e r a t i o n s .  

The output  from the computer program inc ludes  a number of i tems of 
i n t e r e s t .  The input  d a t a  on flume c ross  s e c t i o n s  and p r o f i l e  is 
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repeated, along with additional calculated profile information. The * output table consists of; the head versus discharge relationship, SH1 
and Q; the Froude number in the approach channel, Frl; the ratio of 
H1/TL; the resultant values of discharge and velocity coefficients, CD 
and CV; the required energy loss, DH, for maintaining modular flow; the 
maximum allowable tailwater level, Y2, for maintaining modular flow; and 
the modular limit, ML. 

The program currently operates in metric units. It can be made to 
operate in English units by changing the values for the acceleration of 
gravity and the kinematic viscosity as indicated in line 295. (Be sure 
to change the m to ft in the output formats also.) 

A computer program has been written in the BASIC language which can be 
used to develop rating tables and assist in the design of long-throated 
flumes and broad-crested weirs. The program is based on the theory pre- 
sented in a book recently published on the subject. It has several 
improvements over previous BASIC versions in that convergence routines 
are improved and headloss and modular limit calculations were added. 
The program listing with instructions for use are included. 

BOS, M.G., REPLOGLE, J.A. and CLEMMENS, A.J. 1984. Flow Measuring Flumes 
for Open Channel Systems. John Wiley & Sons, NY. 321 pp. (published) 

- 
Personnel: A.J. Cleamens and J.A. Replogle 

Figure 1. General layout of a flow measuring weir or flume. 

e 
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START 0 
input 

initialize 
Yi and A i  

estimate 
YC= 0 . 7 H i  

calculate 
AC and BC 

compute 0 

Figure 2. Flow chart for ideal flow calculations. 
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CROSS SECTIONS 

SECTION 1 CONTROLSECTION SECTION 2 
WP~oaChchannal lhroat tsilwateichannd 

LONGITUDINAL SECTION 
SECTION I CONTROLSECTlON 

I entrance 
SECTION 2 

ID throat 
-"=-- 

I I 
i -/ - - 

Figure 3. Definit ion of terms used as  input data for computer program. 
(* Not speci f ied by user) .  
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Table 1. Input  d a t a  f o r  computer program. Refer  t o  F igure  3 f o r  de f in i -  
t i o n  of terms. A l l  dimensions i n  meters.  I) 

Line 
90 B1, 21, BC, AC, B2, 22 
105 AL, BL, TL, PI, P2, EM, K 
120 S t a r t ,  increment,  l i m i t  on va lue  of SH1 

Table 2. Absolute roughness of m a t e r i a l s  used i n  flume cons t ruc t ion .  

Mate r i a l  

Range of K 

Absolute Roughness Height i n  m 

Glass 
Metal - pain ted  o r  smooth 

- rough 
Wood 
Concrete - smooth troweled - rough 
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TITLE: EFFECTS OF NON-LEVEL PLACEMENT ON THE CALIBRATION OF LONG- 

@ 
THROATED FLUX% 

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

INTRODUCTION: 

Seve ra l  flow measuring flumes have been developed by Bos, Replogle,  and 
Clemmens (1984) f o r  use i n  i r r i g a t i o n  canals  and n a t u r a l  streams. 
Smaller  po r t ab le  ve r s ions  have a l s o  been developed f o r  u s e  i n  s i n g l e  
i r r i g a t i o n  furrows f o r  flow survey work (Clemmens, e t  a l . ,  1984). 
Rat ing  t a b l e s  showing stage-discharge r e l a t i o n s h i p s  can be generated f o r  
t hese  flumes wi th  a computer model descr ibed  i n  Bos, e t  al., 1984. 
Although r a t i n g  t a b l e s  have been generated f o r  s e v e r a l  standard-sized 
flumes, any appropr i a t e ly  proportioned shape and s i z e  can be  c a l i b r a t e d  
us ing  t h e  computer model. The f l e x i b i l i t y  of t h i s  model a l lows i r regu-  
l a r i t i e s  i n  f i e l d  cons t ruc t ion  t o  be  accommodated i n  t h e  flume ca l ib ra -  
t i o n  by us ing  post-construct ion f i e l d  dimensions. The r e s u l t i n g  r a t i n g  
t a b l e s  a r e  accura t e  t o  w i t h i n  - + 2 percent  of t h e  a c t u a l  d ischarge  
(Replogle,  1978). 

A f i e l d  condi t ion  not  d i r e c t l y  considered i n  t h e  modeling procedure i s  
t h a t  of  a s i l l  c r e s t  which i s  not  l e v e l  i n  t h e  d i r e c t i o n  of flow. A l l  
modeling computations assume a l e v e l  c r e s t .  However, f i e l d  cons t ruc t ion  
and placement procedures f requent ly  r e s u l t  i n  non-level crests t h a t  
a f f e c t  t h e  flume ca l ib ra t ion .  These e f f e c t s  were s tud ied  and gu ide l ines  
developed t o  minimize t h e  n e t  e r r o r  t h a t  r e s u l t s  from such non-level 
cons t ruc t ion  o r  flume placement. 

Laboratory Procedure 

To s tudy t h e  e f f e c t s  of a non-level s i l l  c r e s t  on t h e  flume c a l i b r a t i o n ,  
a sma l l  po r t ab le  RBC flume (Figure 1) wi th  a c r e s t  width bc = 100 mm 
(Clemmens, e t  a l . ,  1984) was t e s t e d  on e i g h t  d i f f e r e n t  s lopes  wi th  fou r  
d ischarges  a t  each s lope .  

The energy r e l a t i o n s h i p  t h a t  a l lows computation of d ischarge  from t h e  
flume dimensions r equ i re s  knowledge of t h e  s i l l  re ferenced  head h l ,  
which i s  t h e  water  su r face  e l e v a t i o n  above t h e  s i l l  c r e s t  a t  a l o c a t i o n  
f a r  enough upstream not  t o  be i n  t h e  major drawdown por t ion  of  t h e  water- 
su r face  p r o f i l e  over  t h e  s i l l  (Figure  2A). For t h e  RBC flume used, t h i s  
d i s t a n c e  i s  0.5bc a 50 mm upstream from t h e  s t a r t  of the  ramp. A 
s idewal l  gauge i s  placed a t  t h i s  l o c a t i o n  t h a t  i s  marked i n  d ischarge  
u n i t s  t o  al low d i r e c t  discharge reading  by observing where t h e  water  
su r face  c rosses  t h e  gauge. Ex i s t ing  theory  on e f f e c t s  of non-level 
flume placement sugges ts  t h a t  a t r ans loca ted  s t i l l i n g  we l l  f o r  t h e  hl 
measurement be placed as c l o s e  a s  p r a c t i c a l  t o  t h e  con t ro l  s e c t i o n  on 
t h e  s i l l  w i t h  tubing  connecting i t  t o  a p re s su re  t a p  a t  t h e  s idewa l l  
gauge loca t ion .  This  t r a n s l o c a t i n g  of  t h e  s t i l l i n g  w e l l  i s  expected t o  
minimize t h e  e r r o r  from non-level flume placement. 

Downward s lopes  i n  t h e  d i r e c t i o n  of water  flow a r e  defined as p o s i t i v e  

@ 
and upward s lopes  a r e  defined a s  negat ive.  Negative s lopes  a r e  a l s o  
c a l l e d  adverse s lopes .  Eight  s lopes  were s e l e c t e d  a t 2  14, +1.6%, 
+2.6%, and + 3.6%. Four d ischarge  rates were used t h a t  represented  t h e  - - 
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middle range of d i scha rges  normally measured wi th  t h i s  s t y l e  and s i z e  of  
flume. The flow range f o r  t h i s  flume i s  0.2 t o  8.7 11s. The f lows 

* 
t e s t e d  ranged from 2.04 t o  4.03 11s. This  represented  a n  H/L range of 
0.31 t o  0.45 (H i s  t h e  t o t a l  upstream head and L i s  t h e  c r e s t  l e n g t h  i n  
t h e  d i r e c t i o n  of  flow). This  r e l a t i v e l y  narrow t e s t  range was somewhat 
d i c t a t e d  by l abora to ry  l i m i t s  on d e t e c t i o n  s e n s i t i v i t y  a t  low flow 
r a t e s ,  and on flow su r face  i n s t a b i l i t i e s  a t  t h e  h igher  ranges  t h a t  
s i g n i f i c a n t l y  masked t h e  e f f e c t s  we were t r y i n g  t o  observe. Each 
d ischarge  r a t e  was e s t a b l i s h e d  us ing  a weigh t ank  and a s t o p  watch and 
wi th  t h e  flume i n  a l e v e l  pos i t i on .  S i l l  re ferenced  head readings  hl 
were then  taken from t h e  t r ans loca ted  s t i l l i n g  w e l l  and t h e  flume 
adjus ted  t o  each of t h e  e i g h t  s l o p e s  before  t h e  d ischarge  was changed. 
The hl readings were used wi th  t h e  s tage-discharge r a t i n g  t a b l e  t o  g e t  
t h e  "apparent" d ischarge  f o r  each s l o p e  f o r  comparison t o  t h e  l abora to ry  
c a l i b r a t i o n  a s  measured by t h e  weigh-tank procedure. The l a b o r a t o r y  
measurements f o r  a l l  s l o p e s  a r e  l i s t e d  i n  Table 1, where hl i s  t h e  s i l l  
referenced  head a s  measured i n  t h e  t r a n s l o c a t e d  s t i l l i n g  w e l l  t h a t  was 
mounted a t  t h e  o u t l e t  of  t h e  flume, F igure  2. The apparent  d ischarge  Qa 
obtained from t h e  s tage-discharge r a t i n g  t a b l e  as i f  t h e  flume were 
l e v e l  i s  l i s t e d  wi th  each  hl reading. For  example, i f  t h e  flume were 
a r b i t r a r i l y  placed i n  t h e  f i e l d  t o  measure d ischarge  and was unknowingly 
placed a t  a s lope  of +2.6%, and t h e  u s e r  read 54.3 mm a t  t h e  t r ans lo -  
ca ted  s t i l l i n g  we l l ,  assuming t h e  flume t o  be l e v e l ,  he would determine 
from t h e  r a t i n g  t a b l e  t h a t  t h e  flow was 2.79 11s. This  i s  t h e  apparent  
d ischarge ,  Qa. The l a b o r a t o r y  d a t a  i n  Table 1 show t h a t  f o r  a s l o p e  of 
+ 2.6%, and Qa of  2.79 1/s, t h e  weight-determined d ischarge  OW i s  2.62 
11s. Had t h e  flume a c t u a l l y  been placed l e v e l ,  t h e  u s e r  would have been 
expected t o  c lose ly  approximate QW. This  e r r o r  i n  t h e  r ead ing  was 
ca l cu la t ed  i n  t h e  u s u a l  manner, t h a t  is,  

The discharge-reading e r r o r ,  E ,  a s  a func t ion  of  % f o r  t h e  e i g h t  s l o p e s  
t e s t e d  a r e  shown i n  F igure  3. 

The e r r o r  i n  d ischarge  measurement from a non-level flume i s  magnified 
and reversed i n  s i g n  i f  t h e  d ischarge  i s  read  from a wall-mounted gauge 
placed nea r  t h e  s t i l l i n g  w e l l  t a p  l o c a t i o n  (Figure  1). I f  our  hypothe- 
t i c a l  u s e r  from t h e  previous  example had simply r ead  t h i s  gauge i n s t e a d  
of us ing  t h e  s t i l l i n g  w e l l  h l  reading,  h e  would have read  a Qa of 1.99 
11s which i s  23.9% l e s s  than  QW. (Th i s  r ead ing  f o r  Qa is geomet r i ca l ly  
cons i s t en t  wi th  t h e  t r ans loca ted  s t i l l i n g - w e l l  reading  u s i n g  t h e  d i r e c t  
geometric r e l a t i o n  between t h e  s t i l l i n g  w e l l  and t h e  gauge l o c a t i o n  due 
t o  t h e  s lope) .  This  e r r o r  t h a t  would r e s u l t  from read ing  t h e  s i d e w a l l  
gauge i n  a non-level p o s i t i o n  i s  shown i n  F igure  4 f o r  t h e  s l o p e s  and 
d ischarges  t e s t ed .  Also shown i n  F igure  4 a r e  t h e  computer model pre- 
d i c t i o n s  of  t h e  d e v i a t i o n s  from t h e  level-flume read ings  a f t e r  c e r t a i n  
geometric adjustments ,  descr ibed  below, were incorpora ted  t o  account f o r  
changes i n  t h e  approach channel a r e a  and f o r  t h e  s h i f t  i n  t h e  zero- 
r e fe rence  f o r  t h e  wa l l  gauge. This  w i l l  be mentioned i n  more d e t a i l  
l a t e r .  Note t h a t  t h e  p r e d i c t i o n s  a r e  b e t t e r  f o r  t h e  adve r se  s lopes .  
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* Comparison of Figures 3 and 4 shows t h e  r e l a t i v e  advantage of  u s ing  t h e  
t r ans loca ted  s t i l l i n g  w e l l  t o  determine t h e  discharge r a t e . th rough  t h e s e  
p o r t a b l e  flumes. 

ANALYSIS 

When t h e  flume i s  placed i n  a non-level p o s i t i o n ,  s e v e r a l  changes occur  
i n  t h e  c a l i b r a t i o n  t h a t  a r e  not  f u l l y  accounted f o r  i n  t h e  computer 
model. There a r e  two s t r i c t l y  geometric changes t h a t  d i r e c t l y  a l t e r  t h e  
flume c a l i b r a t i o n .  Both t h e  hl measurement a s  read from t h e  t r ans lo -  
ca ted  s t i l l i n g  we l l  and t h e  upstream approach channel a r e a  are changed. 
I f  t h e  s l o p e  of t h e  flume i s  known, these  geometric changes can be 
accounted f o r  mathematically. Another change t h a t  a l t e r s  t h e  flume 
c a l i b r a t i o n  i s  a n  apparent  movement of t h e  c o n t r o l  s e c t i o n  on t h e  s i l l  
crest. The c o n t r o l  s e c t i o n  a s  used h e r e  i s  def ined  a s  t h e  s e c t i o n  
ac ross  t h e  flow through which downstream d i s tu rbances  a r e  not  t r ansmi t t ed  
upstream and usual ly  appears  t o  occur  a t  about  one-fourth of t h e  c r e s t  
l e n g t h  from the  downstream end of  t h e  s i l l  on a l e v e l  flume. However, 
i t  i s  suggested t h a t  t h e  con t ro l  s e c t i o n  changes p o s i t i o n  when t h e  flume 
i s  sloped (Bos, e t  a l . ,  1984). This  was inves t iga t ed  by us ing  t h e  
l abora to ry  c a l i b r a t i o n  d a t a  a t  t h e  known s l o p e s  and comparing t h e s e  w i t h  
c a l i b r a t i o n s  produced by t h e  computer model w i t h  the  geometric ad jus t -  
ments f o r  s lope  incorporated.  

A p r o f i l e  of  a l e v e l  flume c r e s t  i s  shown i n  F igure  2A where h i  i s  t h e  

a s i l l - r e fe renced  head a t  t h e  gauging s t a t i o n  t h a t  i s  a l s o  reproduced i n  
t h e  t r ans loca ted  s t i l l i n g  w e l l  when t h e  flume i s  l e v e l ,  and p l  i s  t h e  
s i l l  he ight .  Figures 2B and 2C i l l u s t r a t e  approximate p r o f i l e s  of 
s lop ing  flumes. Figure 2B shows t h e  r e l a t i o n s h i p  between t h e  measure- 
ment e r r o r  Ahl ( t h a t  r e s u l t s  when hl is read d i r e c t l y  from t h e  s t i l l i n g  
w e l l ) ,  t h e  apparent head reading ha, and t h e  s i l l  referenced head hl, o r  

Expanding t h i s  s imple expression i n  terms of  t h e  s lope  ang le  Q, 

h l  = ha cos Q + DC s i n  Q f o r  t h e  adverse s lopes ,  
and 

hl - ha cos Q - DC s i n  Q f o r  t h e  p o s i t i v e  s lopes ,  

where DC i s  the  d i s t ance  from t h e  s t i l l i n g  w e l l  c e n t e r l i n e  t o  t h e  
con t ro l  s ec t ion ,  F igure  2A. 

The s t i l l i n g  w e l l  head readings,  ha, were ad jus t ed  f o r  t h e  s lope  
r e s u l t i n g  i n  t h e  hl va lues  which were used w i t h  t h e  s tage-discharge 
r a t i n g  t a b l e  t o  determine t h e  discharges.  The remaining dev ia t ion  from 
t h e  l abora to ry  c a l i b r a t i o n  i s  shown i n  F igure  5. Comparing Figure  5 
wi th  F igure  3 shows t h e  reduct ion  i n  e r r o r  of t h e  ind ica t ed  d ischarge  
r a t e  due t o  simply making t h e  geometric adjustments  f o r  a known 
i n s t a l l e d  slope. The e r r o r s  p l o t t e d  i n  F igure  5 appear  t o  be random and 

0 
wi th in  f 2% f o r  small  p o s i t i v e  s lopes  and f o r  a l l  of t h e  adverse s l o p e s  
f o r  the-higher flow r a t e s  shown. This  same t r end  is  expected t o  con- 
t i n u e  t o  y e t  h igher  flow r a t e s .  
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Figure  2C shows t h e  inc rease  i n  t h e  upstream approach channel a r e a  f o r  
an adverse s lop ing  flume. The sill  h e i g h t ,  p l ,  i s  inc reased  r e l a t i v e  t o  
t h e  gauging s t a t i o n .  Conversely, t h i s  a r e a  and t h e  s i l l  h e i g h t  decrease  
f o r  p o s i t i v e  s lopes.  Since t h e  s i l l  h e i g h t  f o r  t h e  flume t e s t e d  was 50 
mm, t h e  ad jus t ed  s i l l  he igh t ,  p l ,  i s  

and 
p1 = 50  mm + Dg s i n  + f o r  t h e  adverse s l o p e s ,  

p1 = 50 mm - Dg s i n  4 f o r  t h e  p o s i t i v e  s l o p e s ,  

where Dg i s  t h e  d i s t ance  from t h e  gauging s t a t i o n  t o  t h e  c o n t r o l  sec- 
t i o n ,  and g i s  t h e  s lope  i n  degrees. 

Having app l i ed  t h e  mathematical adjustments  f o r  t h e  geometr ic  changes i n  
t h e  flume, t h e  remaining d e v i a t i o n  from l abora to ry  c a l i b r a t i o n  was 
acc red i t ed  t o  movement of t h e  con t ro l  s e c t i o n  a long t h e  s l o p i n g  si l l .  
When t h e  flume i s  placed a t  a n  adverse  s l o p e  t h e  c o n t r o l  s e c t i o n  i s  
thought t o  move downstream, and conversely,  f o r  p o s i t i v e  s l o p e ,  i t  i s  
be l ieved  t o  move upstream (Bos, e t  a l . ,  1984). 

The suggested geometric adjustments  f o r  h l  and pl were made assuming 
t h a t  t h e  c o n t r o l  s e c t i o n  was a t  one-fourth of  t h e  c r e s t  l e n g t h  from t h e  
downstream end of t h e  s i l l .  I n  F igure  2C, which shows a flume on a n  
adverse s lope ,  v i s u a l i z e  t h e  c o n t r o l  s e c t i o n  s l i d i n g  up and down t h e  
s i l l  from t h e  o r i g i n a l l y  assumed quarter-point  loca t ion .  A s  i t  moves 
toward t h e  upstream end of t h e  s i l l ,  h l  i n c r e a s e s  and p l  dec reases  i n  
magnitude. I n  o rde r  t o  e v a l u a t e  t h i s  p o s s i b l e  c o n t r o l  s e c t i o n  movement. 
t h e  hl and p l  adjustments were computed f o r  f o u r  l o c a t i o n s  on t h e  s i l l  
and t h e s e  va lues  then used i n  t h e  computer model f o r  f u r t h e r  comparison 
wi th  t h e  l abora to ry  c a l i b r a t i o n .  Locat ions,  A ,  B ,  C, and D are indi -  
ca ted  i n  F igure  6. The d ischarge  dev ia t ions  from l a b o r a t o r y  c a l i b r a t i o n  
a r e  shown f o r  a n  example s lope  of  + 3.6% i n  F igure  7. 

I n  F igure  7 ,  no te  t h a t  t h e  curve corresponding t o  a  c o n t r o l  s e c t i o n  
l o c a t i o n  a t  po in t  B c ros ses  t h e  zero-error  l i n e  a t  a  d i s c h a r g e  r a t e  of 
approximately 2.6 11s. This  means t h a t  t h e  computer-model p r e d i c t i o n  
would c l o s e l y  match t h e  l a b o r a t o r y  c a l i b r a t i o n  a t  t h i s  d i scha rge  and 
con t ro l  s e c t i o n  loca t ion .  Curves A through D i n  F igure  7 r e p r e s e n t  a  
fami ly  of curves,  each corresponding t o  a  po in t  on t h e  si l l .  For 
example, a t  t h e  weighed-discharge r a t e  of  2.04 l / s ,  t h e r e  i s  a p o i n t  on 
t h e  s i l l ,  i n  t h i s  case between p o i n t s  A and B ,  t h a t  i f  used i n  t h e  com- 
pu te r  model would produce a zero-difference c a l i b r a t i o n  value.  Th i s  
curve is shown a s  a  dashed l i n e  i n  F igure  7. S imi l a r ly ,  fo l lowing  t h e  
zero-error l i n e  from t h e  weight-discharge r a t e s  of  2.04 11s through 2.62 
11s t o  410 l /s ,  t h e  po in t  on t h e  s l o p i n g  s i l l  r equ i red  t o  match t h e  
l abora to ry  c a l i b r a t i o n  can be determined. I n  t h i s  way t h e  assumed 
c o n t r o l  s e c t i o n  movement can be  t r aced  on t h e  s i l l  f o r  t h e  range of 
f lows t e s t e d .  For example, a t  t h e  i l l u s t r a t e d  s l o p e  o f  + 3.6%, t h e  
c o n t r o l  s e c t i o n  appears  t o  move from a p o i n t  approximately midway bet-  
ween po in t s  A and B a t  t h e  lowest  t e s t e d  f low of 2.04 11s t o  a  po in t  
approximately midway between p o i n t s  B and C a t  t h e  h i g h e s t  t e s t e d  flow 
of  4.0 11s. The c o n t r o l  s e c t i o n  t h u s  appears  t o  move downstream wi th  
i n c r e a s i n g  d ischarge  a t  any f i x e d  p o s i t i v e  s l o p e  a s  shown schemat i ca l ly  
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* i n  Figure 6. The apparent  movements f o r  f i v e  o t h e r  s lopes ,  determined 
i n  a s i m i l a r  manner, a r e  shown i n  Figure 8. 

Notice i n  Figure 8 t h a t  f o r  a n  adverse s lope  t h e  con t ro l  s e c t i o n  moves 
upstream wi th  inc reas ing  d ischarge  and f o r  a p o s i t i v e  s lope  t h e  con t ro l  
s e c t i o n  moves downstream wi th  increas ing  discharge. Also, t h e  movement 
of  t h e  con t ro l  s e c t i o n  i s  less pronounced f o r  adverse s l o p e s  than f o r  
p o s i t i v e  s lopes  a s  i n d i c a t e d  by t h e  smal le r  range between t h e  control-  
s e c t i o n  loca t ions  f o r  t h e  low and high test-f low r a t e s .  

The concept of cont ro l -sec t ion  movement appears t o  exp la in  t h e  
dev ia t ions  between level-flume c a l i b r a t i o n s  and those  wi th  only  simple 
geometric adjustments  f o r  s loping  flumes. Although t h e  c o n t r o l  s ec t ion  
seems t o  move wi th  changing discharge, t h e  e f f e c t s  a r e  much less sig- 
n i f i c a n t  on l e v e l  flumes because p l  and hl do not  change w i t h  control-  
s e c t i o n  movement. It should be pointed o u t  t h a t  t h e  apparent  l o c a t i o n s  
of  t h e  con t ro l  s e c t i o n s  shown i n  F igure  8 should be  regarded a s  approxi- 
mate because t h e  procedure necessary f o r  t h e i r  l o c a t i o n s  i s  not  precise.  
For  example, f o r  t h e  narrow range of  f lows t e s t e d ,  t h e  l o c a t i o n  f o r  t h e  
l e v e l  flume seems t o  d e v i a t e  s u b s t a n t i a l l y  from t h e  assumed downstream 
q u a r t e r p o i n t .  It i s  because of t hese  imprecise procedures,  however, 
t h a t  no g r e a t  s i g n i f i c a n c e  i s  placed on t h e  exac t  c o n t r o l  s e c t i o n  loca- 
t i o n  as shown, but  r a t h e r  on the  r e l a t i v e  l o c a t i o n s  throughout t h e  range 
of s lopes  and d ischarges .  Thus, t h e  o r i g i n a l  quarter-point  assumption 
i s  retained.  

0 DISCUSSION: 

The labora tory  d a t a  show t h a t  a non-level flume c r e s t  can cause l a r g e  
e r r o r s  i n  d ischarge  measurement, p a r t i c u l a r l y  when t h e  s i d e w a l l  gauge i s  
read on t h e  po r t ab le  RBC flume ( s e e  Figures  3 and 4 ) .  Mathematical o r  
c a l i b r a t i o n  co r rec t ions  can only be appl ied  when t h e  s l o p e  i s  known. In  
p rac t i ce ,  s lopes  a r e  a r e s u l t  of cons t ruc t ion  o r  placement e r r o r s  t h a t  
may not be known t o  t h e  user .  Therefore, user  gu ide l ines  o r  techniques 
need t o  be employed t o  reduce t h e  chances f o r  non-level flume placement. 

For proper employment, t h e  s i l l - r e fe renced  head h l  must be measured wi th  
re ference  t o  t h e  c o n t r o l  s e c t i o n  on t h e  s i l l  c r e s t .  A s  mentioned pre- 
v ious ly ,  t h i s  c o n t r o l  s e c t i o n  i s  gene ra l ly  assumed t o  occur a t  about  t h e  
quarter-point  from t h e  end of  t h e  s i l l  c r e s t .  This  i s  a reasonable  
assumption f o r  l e v e l  flumes. However, a s  shown i n  F igure  8, t h e  con t ro l  
s ec t ion  appears  t o  move cons iderable  when t h e  c r e s t  i s  not  l e v e l  i n  t h e  
d i r e c t i o n  of flow. I n  t h e  case of a p o s i t i v e  s lope ,  t h e  c o n t r o l  s e c t i o n  
can appear t o  move t o  t h e  extreme upstream end of t h e  s i l l  c r e s t  a t  low 
discharge r a t e s .  Methods of head d e t e c t i o n  t h a t  minimize t h e s e  s lope  
e f f e c t s  a r e  des i r ab le .  I f  a s t i l l i n g  w e l l  could be placed d i r e c t l y  on 
t h e  s i l l  a t  t h e  c o n t r o l  s e c t i o n ,  and could move wi th  t h e  changes i n  t h e  
cont ro l l - sec t ion  l o c a t i o n ,  t h e  hl readings would be c o r r e c t  f o r  a l l  s lo-  
pes and flows. This was e s s e n t i a l l y  t h e  mathematical adjustment  process 
t h a t  was appl ied  t o  t h e  hl and pi values.  Obviously, p l ac ing  t h e  * s t i l l i n g  w e l l  a t  t h e  c o n t r o l  s ec t ion  would d i s r u p t  t h e  s t r a i g h t  l i n e  flow 
requi red  f o r  proper flume funct ioning ,  although, suspending a v e r t i c a l l y  
movable cup above t h e  f low has  been s u c c e s s f u l l y  employed on l a r g e r  s p e  
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c i a 1  purpose po r t ab le  flumes (Replogle,  and Clemmens, 1979). Attempting 
t o  move such a suspended cup i n  a ho r i zon ta l  d i r e c t i o n  t o  fo l low t h e  

e 
assumed c o n t r o l  s e c t i o n  movement would appear t o  be  imprac t i ca l .  For 
these  reasons t h e  s t i l l i n g  well i n  t h e  p o r t a b l e  RBC flumes i s  placed a s  
c l o s e  t o  t h e  assumed c o n t r o l  s e c t i o n  a s  p r a c t i c a l .  When t h e  s t i l l i n g  
w e l l  i s  placed on t h e  c e n t e r l i n e  of t h e  flume n e a r  t h e  downstream end of 
t h e  s i l l  c r e s t ,  t h e  e f f e c t s  of non-level placement a r e  reduced and t h e  
s t i l l i n g  w e l l  i s  f a r  enough beyond t h e  c o n t r o l  po in t  t o  cause no detec- 
t a b l e  back p res su re  e f f e c t s ,  i f  i t s  diameter  i s  less than  about  25% of 
t h e  c r e s t  wid th  (Clemmens, e t  a l . ,  1984). F igure  3 i n d i c a t e s  t h a t  even 
wi th  a t r a n s l o c a t e d  s t i l l i n g  wel l ,  d i scharge  measurement e r r o r s  a r e  
s t i l l  i n  excess  of  t h e  d e s i r e d  2% accuracy w i t h  only  a 1% s lope ,  which 
i s  about 6.1 mm r ise  over  t h e  610 mm l e n g t h  of  t h e  flume. To a s su re  t h e  
p o s s i b i l i t y  of  2% t o  3% accuracy i t  i s  recommended t h a t  t h e  flume be 
leve led  w i t h  a ca rpen te r ' s  l e v e l  i n  both  d i r e c t i o n s ,  i.e., p a r a l l e l  and 
perpendicular  t o  t h e  flow d i r e c t i o n ,  and t h a t  t h e  t r a n s l o c a t e d  s t i l l i n g  
w e l l  be used t o  determine t h e  hl readings. Only when l a r g e r  e r r o r s  can 
be t o l e r a t e d  should t h e  flumes be l eve led  by eye  and t h e  d ischarge  read 
from t h e  w a l l  gauge i n  t h e  usua l  wall-gauge l o c a t i o n .  Refer  t o  Figure 4 
t o  ga in  a n  a p p r e c i a t i o n  of t h e  probably magnitude of e r r o r  obta inable  by 
improper placement. Note t h a t  adverse s lopes  cause  l a r g e r  devia t ions  
than equiva lent  p o s i t i v e  s lopes  when read  from t h e  s idewa l l  gauge, but  
t h a t  t h e  r eve r se  s i t u a t i o n  e x i s t s  when read from t h e  s t i l l i n g  w e l l ,  
Figure 3. 

Some of  t h e  e f f e c t s  of l ong i tud ina l  s l o p e  can be ave r t ed  by p lac ing  t h e  
t r ans loca ted  s t i l l i n g  w e l l  on e i t h e r  s i d e  of t h e  flume, but  a t  t h e  
assumed cont ro l -sec t ion  l o c a t i o n  a t  t h e  q u a r t e r p o i n t  i n  t h e  longitudi-  
n a l  d i r e c t i o n .  Th i s  would e l imina te  t h e  Ah adjustment (F igure  2B, ZC), 
provided t h a t  c r o s s  s lope  were c a r e f u l l y  con t ro l l ed .  

I n  an i r r i g a t i o n  cana l  w i th  a permanent flume i t  i s  d e s i r a b l e  t o  read 
t h e  d ischarge  d i r e c t l y  from t h e  s idewa l l  gauge. Because of t h e  p e r  
manency of  t h e  s t r u c t u r e ,  s l i g h t  s idewa l l  cons t ruc t ion  i r r e g u l a r i t i e s  can 
be compensated f o r  i n  t h e  w a l l  gauge placement. To minimize these  
e r r o r s  t h e  w a l l  gauge should be zeroed t o  t h e  flume c r e s t  by use  of a 
surveyor 's  l e v e l .  Addi t ional ly ,  t h e  rod reading  should be ca l cu la t ed  
f o r  t h e  most commonly expected d ischarge .  The w a l l  gauge may then  be 
readjus ted  s l i g h t l y  a t  t h a t  d ischarge  reading  l e v e l .  This  w i l l  a s su re  
h ighes t  accuracy a t  common flows and r e l e g a t e  t h e  l a r g e r  d i sc repanc ie s  
t o  l e s s e r  used ranges  of t h e  gauge. Cres t  l e v e l n e s s  and w a l l  gauge pla- 
cement a r e  t h e  two most c r i t i c a l  cons ide ra t ions  i n  flume cons t ruc t ion  
(Bos, e t  a l . ,  1984). 

SUMMRY AND CONCLUSIONS: 

Tes t s  were conducted t o  s tudy t h e  e f f e c t s  on t h e  c a l i b r a t i o n  of long- 
throa ted  flumes caused by non-level placement o r  cons t ruc t ion ,  and 
gu ide l ines  were developed to.minimize t h e s e  e f f e c t s .  Mathematical 
adjustment f o r  t h e  non-level, s i l l - r e fe renced  head hl and apparent  s i l l  
he ight  p l ,  were used a s  i n p u t  i n t o  a computer model f o r  recomputing 
flume c a l i b r a t i o n s .  Deviat ions from t h e  o r i g i n a l  l e v e l  c a l i b r a t i o n  
could be accounted f o r  by reasonable s h i f t s  i n  t h e  l o c a t i o n  of t h e  
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a con t ro l  s e c t i o n  on t h e  s l o p i n g  c r e s t  t h a t  i n  t u r n  r e s u l t e d  i n  ad jus ted  
s i l l -he igh t ,  p l ,  and head, h l ,  values. The procedure f o r . t h e s e  ad jus t -  
ments produces a n  approximate mapping of t h e  c o n t r o l  s e c t i o n  movement 
f o r  p o s i t i v e  and adverse  l o n g i t u d i n a l  s lopes  f o r  va r ious  discharges.  I n  
general ,  t h e  con t ro l  s e c t i o n  apparent ly  moves upstream w i t h  inc reas ing  
discharge f o r  adverse  s l o p e s  which causes l e s s  d e v i a t i o n  from t h e  leve l -  
flume c a l i b r a t i o n  than  p o s i t i v e  s lopes.  

This  s tudy provides q u a n t i t a t i v e  support  t o  p rev ious ly  q u a l i t a t i v e  
recommendations, tending  t o  confirm t h e  assumptions and cons t ruc t ion  
recommendations suggested by Bos, e t  a l . ,  1984, f o r  long-throated flumes 
i n  general ,  and f o r  p o r t a b l e  flumes i n  p a r t i c u l a r .  These gu ide l ines  f o r  
flume placement t o  minimize t h e  chance of discharge-reading e r r o r s  
caused by a non-level s i l l  c r e s t  are:  

A. Por tab le  RBC flumes: 

1. Use t r a n s l o c a t e d  s t i l l i n g  w e l l  f o r  head, h l ,  measurements, 
whenever p r a c t i c a l .  

2. Level t h e  flume w i t h  a ca rpen te r s  l e v e l  i n  t h e  d i r e c t i o n s  
perpendicular  and p a r a l l e l  t o  t h e  flow. 

B. Permanent cast-in-place flumes: 

1. Zero t h e  s i d e w a l l  gauge t o  t h e  flume c r e s t  u s i n g  a sur- 
veyor's l e v e l ,  o r  equiva lent  means. 

2. Take s p e c i a l  c a r e  du r ing  cons t ruc t ion  t o  a s s u r e  a l e v e l  s i l l  
c r e s t .  
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TABLE 1. Laboratory calibration, Qw, andappsrent discharge, Qa, at various slopes. 

0% Lab. hlfrnm) = 46.0 52.5 58.5 66.0 
Calibration = 2,04 2.62 3.2 1 4.03 
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9 4 

S IDEY ALL GAUGE TRANSLOC ATED 

(A) SIDE VIEW, SECTION ALONG CENTERLINE 

(El END VlEW 

(C) TOP VlEW 

Figure  1 : G e n e r a l  d i m e n s t o n s  f o r  p o r t s b l e  RBC f l u m e s .  
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TRAWSLOCATED 
STILLIWO Y E L L 7  

WALL GAUGE 4 CotJTRoL S E c T I o u y  nJ 

(A) LEVEL 

COWTROL SECTION 

0 

(8) POSITIVE (+I  SLOPE 

W A L L  GAUGE CONTROL SECT ION 4 

(C) ADVERSE (-1 SLOPE 

Figure 2. Schematics of flow through flume on level, positive and 
adverse slopes. 
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DEVI ATIN FROH CALIBRATION 
USING TRRNSLOCfiTED STILLING WELL, % 

Annual Report of the U.S. Water Conservation Laboratory



0 1 2 3 4 5 

DISCHARGE, Qw. I/s 

Figure 4: Deviation f r o m  ca l ib ra t ion  us lng an upstream s idewa l l  
gauge t ha t  was  prev iou lsy  zeroed t o  the s i l l  e levat ion 
a t  zero slope. The computer  model  pred ic t ions o f  the 
dev ia t ions are a lso shown. 
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0 1 2 3 4 

DISCHARGE, I/s 

Figure 5. Deviat ion f r o m  ca l ib ra t ion  f o r  various slopes w i t h  gauges 
( w a l l  gauge and t rans located s t i l l i n g  we l l )  re-zeroed t o  
e levat ion of s i l l  quarter-point  (Point D, Figure 6) f o r  each 
slope. 
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3.6% POSITIVE (1.1 SLOPE 

Figure 6:  Apparent movement of cont ro l  sec t ion  w i t h  
changing discharge f o r  +3.6% slope. 

0 1 2 3 4 

D I SCHARGE, 1 /s 

Figure 7: Discharge dev ia t ions f r o m  laboratory  ca l i b ra t i on  f o r  an 
example slope of +3.6% a f t e r  geometr ic  ad jus tments  
f o r  the slope. Note t h a t  f o r  a se lec ted discharge of 
2 l / s  (Qw/Qmax = 0.2351, zero dev ia t ion  l i e s  between 
A and B (Figure 6). 
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+3.6% SLO 

+2.6% SLO 

+ 1.0% SLO 

.:: :.. ii 

0% SLOPE 

L 

................ 
-3.6% SLOPE ....... 

Figure 8: Relat ive locat ions of con t ro l  sect ion f o r  h igh f l o w  
ra tes  (HI and f o r  l o w  f l o w  r a t e  (L) f o r  various slopes. 
The mos t  usual apparent loca t ion  o f  the cont ro l  sect ion 
i s  indicated by the b lack square dot. 
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TITLE: SURFACE WATER DRAINAGE FROM LEVEL FURROllS 

NRP: 20740 CRIS WORK UNIT: 5422-20740-004 

INTRODUCTION : 

Level-basin i r r i g a t i o n  involves applying water  t o  a l e v e l  ground a rea  of 
any shape, which i s  surrounded by a d ike  o r  o t h e r  con t ro l  b a r r i e r .  In- 
he ren t ly ,  i r r i g a t i o n s  on bas ins  a r e  uniform and e f f i c i e n t  when t h e  bas in  
system has been proper ly  designed and l eve led  and the  s o i l  i s  uniform 
throughout t h e  basin. T rad i t iona l ly ,  bas ins  a r e  i r r i g a t e d  by turn ing  a 
des i r ed  water  volume i n t o  t h e  bas in  where i t  is confined u n t i l  i n f i l -  
t r a t e d .  By conf igur ing  the  supply channel proper ly  i n  r e l a t i o n  t o  t h e  
bas in  sur face ,  water  can be drained from t h e  bas in  t o  e f f e c t  l i g h t e r  
a p p l i c a t i o n s  per i r r i g a t i o n .  I n  many i n s t a n c e s  l i g h t  app l i ca t ions  a r e  
d e s i r a b l e  t o  maintain high e f f i c i e n c i e s  ( l i m i t e d  water  holding capaci ty  
of sandy s o i l s )  and optimum s o i l ,  water,  and a i r  condit ions f o r  p l an t  
growth (low f i n a l  i n t a k e  r a t e s  on heavy c l a y  s o i l s  can cause s e r i o u s  
a e r a t i o n  problems). 

The purpose of t h e  p r o j e c t  is t o  quant i fy  t h e  su r face  drainage phenome- 
non by a series of f i e l d  s tud ie s .  The s t u d i e s  w i l l  provide a d a t a  base 
f o r  hydrau l i c  modeling v e r i f i c a t i o n  and g u i d e l i n e s  f o r  designing and 
managing such systems. 

FIELD OPERATION : * The main d i f f e r e n c e  between t h e  surface-drained l e v e l  bas ins  and conven- 
t i o n a l  l e v e l  bas ins  i s  the  way i n  which t h e  water  i s  conveyed and d is -  
t r i b u t e d  t o  the  basins.  With conventional l e v e l  bas ins ,  t h e  water  i s  
turned i n t o  the  bas ins  from a canal  o r  p i p e l i n e  con t ro l l ed  wi th  gates .  
Mith row o r  bed crops,  secondary (temporary) d i t c h e s  o r  channels a r e  
used t o  spread and d i v e r t  water  i n t o  t h e  furrows. Once t h e  requi red  
volume of water  i s  applied t o  a basin,  t h e  g a t e  i s  closed and t h e  irri- 
ga t ion  is  complete. 

I n  t h e  surface-drained level-basin system, t h e  cana l  not  only conveys 
t h e  water  t o  t h e  bas in  but i s  a l s o  used t o  spread and d i v e r t  t h e  water  
d i r e c t l y  t o  t h e  bas in  surface.  The canal  can be e i t h e r  l i n e d  o r  
unl ined ,  depending on t h e  s p e c i f i c  requirements of t h e  user.  The system 
c o n s i s t s  of a s e r i e s  of l e v e l  bas ins ,  each i r r i g a t e d  sepa ra t e ly  by 
checking the  water  i n  t h e  channel o r  canal  reach  bordering t h e  bas in  t o  
be i r r i g a t e d ,  Fig. 1. The channel i s  used only  f o r  conveyance when t h e  
water  is not checked. When not  checked, t h e  water  su r face  i s  below t h e  
bas in  su r face  o r  bottom of t h e  furrow, Fig. 2. The hydraul ics  of t h e  
water  con t ro l  w i th in  t h e  channel o r  canal  i s  s i m i l a r  t o  t h a t  described 
by Garton, e t  a l .  (1964) and Taylor ,  e t  al. (1982), where s p i l e s  (p ipes  
through the  s i d e  of t h e  canal)  and s i d e  we i r s  were r e spec t ive ly  used t o  
t u r n  water  out  of t h e  canal. The unique d i f f e r e n c e  between those  
systems and t h e  one described h e r e i n  i s  t h a t  t h e  o u t l e t  from t h e  channel 
i s  the  furrow i t s e l f .  L a s e r c o n t r o l l e d  l e v e l i n g  (Dedrick, e t  a l . ,  1982) 
provides t h e  p rec i s ion  needed t o  use t h e  furrows i n  t h i s  manner. 

0 The i r r i g a t i o n  of t h e  sepa ra t e  basins can proceed e i t h e r  i n  an upstream 
( b a s i n  4 t o  bas in  1, Fig. 1) o r  downstream ( b a s i n  1 t o  bas in  4) d i r e c  
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t i on .  I f  upstream, then t h e  water  appl ied  t o  a b a s i n  remains on t h e  
bas in  u n t i l  i n f i l t r a t e d .  This  i s  s i m i l a r  t o  t h e  t r a d i t i o n a l  way i n  
which bas ins  a r e  i r r i g a t e d  i n  t h a t  a l l  water  introduced t o  a bas in  s t a y s  

e 
i n  t h a t  basin. I f ,  however, t h e  i r r i g a t i o n  progresses  i n  a downstream 
d i r e c t i o n ,  some of the  water  appl ied  i s  drained back i n t o  t h e  supply 
cana l  when t h e  i r r i g a t i o n  i s  changed t o  a l o w e r l y i n g  basin.  This  
r e s u l t s  i n  ne t  i r r i g a t i o n  a p p l i c a t i o n  depths t h a t  a r e  l e s s  (by t h e  
amount drained from t h e  bas in  o r  furrow) than  when done i n  t h e  conven- 
t i o n a l  manner. For more d e t a i l ,  s e e  Dedrick (1983) and Dedrick (1984). 

EVALUATION OF AN ACTUAL SURFACE DRAINING SYSTEM: 

I n  September 1983, an i r r i g a t i o n  was evaluated on a farm where t h e  sur- 
f a c e  water drainage scheme was being used. Water su r face  e l e v a t i o n s ,  
shown i n  Fig. 2, were a c t u a l  e l e v a t i o n s  measured whi le  i r r i g a t i n g  a 
basin.  S p e c i f i c  f i e l d  s t a t i s t i c s  and measurements made were: 

Basin Size: length  180 m (590 f t ) ,  width 150 m (490 f t ) ,  a r e a  2.7 
h a  (6.6 a c r e s )  

Crop: Potatoes 
Number of Furrows: 173 
Row Spacing: 86 cm (34 i n )  
I r r i g a t i o n  Time (Time between when water  f i r s t  en tered  t h e  furrows 

and when t h e  check g a t e  was opened): 36 min. 
Flow Rate: 650 L/s  (23 f t 3 / s )  
Flow Rate per  Furrow: 3.76 L/s (0.13 f t 3 / s ,  60 gal/min) 
Water Applied, depth (g ross  u n t i l  cut-off): 53mm (2.1 i n )  
Furrow Surface: Smooth 
Water Advance Time: 35-45 min depending on furrow 
Maximum Furrow Depth: 21 cm (8.2 i n )  
Maximum Water Depth i n  Furrow: 15.2 cm (6  i n )  

Four furrows were s tudied  i n  d e t a i l  dur ing  t h e  i r r i g a t i o n  t o  e s t i m a t e  
t h e  propor t ion  of water dra ined  once t h e  water  was changed t o  a lower 
basin.  Quantity of water  i n f i l t r a t e d  along t h e  furrows was es t imated  
by opportuni ty time and 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  determined from 
blocked furrow i n f i l t r o m e t e r  s t u d i e s  conducted j u s t  p r i o r  t o  t h e  i r r i g a -  
t i on .  The volume of water  i n  t h e  t e s t  furrows was es t imated  from t h e  
furrow cross-sect ion and t h e  water  su r face  readings taken at  va r ious  
l o c a t i o n s  along t h e  furrow throughout t h e  i r r i g a t i o n .  The volume of 
water  drained from the  furrows was determined by t h e  d i f f e r e n c e  between 
t h e  volume s t o r e d  i n  t h e  furrows a t  t h e  time of change and t h e  i n f i l -  
t r a t e d  water  from t h e  time of change u n t i l  r eces s ion  was complete. The 
average volume of water  i n  t h e  f o u r  furrows ranged from 4.25 t o  4.80 m3 
which was equivalent  t o  water  depths  of 27.5 and 31 mm. The p o r t i o n  
t h a t  i n f i l t r a t e d  ranged from 2.40 t o  2.85 m3. Thus, by s u b t r a c t i o n ,  be- 
tween 40 and 45 percent of t h e  wa te r  i n  t h e  furrow a t  t h e  time of change 
dra ined  back i n t o  t h e  supply channel. 

Looking a t  two furrows i n  more d e t a i l ,  Fig. 3 ,  t h e  amount of wa te r  
s t o r e d  i n  a furrow at  t h e  time of switch,  ranged from n e a r l y  40 mm 
equiva lent  depth a t  t h e  i n l e t  of t h e  furrow t o  about  one-half t h a t  
amount a t  t h e  f a r  end of t h e  furrow. A s  expected, t h e  amount of water 
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drained from t h e  furrows decreased wi th  d i s t ance  from t h e  i n l e t ,  ranging e from about 70% a t  t h e  i n l e t  t o  about 30 t o  50% a t  t h e  f a r  end of t h e  
furrow. The equiva lent  depth of water  drained was 12 and 13  mm f o r  t h e  
two furrows. For t h e s e  i n d i v i d u a l  furrows, t h e  n e t  depth appl ied  was 
about 40 o r  41 mm (53  mm [g ross  applied]  l e s s  amount dra ined) ,  which is  
about 25% less than  i f  t h e  drainage had not  occurred. 

The exact propor t ion  of wa te r  going t o  i n f i l t r a t i o n  and dra inage  w i l l  
depend on the i n t a k e  c h a r a c t e r i s t i c s  of t h e  s o i l ,  l ength  and cross- 
s ec t ion  of the  furrow, volume and d i s t r i b u t i o n  of water  i n  t h e  furrow a t  
t h e  time of c u t o f f ,  and s u r f a c e  roughness. The information presented i n  
Fig. 3 i l l u s t r a t e s  only t h e  su r face  drainage aspec t  of t h i s  i r r i g a t i o n  
scheme which can l ead  t o  l i g h t  appl ica t ions .  A s  w i th  any i r r i g a t i o n  
method, l i g h t  a p p l i c a t i o n s  must be uniformly applied.  Management guide- 
l i n e s  w i l l  need t o  be  pe r fec t ed  t o  a s su re  t h e  des i r ed  uni formi ty  of 
app l i ca t ion  f o r  s p e c i f i c  f i e l d  condit ions.  Eventual ly,  t h e  e n t i r e  irri- 
ga t ion ,  both inf low and outflow, w i l l  be modeled. 

ADDITIONAL STUDIES: 

Equipment has been developed t o  more accura t e ly  s tudy t h e  i r r i g a t i o n /  
drainage process f o r  l e v e l  furrows. The key d i f f e r e n c e  i n  t h e s e  s t u d i e s  
and those reported i n  t h e  previous s e c t i o n  i s  t h a t  t h e  inf low and 
outflow a r e  recorded f o r  i n d i v i d u a l  furrows. 

The inflow t o  each furrow can be regula ted  t o  a d e s i r e d  flow r a t e  ba t h e  
use of an i n l e t  box c o n s i s t i n g  of a globe valve,  s t i l l i n g  b a f f l e ,  and 
small modified broad-crested wei r  (Clemmens, e t  a l . ,  1984). A s u b m e r  
s i b l e  pump i s  used t o  supply t h e  water  t o  each i n l e t  box and furrow. By 
c a r e f u l l y  measuring inf low and holding i t  cons tan t ,  a volume-balance can 
be performed a s  t h e  water advances along t h e  furrow, This  information 
can then be used t o  develop a n  in t ake  func t ion  f o r  t h e  furrow d i r e c t l y  
r a t h e r  than i n f e r r i n g  i t  from i n f i l t r o m e t e r  s tud ie s .  

A s p e c i a l l y  designed p o r t a b l e  broad-crested wei r  was cons t ruc ted  t o  mea- 
s u r e  the  water  a s  i t  d r a i n s  o u t  of t h e  furrow. Measuring dra inage  
d i r e c t l y  provides a volume balance check on t h e  furrow dur ing  t h e  drain- 
age stage. The flume used t o  measure t h e  dra inage  was designed t o  
approximate the  furrow cross-sec t ion  s o  t h a t  t h e  flume was nonres t r ic -  
t i n g  t o  the  dra inage  process ,  e.g., o u t l e t  of furrow free-draining.  

Water depth along t h e  furrows i s  recorded au tomat i ca l ly  by adapt ing  t h e  
bubbler /pressure t r ansduce r  system repor ted  by Dedrick and Clemmens 
(1984) and Clemmens and Dedrick (1984). Bubblers a r e  loca ted  a t  
s e l e c t e d  s t a t i o n s  a long t h e  furrow (furrow i n l e t ,  5, 10, 20, 30 rn, and 
a t  every 30 m t h e r e a f t e r )  t o  adequately d e f i n e  t h e  water s u r f a c e  p r o f i l e  
during a t e s t .  Compressed a i r ,  a t  about 70 kPa (10 p s i ) ,  i s  suppl ied  by 
an a i r  tube common t o  a l l  bubblers ,  Fig. 4. A i r  f low r a t e  t o  each 
bubbler is con t ro l l ed  t o  about t h r e e  t o  f i v e  bubbles per  second by a 
flow con t ro l  valve. A sensor  tube was teed t o  t h e  bubbler  tube near  t h e  
flow con t ro l  valve. The senso r  tube l eads  back t o  a d a t a  logging cen te r  
loca ted  a t  the  end of t h e  furrow. Data logging w a s  accomplished by a using an expanded ve r s ion  of t h e  HP4lCV c o n t r o l l e d  system descr ibed  by 
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Clemens  and Dedrick (1984). Three s t a t i o n s  of a 24-stat ion scanning 
valve a r e  used t o  c a l i b r a t e  t h e  pressure  t ransducer .  The o t h e r  s t a t i o n s  
a r e  used t o  sense t h e  furrow bubblers v i a  t h e  sensor  tubes. The s t a -  

e 
t i o n s  a r e  repea tedly  scanned, tak ing  about f i v e  seconds per s t a t i o n ,  
w i th  t h e  t ransducer  vo l t ages  recorded on a c a s s e t t e  tape.  

The furrow bubblers a r e  mounted permanently i n  furrow s t i l l i n g  we l l  
assemblies (cups cons t ruc ted  from 7.5 cm [ 3  i n ]  diameter  PVC pipe capped 
on one end.) The bubblers a r e  cons t ruc ted  of copper tubing. The bubbler/  
s t i l l i n g  w e l l  assembly i s  bur ied  s l i g h t l y  below t h e  furrow bottom a t  t h e  
var ious  s i t e s  t o  be sensed a long t h e  furrow. P l a s t i c  tubing  i s  used 
from the  flow con t ro l  valve t o  t h e  copper tubing. Water depth i n  t h e  
furrow is ca lcu la t ed  from t h e  head sensed by t h e  HP41CV system i n  con- 
junct ion  with f ield-surveying t h e  furrow bottom and cop of t h e  buried 
s t i l l i n g  well .  

Equipment has been developed t o  s tudy t h r e e  furrows simultaneously. The 
equipment is adaptable  t o  any furrow eva lua t ion ,  e.g., d ra in ing  o r  not  
dra in ing ,  surge,  e tc .  

The equipment and f i e l d  procedures f o r  s tudying  s u r f a c e  drainage from a 
l e v e l  furrow were developed dur ing  1984. A f i e l d  crew of t h r e e  o r  f o u r  

.persons i s  needed t o  prepare and conduct t e s t s  on a s e t  of t h r e e  
furrows. Data reduct ion  programs a r e  be ing  developed t o  provide . 
i n f i l t r a t i o n  func t ions ,  water  su r face  p r o f i l e s ,  advance, recess ion ,  
water  drained from t h e  furrow, d i s t r i b u t i o n  of t h e  amount dra ined  along 
t h e  furrow, and f i n a l  i r r i g a t i o n  un i fo rmi t i e s .  

Twelve l e v e l  furrows, 180 m long,  were s t u d i e d  a t  t h e  Maricopa Agricul- 
t u r a l  Center during 1984. The t e s t s  were used mainly t o  develop f i e l d  
procedures. A s e r i e s  of t e s t s  on t h r e e  furrows should provide u s e f u l  
d a t a  f o r  f u t u r e  ana lys i s .  These d a t a  have n o t  been analyzed f o r  inc lu-  
s i o n  i n  t h i s  repor t .  

The bubbler /pressure t ransducer  concept f o r  s e n s i n g  water  depth a long 
t h e  furrows has a p p l i c a t i o n  whenever m u l t i p l e  water  l e v e l  recordings  a r e  
needed. Two a d d i t i o n a l  a p p l i c a t i o n s  be ing  used h e r e  a t  t h e  U. S. Water 
Conservation Laboratory inc lude  monitoring open channel water  d e l i v e r y  
systems and r i n g  i n f i l t r o m e t e r s .  

SUMhWtY AND CONCLUSIONS : 

A p ro jec t  has been i n i t i a t e d  t o  s tudy s u r f a c e  dra inage  of l e v e l  furrows 
immediately fol lowing an i r r i g a t i o n  (wa te r  advance). The main purposes 
of  the  s tudy a r e  t o  quan t i fy  t h i s  s u r f a c e  dra inage  phenomenon by pro- 
v id ing  a da t a  base f o r  hydrau l i c  modeling v e r i f i c a t i o n  and gu ide l ines  
f o r  design and management. 

An ope ra t iona l  surface-draining level-furrow system was s tud ied  i n  1983. 
I n  an eva lua t ion  of t h e  system a s  i t  was o p e r a t i n g  i n  t h e  f i e l d ,  about  
12 mm (equiva lent  depth r e l a t e d  t o  86cm [34 in1  row width) of a g ross  53 e 
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* mm water appl ied was dra ined  back out  of t h e  furrows. This  amounted t o  
a ne t  app l i ca t ion  n e a r l y  25% l e s s  than  i f  no dra inage  had occurred. The 
r e l a t i v e  amount of d ra inage  w i l l ,  however, depend on many f a c t o r s  such 
a s  in take ,  furrow l eng th ,  furrow cross-sect ion,  and water  volume and i t s  
d i s t r i b u t i o n  i n  t h e  furrow a t  t h e  time drainage s t a r t s .  

Equipment has been developed t o  accura t e ly  e v a l u a t e  furrows on an indiv- 
i d u a l  basis .  Inflow t o  each furrow i s  accura t e ly  r egu la t ed ,  and drain- 
age from the  furrow i s  measured. Both measurements a r e  made with 
por tab le  broad-crested weirs.  Water su r face  p r o f i l e s  throughout a 
furrow a r e  developed from a d a t a  logging scheme us ing  an HP4lCV con- 
t r o l l e d  bubbler system. Prel iminary s t u d i e s  have been completed on a 
few furrows. 
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Fig. 1. Plan and c ross - sec t iona l  views of  l e v e l  bas ins  (benched) 
i r r i g a t e d  from a n  unl ined channel .  The i r r i g a t i o n  has  
j u s t  been changed from bas in  2 t o  b a s i n  3 (downstream). 
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Fig.  2. Cross-sec t ional  view o f . u n l i n e d  supp ly  channel  from f i e l d  
road to  l e v e l  bas in .  Water s u r f a c e s ~ s h o w n  were those  
recorded dur ing  an i r r i g a t i o n  w i t h  t h e  maximum depth  reach- 
i n g  about 15  cm (6 i n ) .  Note t h a t  t h e  v e r t i c a l  and h o r i z o n t a l  
s c a l e s  a r e  n o t  t h e  same. 
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Sketch of t h e  water  depth s e n s i n g  scheme used t o  
experimental ly de f ine  t h e  wa te r  s u r f a c e  p r o f i l e  
along a  furrow. A bubbler and s t i l l i n g  w e l l  assem- 
b l y  is i n s t a l l e d  a t  each l o c a t i o n  wi th in  a  furrow 
where a  near  continuous r eco rd  of  t h e  water depth  
is required.  Although not  shown, o t h e r  sensor  
tubes from o t h e r  s t a t i o n s  a long t h e  furrow would be 
hooked t o  the  scanning va lve .  The s t a t i o n s  a r e  
repea tedly  scanned with t h e  corresponding v o l t a g e  
output  from t h e  p res su re  t r ansduce r  being s t o r e d  on 
a  c a s s e t t e .  The system is c o n t r o l l e d  by an HP41CV. 
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e TITLE: IRRIGATION WATER MANAGEEiENT FOR GUAR SEED PRODUCTION 

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

INTRODUCTION: 

Particularly in some parts of the Southwest, the rapidly growing urban 
areas demand an increasing proportion of an inadequate water supply and 
are able to pay more for it than are agricultural users, even to the 
point of buying agricultural land just to acquire the water rights. The 
development of new agricultural crops with low water requirements, 
tolerance to drought, or the capacity to complete their life cycles 
quickly when adequate moisture is available has the potential for main- 
taining agriculture where water supplies are decreasing. Within the 
past two years, land areas have been planted to guar for seed production 
in Texas and Arizona. The need for irrigation water management research 
on guar seed production was discussed in the 1983 annual report along 
with a review of literature. The objectives of the 1983-84 experiments 
were: (1) to determine the estimated evapotranspiration requirement for 
guar seed production; and (2) to determine plant growth and yield rela- 
tions for guar seed production with respect to varieties, plant popula- 
tions, and irrigation treatments. 

Field Procedures: 

* The 1984 study was conducted at the new Maricopa Agricultural Center, 
University of Arizona, near Maricopa, AZ. The experimental design was a 
completely randomized, split, split plot design (Figure 1) with four 
replicates of six irrigation treatments as main plots, three cultivars 
as subplots, and three plant populations as sub-subplots. The irriga- 
tion treatments (Table 1) were based on plant growth stages as follows: 
11 - three irrigations, 20, 60, and 80 days after establishment; I2 - two 
irrigations, 35 and 60 days after establishment; 13 - three irrigations, 
35, 60, and 80 days after establishment; 14 - three irrigations, 20, 35, 

' 80 days after estahlishment; I5 - three irrigations, 20, 35, and 60 
days after establishment; and I6 - four irrigations, 20, 35, 60 and 80 
days after establishment. Flowering was estimated at about 30 - 40 days 
after planting, and pod filling at about 60 - 90 days after planting. 
The three cultivars were selected by Dennis Ray, Plant Breeder, 
University of Arizona, as the most promising of different breeding 
types for guar seed production. Kinman (C1) is being commercially 
planted for both vegetative and reproductive growth. The C1 cultivar 
has moderate branching throughout the height of the plant and full 
season maturity. Tx 78-3695 (C2) is a sparse branching, indeterminate 
cultivar with full-season maturity, selected for seed production in 
Arizona and Texas. The plant leaves are glaberous (non-pubescent) with 
a waxy cuticle. Tx 79-2741 (C3) is a basal branching, determinate 
cultivar with raceme initiation at each node and medium maturity. The 
C3 cultivar was an F-2 selection developed cooperatively by the 
Agriculture Research Service, Texas Agriculture Experiment Station, and 
the Arizona Agricultural Experiment Station. At higher elevations, Tx 
78-3695 has been reported to outyield Kinman and Tx 79-2741. 
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The t h r e e  p l an t  popula t ions  were based on two rows placed on a  converr 
t i o n a l  bed, 1 m (40 i n )  on cen te r ,  w i th  spac ings  a long t h e  row of 2.54 
cm ( 1  i n ) ,  7.62 cm (3  i n ) ,  and 15.24 cm ( 6  inches)  f o r  popula t ions  of 
775,900 ~ l a n t s / h a ,  (314,000 p lan t s / ac ) ,  259,500 ~ l a n t s l h a ,  (105,000 
~ l a n t s / a c ) ,  and 128,000 ~ l a n t s / h a  (52,000 p l a n t s l a c ) ,  (PI ,  P2, and P3), 
r e spec t ive ly .  

Before p lant ing ,  t h e  f i e l d  was plowed, l eve led ,  app l i ed  w i t h  t r i f l u f a l i n  
( a ,  a ,  a-Trifluoro-2,6 dinitro-N, N-dipropyl-p-toluidine o r  Treflan- ) 
herb ic ide  a t  0.84 kg/ha (0.75 l b s l a c )  f o r  weed c o n t r o l ,  and s tandard  
beds constructed No p rep lan t  i r r i g a t i o n s  o r  f e r t i l i z e r  a p p l i c a t i o n s  were 
given. Guar was planted on June 15 wi th  a  p r e c i s i o n ,  b e l t  p l a n t e r  t o  
t h e  h ighes t  p l an t  populat ion.  Three i r r i g a t i o n s  were a p p l i e d  over  a  
one-week period from June 15 t o  22 f o r  germinat ion and p l a n t  e s t ab l i sh -  
ment. The f i e l d  was c u l t i v a t e d  t h e r e a f t e r ,  andlfjwo a p p l i c a t i o n s  of 
MSMA (monosodium methanearsonate o r  Weed-E-Rad)- h e r b i c i d e  were g iven  
f o r  weed cont ro l .  The p l o t s  were then  thinned t o  t h e  t h r e e  p l a n t  popu- 
l a t i o n s  i n  e a r l y  Ju ly ,  and d i f f e r e n t i a l  i r r i g a t i o n s  s t a r t e d  on J u l y  13. 
Water a p p l i c a t i o n s  were measured by a  p r o p e l l e r t y p e  water meter,  and 
aluminum gated pipe was used t o  d e l i v e r  t h e  water  t o  t h e  i n d i v i d u a l  
p l o t s  surrounded by e a r t h e n  border dikes.  The i r r i g a t i o n  water  con- 
t a ined  about 1.1 dSIm (690 ppm) of t o t a l  d i s so lved  s a l t s .  

Volumetric water  contents  were determined by neut ron  moisture meters 
wi th  18 neutron access  tubes  loca ted  i n  t h e  61 (Kinman) c u l t i v a r  and 
medium P2 (259,500 p l a n t s l h a )  populat ion,  t o  a  1.8-m (6  f t )  s o i l  depth. 
F i e l d  capaci ty  f o r  t h e  medium w a t e r h o l d i n g  c a p a c i t y  Mohall sandy loam 
s o i l  (Typic Haplargid, fine-loamy, mixed, hyperthermic)  was es t imated  
a t  25.0% by volume, whereas w i l t i n g  po in t  was e s t ima ted  a t  about  15.0% 
f o r  1983. The neutron meters  were f i e l d  c a l i b r a t e d  a t  t h e  s i t e ,  and 
consumptive water  use o r  est imated evapo t ransp i r a t ion  was c a l c u l a t e d  
from t h e  s o i l  water dep le t ions  t o  a  1.8 m (6 f t )  depth. Deep p e r  
c o l a t i o n  l o s s e s  were assumed t o  be minimal f o r  t h e  deep-rooted guar  
crop. Meteorological f a c t o r s  a f f e c t i n g  p l a n t  water  use  were monitored 
by a por t ab le  weather s t a t i o n  equipped wi th  a  micrologger.  The weather 
d a t a  was measured on t h e  I3 i r r i g a t i o n  t rea tment  and inc luded s o l a r  
r a d i a t i o n  and wind speed a t  a  2 3  (6.6 f t )  he igh t ;  n e t  r a d i a t i o n ,  a i r  
temperature, and r e l a t i v e  humidity, a t  t h e  1.5-m (4.9 f t )  he ight ;  and 
s o i l  temperature a t  t h e  1-cm (0.8 i n )  depth. 

P r i o r  t o  harves t ing  t h e  guar  i n  l a t e  November, t h r e e  p l a n t s  per  s u b p l o t  
o r  irrigation-cultivarpopulation t reatment  i n  a l l  t h r e e  r e p l i c a t e s  were 
sampled a t  matur i ty  t o  determine t h e  number of ~ o d s / ~ l a n t ,  number of 
seedslpod, and dry weight lp lant .  Harvest  a r e a s  of 61 m (20  f t )  x 2.0 m 
(6.7 f t ,  two beds wide) were e s t a b l i s h e d  by removal of ad jacen t  p l a n t  
rows. The p l a n t s  were mowed i n  t h e  morning when moisture was on t h e  
pods, and were threshed i n  the  a f te rnoon when t h e  m a t e r i a l  was dry. 
This  procedure minimized s h a t t e r i n g  l o s s e s .  

11 Trade names and company names a r e  included f o r  t h e  b e n e f i t  of r e a d e r  - 
and do noc imply any endorsement o r  p r e f e r e n t i a l  t rea tment  of  t h e  pro- 
duct l i s t e d  by e i t h e r  t h e  au thors  o r  t h e  US Department of  Agr icul ture .  
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RESULTS AND DISCUSSION: 

Three i r r i g a t i o n s  were given by g rav i ty  flow (siphon tubes )  f o r  g e r  
mination and establ ishment  f o r  a n  approximate t o t a l  of 200 mm (8  i n ) .  
This  amount was requi red  wi th in  a one week period f o r  adequate germina- 
t i o n  of the  C2(Tx 78-3695) and C3(Tx 79-2741) c u l t i v a r s .  There was a 
high populat ion of groundcherry (Physa l i s  w r i g h t i i  Gray). To overcome 
t h i s  problem, t h e  two app l i ca t ions  of %MA were given. Although recom- 
mended f o r  groundcherry e l imina t ion ,  some reduct ion i n  t h e  o v e r a l l  
growth and y i e l d  of guar  can be expected (Hamilton 1983). 

Table 2 l is ts  t h e  amounts of water  appl ied and ca l cu la t ed  seasona l  
consumptive use  o r  s o i l  water  dep le t ion  f o r  t h e  s i x  i r r i g a t i o n  t r e a t -  
ments. Af ter  apply ing  approximately 200 mm (8  i n )  f o r  e s t ab l i shmen t ,  
t h e  water  app l i ca t ions  by i r r i g a t i o n  t reatment  were a s  fol lows:  11, 
rece ived  th ree  i r r i g a t i o n s  ( J u l y  13, August 24, and September 14 )  
t o t a l i n g  300 mm (12.0 i n ) ;  12 received two i r r i g a t i o n s  ( J u l y  27 and 
August 24) t o t a l i n g  200 mm (8.0 in ) ;  l3 rece ived  t h r e e  i r r i g a t i o n s  ( J u l y  
27, August 24 and September 14) t o t a l i n g  300 mm (12.0 i n ) ;  14 rece ived  
t h r e e  i r r i g a t i o n s  ( J u l y  13, J u l y  27 and September 14)  t o t a l i n g  300 mm 
(12.0 i n ) ;  15 rece ived  t h r e e  i r r i g a t i o n s  ( J u l y  13, J u l y  27 and August 
24) t o t a l i n g  300 mm (12.0 i n ) ;  and I6 rece ived  fou r  i r r i g a t i o n s  ( J u l y  
13, J u l y  27, August 24 and September 14) t o t a l i n g  400 mm (16.0 i n ) .  

The ca lcula ted  seasonal  consumptive water  use (Table 2) and peak water 
use  i n  e a r l y  August f o r  t h e  r e s p e c t i v e  i r r i g a t i o n  t r ea tmen t s  were a s  e follows: 11 was 475 mm (16.4 i n )  w i th  5 mm (0.2 i n l l d a y ;  I was 460 mm 
(18.1 i n )  with 6.25 mm C.25 in)/day; 13  was 480 mm (18.8 in? w i t h  6.3 mm 
(.25 in)/day; Iq was 510 mm (20.1 i n )  w i t h  8.25 mm (0.32 in) /day;  I5 was 
550 mm (21.8 i n )  w i th  8.5 mm (0.33 in) /day;  and I 6  was 440 mm (17.2 i n )  
wi th  5.75 mm (0.23 in)/day. Ind ica t ions  from the  1984 season a r e  t h a t  
t h e  consumptive water  use is l e s s  f o r  guar  seed product ion,  r e g a r d l e s s  
of t h e  i r r i g a t i o n  t rea tment ,  than  f o r  fo rage  product ion w i t h  a r epor t ed  
seasonal  use of 587 mm (23.1 i n )  and a peak use  r a t e  of 7 mm (0.28 
in) /day  ( E r i e  e t  a l .  1982). However, a l l  t h e  s o i l  water  content  
measurements were taken on t h e  C1 (Kinman) c u l t i v a r  and t h e  medium P2 
(259,500 p lants /ha)  populat ion which could have lower wa te r  use  than  t h e  
o t h e r  two c u l t i v a r s  (Tx 38-3695, C2, Tx 79-2741, C3) t h a t  had l a r g e r  d r y  
weights. Seasonal consumptive water  use curves f o r  t h e  two highefit  seed  
y i e l d i n g  I1 and I3 i r r i g a t i o n  t rea tments  a r e  shown i n  F igures  2 and 3. 

Mean seed y i e lds  f o r  t h e  s i x  i r r i g a t i o n  t rea tments ,  t h r e e  c u l t i v a r s ,  and 
t h r e e  p l an t  populat ions a r e  l i s t e d  i n  Table 3. The h ighes t  seed p r o d u r  
t i o n  amounting t o  2096 kg/ha (1870 l b s / a c )  occurred on t h e  I6 i r r i g a t i o n  
t reatment  ( f o u r  i r r i g a t i o n s ) ,  t h e  C3 fTx 79-2741) c u l t i v a r ,  and t h e  P1 
(775,900 p lan t s lha )  population. General ly,  t h e  h igher  p l a n t  popu la t ions  
of t h e  C3 (Tx 79-2741) c u l t i v a r  produce more seed y i e l d .  This  c u l t i v a r  
has  very l i t t l e  l a t e r a l  branching wi th  most reproduct ive growth occur ing  
on t h e  main stem; i n  t h i s  case t h e  p l an t  needs only enough space  f o r  t h e  
main stem, and i t  is assumed t h a t  h igher  spacing f o r  t h i s  c u l t i v a r  can  
amount t o  high y i e l d s ,  whereas t h e  low popula t ions  do not  y i e l d  a s  h i g h  

e because t h e  in t e r -p l an t  space is unused. The P1 (775,900 p l a n t s l h a )  and 
P2 (259,500 p lan t s lha )  populat ions of C3 (Tx 79-2741) have a s i g n i f i -  
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cantly higher yield than the P3 
C1 (Kinman) cultivar, which has 
~lant. the high population (P, ) 

(128,000 plantslha) population. For the 
high lateral branching throughout the 
tends to decrease yield as the plants 

e 
become crowded, Hnh the 10wer'~opulations (P2 and P3) tend to favor 
higher yields as the plant has room for branching. For this cultivar P2 
(259,500 plants /ha) and P3 (128,000 plants/ha) have a significantly 
higher yield than P1 (775,900 plantslha). For the C2 (Tx 78-3695) 
cultivar, with medium branching, Plant population had no significant 
effect on yield. Under irrigated agriculture in central Arizona, Cj (Tx 
79-2741) has a significantly higher 11% yield increases over C2 (Tx 
78-3695); and C2 (T, 78-3695) had a significantly higher 12% yield 
increase over C1 (Kinman) under the same set of given conditions. 

The 11 treatment (three, critical irrigations) had the highest overall 
seed yields, whereas the I2 treatment (two, mid-season irrigations) 
obtained the lowest yields. The increase in seed production for the Il 
compared with 12 treatment amounted to 17%. The 11 treatment (mean seed 
yield of 1700 kg/ha) was a result of irrigations 20 days after 
establishment (during root development), 60 days after establishment 
(during flowering and initial pod development) and 80 days after 
establishnent (during mid-pod filling). The 12 treatment (mean seed 
yield of 1451 kglha) with an irrigation 35 days following germination 
(during flowering only) and 60 days may have stressed the guar plant 
somewhat during pod filling to result in the lowest overall yields. The 
13 treatment (mean seed yield of 1580 kg/ha) with three irrigations 
during the season (35, 60, and 80 days after establishment) produced 
slightly lower seed yields than the I1 treatment suggesting that an 
irrigation was needed before flower initiation; however, the 8% yield 
reduction was not significant at the 5% level. The 14 treatment (mean 
seed yield of 1499 kg/ha) with three irrigations (20, 35, and 80 days 
after establishment) resulted in the second lowest production indicating 
that a longer water stress period was required early, that the 35th day 
irrigation (during flowering) was less important than the 20th day irri- 
gation (before flowering), and that a late season irrigation was 
necessary (during mid-pod.filling). The 15 treatment (mean seed yield 
of 1564 kg/ha) with three irrigations (20, 35 and 60 days) produced 
nearly the same yield as the 14 treatment supporting the concept that an 
early plant water stress period was advantageous. The 16 treatment (mean 
seed yields of 1693 kg/ha) with four post-establishment irrigations (20, 
35, 60, and 80 days) attained as high a yield as 11 but with excessive 
vegetative growth. The water use efficiency (seed production per unit 
of water use) was lower for the I6 than the I1 and I3 treatments. The 
I6 treatments indicate that a fourth irrigation is unnecessary under 
most field conditions. 

Size or weight per 500 seeds was primarily a function of irrigation 
treatment rather than plant population or cultivar. Varying plant popu- 
lations had little affect on seed size; however, the higher yielding C3 
(T, 79-2741) cultivar had a slightly smaller seed size than the C1 
(Kinman) or C2 (Tx 78-3695) cultivars. The optimum I1 and 13 irriga- 
tion treatments as well as the 16 treatment had a larger seed size than 
the other treatments. 
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* Reproductive growth (seed p lus  pod weight) was genera l ly  h igher  f o r  t h e  
h igher  y i e l d i n g  i t r i g a t i o n  t reatments ,  w i th  t h e  C3 (Tx 79-2741) c u l t i v a r  
e x h i b i t i n g  t h e  h ighes t  reproduct ive growth averages. The e f f e c t  of 
populat ion is  a tendency f o r  ove ra l l  growth (both  reproduct ive  and vege- 
t a t i v e )  t o  be higher  wi th  the  low p lan t  population. Vegetative growth 
( l eaves ,  branches, and r o o t s )  was more on t h e  C2 (Tx 78-3695) than t h e  
C3 (Tx 79-2741) and C1 (Kinman) c u l t i v a r s  a s  l i s t e d  i n  Table 6. Both 
reproduct ive  and vege ta t ive  growth s tayed  nea r ly  cons tant  f o r  t h e  C2 and 
C3 c u l t i v a r s  wi th in  t h e  var ious  i r r i g a t i o n  t rea tments  and p lan t  popula- 
t i ons ;  whereas, t h e  C1 c u l t i v a r  had reduced growth f o r  t h e  h igher  PI 
(775,900 p lants /ha)  compared with t h e  P2 (259,500 p lan t s /ha )  and P3 
(128,000 p l a n t s l h a )  p l an t  populations. The h igher  seed y i e l d  f o r  t h e  C3 
over  C2 and C1 c u l t i v a r s  was again because of a g r e a t e r  number of 
podslplant .  The guar  pods on t h e  C3 (T, 79-2741) c u l t i v a r  occurred 
mainly on t h e  main stem compared with t h e  pods being more dispersed on 
t h e  l a t e r a l  branches f o r  t h e  o ther  two c u l t i v a r s .  

SUMMARY AND CONCLUSIONS: 

Guar f o r  seed production has  t h e  p o t e n t i a l  of being an economical crop 
.for t h e  semiarid Southwest a s  well  a s  a  low water  use crop. Current 
p r i c e s  of guar seed have been depressed; however, f u t u r e  markets w i l l  
depend l a r g e l y  on an increased  demand f o r  guar  gum a s  a  d r i l l i n g  f l u i d  
a d d i t i v e  i n  t h e  oi l -well  d r i l l i n g  indus t ry .  The h ighes t  y i e l d s  r e s u l t e d  
from the  Tx 79-2741 c u l t i v a r  (soon t o  be r e l eased  a s  Lewis), t h e  high 
p l an t  populat ion of 775,900 p lants lha ,  and t h r e e  o r  fou r  key i r r i g a t i o n s  

e a f t e r  establ ishments .  Th i s  new c u l t i v a r  should inc rease  guar  seed pro- 
duct ion  by nea r ly  25 percent  over o l d e r  v a r i e t i e s .  Proper t iming of 
i r r i g a t i o n s  i s  extremely important s i n c e  only th ree ,  small  g r a v i t y  irri- 
ga t ions  a r e  needed, and l a t e  water ing o r  a  f o u r t h  i r r i g a t i o n  can lead  t o  
delayed maturi ty.  The t h r e e  i r r i g a t i o n s  a r e  a s  fol lows:  one before 
f lowering,  followed by another  during f lower ing  and i n i t i a l  pod develop- 
ment, and one a t  about mid-pod f i l l i n g .  Consumptive water  use on t h e  
optimum treatment  was about 380 mm i n  1983 and 415 mm i n  1984 f o r  seed 
production, which was considerably l e s s  than  t h e  previous ly  reported 
seasonal  use  of about 590 mm f o r  guar  fo rage  product ion i n  c e n t r a l  
Arizona. 
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Table 1. Six irrigation treatments used for guar seed production at e the 1.Iaricopa Agricultural Center, Maricopa, Arizona, 1984. 

Days after 
21 

11 
Irrigation Treatment - 

Establishment - 
11 I2 I3 I4 I5 I6 

- - - 

20 Days (Jul 13) X X X X 

3 1 35 Days (Jul 27) - X X X X X 

41 X 60 Days (Aug 24) - X X X X 

80 Days (Sep 14) X X X X 

Plots considered established on July 5 (planted on June 18) with 
plant heights of 100 mm. 

2 Each irrigation about 100 mm of water 

2 Flowering estimated at about 30-40 days after establishment 

a Pod filling estimated at about 60-90 days after establishment 

Table 2. Total water applications and calculated seasonal consumptive 
water use for the six irrigation treatments used for guar seed 
production at the Maricopa Agricultural Center, Maricopa, 
Arizona, 1984. 

Irrigation 
Treatment - Total Water2/ Seasonal Consumptive 

Applied - Water Use 

0 1' Irrigation treatments described in Table 1. 

2' Includes 200 mm of water for establishment. 
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Table 3. Guar seed production for six irrigation treatments, three cultivars, end three plant 
populations at Hsricopa, Arizona, 1984. 

Irrigntion 
11 Treatment - 

Plant 
Population 
Means 

Cqltivar 
Means 

C1 Cultivar - C2 Cultiver 

P1 P2 P3 

I Seed Yields in Kglha 

- 'I Irrigation treatments described in Table I. 

- CI - Kinmen, CZ - T~ 78-3695, c3 - T~ 79-2741. 

C3 Cultivar 
Irrigation 
Treatment 

PI P2 4 
Mean 

1700 n* 

1451 c 

1580 abc 

1499 bc 

1709 1830 ::;: 1 1564 abc 

2096 1902 1693 eb 

1' PI - 775,900 plantslha. P2 - 259.500 plantslha, and P3 - 128,000 plantslha. 
* Ststletical significance .05 (Duncan's New Uultiple Range Test) a,b, em. 
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Table 4. Guar seed weights f o r  s i x  i r r i g a t i o n  treatments,  th ree  c u l t i v a r s ,  and th ree  plant  
populatiooa a t  Haricopa, Arizona. 1984. 

2 l  Cl Cul t ivae - 
I r r i g a t i o n .  

Treatment - P1 p2 p3 - 31 

P l a n t  
Population 15.4 15.2 15 
Hems 

Cul t iva r  
Heans I 15.2 

I' I r r i g a t i o n  treatments described i n  Tnble 1. 

- C1 - Kinman, C2 - Tx 78-3695, C3 - TX 79-2741. 

I r r i g a t i o n  
Treatment 

Hean 

-rl Pl  - 775.900 plantelha. P2 - 257.500 plantelha,  and P3 - 128,000 plantelha.  
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Table 5. Cuar reproductive d ry  weights for s i x  i r r i g a t i o n  treatments,  th ree  c u l t i v a r s ,  and th ree  p lan t  
populations a t  Haticopa, Arizona, 1984. 

I r r i g a t i a n  
Treatment - p2 P, 21 

Plant  
PopuIation I 57.1 81.2 99.7 
Mean 

Cul t iva r  
Xenns I 

C2 CuXtivar C3 Cul t iva r  I r r i g a t i o n  
Treetmcnt 

PI p2 P3 PI pz p3 Hean 

Seed and pod dry  weights 
i n  g13 p l a n t s  

61.7 87.2 226.3 124.4 168.8 173.8 119.7 

65.4 123.9 101.2 94.7 145.4 223.8 108.1 

87.4 105.2 191.6 105.1 194.1 202.9 129.6 

122.2 125 66 57.9 87.5 165.9 94.7 

109.4 132.6 104.7 72.5 150 187.1 112.5 

141.9 97 193.7 60 81.5 175.4 106.7 

___________-----_-_------------- 

1/ I r r i g a t i o n  treatments described i n  Table I +  

2' cl - Klnmn, C2 - T, 78-3695, C3 - Tx 79-2741. 

3/ p1 - 775,900 p l a n i d h a ,  P2 - 259.500 planta/ha, and P3 - 128,000 ~ l a n t e l h a .  
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Table 6. Guar vege t s t ive  dry weights f o r  s i x  i r r i g a t i o n  trentments,  th ree  cu l t iva r s .  and th ree  p lan t  
populatione a t  Mnricope, Arizona, 1984. 

c1 ~ u l t i v a r  2 C2 C u l t t v a r  C3 C u l t i v s r  

I r r i g n t i o n  
Treatment - P2 P I  PI P2 P3 ?I P2 P3 

I 
Bmnches, stems, and lcavee 

i n  g13 p l a n t s  
I 

I,. 1 34.2 52.6 58 1 104 90.1 51.6 1 36.2 37.5 123.1 

C u l t i v a r  
Nenns I 

P lan t  
Population 
Meang 

- 'I irrigation treatment. descr ibed i n  Table 1. 

2/ cl - Kinman, C2 - Tx 78-3695. C3 - Tx 79-2741. 

2 Pi - 775,900 p lan t s lha ,  P2 - 259,500 p lan t s lha ,  and P3 = 128,000 plants lha.  

I r r t g a t i o n  
Treatment 

Wean 

I 

51.3 68.3 84.4 81.8 89.4 96.5 48.6 68.2 ,_.89.4 
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REP l 

REP 2 

REP 3 

REP 4 

1984 GUAR EXPERIMENT 

MARICOPA AGRICULTURAL CENTER 

> t = l lOm v 

LEGEND 

IRRIGATION TREATMENTS P L A N T  POPULATIONS 
II -I6 SEE TABLE PI = 775,900 plants/HA 

CULTlVARS P2 = 259,500 plants/HA 

CI = KINMAN P3 = 128,000 plants/HA 

C2 = SANTA CRUZ (Tx78-3695) 

C3 LEWIS (Tx79-2741) 

Figure 1. P lan t ing  diagram f o r  guar seed product ion  experiment at  Naricopa, 
Arizona, 1984. 
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Figure 2. Consumptive water use of Kinman Guar for seed production on the I1 irrigation treatment using the .+ 
medium plant population at Maricopa, Arizona, 1984. N 
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Figure 3. Consumptive water use of Kinman Guar for seed production on I3 irrigation treatment using the 
medium plant population at Maricopa, Arizona, 1984. 
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TITLE: VARIATION I N  THE MOLECULAR WEIGHT DISTRIBUTION OF RUBBER 
FROM CULTIVATED GUAYULE 

NRP: 20740 CRIS WORK UNIT: 5510-20740-012 

INTRODUCTION: 

The molecular weight (MW) and t h e  molecular weight d i s t r i b u t i o n  (MWD) 
of n a t u r a l  rubber a r e  d i r e c t l y  r e l a t e d  t o  rubber q u a l i t y  (3,6,9).  Al- 
though over 2000 spec ies  of p l a n t s  a r e  capable of producing rubber ,  
only about a dozen a r e  recognized a s  producing s u f f i c i e n t  q u a n t i t e s  of 
h igh  q u a l i t y ,  high MW rubber necessary f o r  commercial use (6,9). Gua- 
yu le  (Parthenium argentatum Gray) is capable of synthes iz ing  h igh  MW 
rubber  s i m i l a r  t o  Hevea (1,5,6,7) and i s  a c t i v e l y  being developed a s  a 
new source of n a t u r a l  rubber f o r  t h e  a r i d  reg ions  of t h e  world especi- 
a l l y  i n  t h e  United Sta tes .  

The' MW of rubber v a r i e s  from 106 t o  103. Rubber of MW 105 o r  l e s s  is 
considered unsu i t ab le  f o r  commercial use. Unfortunately,  most of the  
2000 rubber synthes iz ing  spec ie s  are be l ieved  t o  produce rubber wi th  a 
MIk of ca. 5 x lo4 and a unimodal MWD (6) .  The MWD of Hevea, however, 
has  a bimodal d i s t r i b u t i o n  and shows two MW peaks. The major peak 
e x i s t s  a t  a MW of ca. 7 x 105 and extends out  t o  t h e  106 MW range. A 
minor peak or  shoulder  i s  a l s o  usua l ly  p resen t  which corres-ponds t o  a 
MW of ca. 5 x lo4 (3 ,6 , lO, l l ) .  This  bimodal MWD nea r ly  exists f o r  * Hevea, but  t h e  amplitude of t h e  two peaks may vary f o r  d i f f e r e n t  Hevea 
v a r i e t i e s ,  and i s  a l s o  a f f e c t e d  by p l an t  age and frequency of tapping 
(6,lO). Such v a r i a t i o n  i n  t h e  MWD can l ead  t o  an over-al l  d i f f e r e n c e  i n  
t h e  MW average. I n  rubber obtained from n a t i v e  s t ands ,  only a h igh  MW 
peak e x i s t s  leading  t o  a unimodal MWD of a high M i  (1,4).  L i t t l e  is 
known about the the  environmental o r  g e n e t i c  f a c t o r s  in f luenc ing  rubber  
MW i n  the  c u l t i v a t e d  guayule s tands  which would be t h e  most l i k e l y  
p o t e n t i a l  source f o r  indus t ry .  Since genera l  husbandry and g e n e t i c  
v a r i a t i o n  seems t o  a f f e c t  Hevea rubber ( l o ) ,  i t  is not  unreasonable t o  
suggest  t h a t  such d i f f e rences  may a l s o  appear i n  guayule, a s  e a r l i e r  
work implied ( 2 ) .  

The ob jec t ive  of t h i s  study was t o  examine t h e  MW and MWD of guayule 
rubber obtained from c u l t i v a t e d  p l a n t s  t o  see whether agronomic manage- 
ment can a f f e c t  rubber qual i ty .  Analyses w i l l  be made on d i f f e r e n t  
v a r i e t i e s  of guayule grown under d i f f e r e n t  i r r i g a t i o n  regimes and har- 
ves ted  a t  d i f f e r e n t  times of t h e  year. I n  add i t ion ,  p l a n t s  t r e a t e d  wi th  
b io regu la to r s  shown previously by o t h e r s  t o  i n c r e a s e  rubber product ion 
(12) w i l l  be t e s t e d  f o r  t h e i r  e f f e c t s  on rubber MW and MWD. 

PROCEDURE : 

P l a n t  Materials .  Guayule, Parthenium argentatum Gray, c u l t i v a r s  593 
and 11591 were p lanted  on Apr i l  1981 i n  r e p l i c a t e d  p l o t s  12.2 x 8.5 m a t  
a p lant ing  dens i ty  of 51 x 36 cm (54000 p l a n t s  per ha) i n  Mesa, Arizona. 
Details on p l an t  establ ishment  and o t h e r  r e l a t e d  c u l t u r a l  p r a c t i c e s  have 
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been reported elsewhere (4,8). Plants from three of the six irrigation 
regimes were used in this study. "Wet", "medium" and "dry" moisture 
levels representing 12, 6 and 3 irrigations per year, respectively. 
Soil water contents in the profile were monitored with the neutron 
moisture equipment to schedule irrigation to attain the various levels 
of water stress in the plants. Two bioregualators, 2-(2,4-dichloro- 
phenoxy)-triethylamine and 2-(3,4-dich1orophenoxy)-triethylamine, were 
applied to the plants in the field at concentration of 100 mg/L four 
times a year. The first application was started at the seedling stage 
in the greenhouse. 

Another cultivar AZ-101, a cross which came available only recently, 
grown under a separate experiment but similar condition, was also 
analyzed for molecular weight. 

Rubber extraction and analysis. Fresh plant samples were taken to the 
laboratory as soon as practicable, and the tissue fozen and then imme- 
diately ground in an electric coffee mill. A volume of packed tissue 
equal to ca. 2.5 m l  was extracted in 10 m l  of acetone for 2 h to remove 
the resin fraction. The actone supernatant was discarded and the pel- 
let was dried in air for 6 to 18 h and then re-extracted with 10 m l  of 
tetrahydrofuran (THF) for 2 h. The THF extract was filtered through a 
Gelman type A/E glass fiber filter. A 20 to 200 pL aliquot was injec- 
ted into a gel permeation chromatograph (GPC) for molecular weight ana- 
lysis. Rubber extracts were prepared from the stem, bark, xylem, leaf 
and flower of cultivar 593 and from the mature stem of cultivars 11593, 
593, and AZ-101. Rubber analyses were made from main plant harvests in 
November 1983 and March 1984. Sub-samples with time were also made at 
other dates also. Rubber extracts from plants taken in July and August 
1984 clogged the GPC column so that their data are not reported here. 
The GPC analyses were perfomed on a Beckman Model 330 HPLC equipped 
with a refractive index detector and a Nelson Analytical GPC software 
system. Separation of the rubber was carried out on two columns in 
series, one having a size exclusion of 107 to 105 (Dupont SE 4000) and 
the other with an exclusion limit of 104 to 103 (Waters Associate 104 A 
u styragel). The mobile phase was THF at a flow rate of 0.6 ml per min. 
Standard polystyrene samples (Polymer Laboratories) were used to develop 
a calibration curve which was analyzed by the software. 

RESULTS AND DISCUSSION: 

High MW rubber was found only in the extract from the stem with none 
in the flower or leaf (Figure 1). This result agrees with earlier MW 
determinations and microscopic studies that the site of rubber accumu- 
lation is primarily in the stems (2). The rubber MW average of this 
particular plant (cultivar 593) harvested in March 1984 was 6.08 x 105. 
The MWD had a peak at about 8 x 105 with a wide tailing shoulder that 
extended below 104 MW. This shoulder has a slight flat area at ca. 105 
which could be considered a minor peak, and suggests that a bimodal MWD 
exists for guayule. The peaks below 104 which also appear in the leaf 
and flower samples as well as the stem are most likely low MW non-rubber 
contaminants. In a plant harvested in May, the stem tissue was divided 
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0 
into xylem and bark (phloem, cortex, and peridem) and other tissues were 
extracted and analyzed for any qualitative differences in rubber. The 
MWD (Figure 2) revealed no major differences, except that the MW of 
rubber from the bark material was slightly lower than the xylem, 4.76 x 
105 versus 5.77 x 105. This was probably caused by the broader, low MW 
shoulder exhibited by the rubber in the bark. 

There were subtle qualitative differences in cultivar 11591 rubber MWD 
due to irrigation regime especially for the two different early spring 
and mid-fall harvest dates. These materials have definite bimodal MWD 
(Figure 3). The MW tended to be higher in plants grown under dry con- 
ditions (March harvest) and lower in the wetter situation with increa- 
sing irrigation frequency. The drop in the MW is due to higher quant- 
tities of low MW rubber relative to the high molecular weight fraction. 
Similar results were observable in the November harvested plants where 
the MW in the dry condition was greater in the "medium" moisture level. 
Samples from the "wet" level, however, had slightly higher MW rubber 
than the "dry" one. The bimodal MW in the November samples was not as 
pronounced as the March harvest. Since guayule growth is much greater 
in March than November and growth increases rapidly with irrigation 
( 4 ) ,  the results suggest that the presence of a bimodal MWD distribu- 
tion somehow reflects this growth. This is not unreasonable, since the 
shoulder of low MW rubber could represent the initiation of newly syn- 
thesized rubber in the process of chain elongation and polymerization, 
especially during spring when new shoot growth commences. 

0 Differences in the MWD between the two varieties 593 and 11591 were 
subtle, but consistent, under the different irrigations treatments for 
plants harvested in March (Figure 4). Again, the MW dropped as irriga- 
tion was increased. The MW of cultivar 11591 was slightly higher than 
593 for every irrigation level. A bimodal MWD was more evident in the 
medium and wet treatments for 593 and 11591, and the presence of the 
low MW rubber likely contributed to the lower overall MW for this vari- 
ety. 

Bioregulator treatments did not seem to affect the MWD of rubber as ex- 
hibited in cultivar 11591 under the "wet" condition. Since bioregula- 
tors have been reported to induce or stimulate rubber synthesis in 
guayule (12),  one might suspect the presence of more low E N  molecules; 
however, the data did not show this under our environmental and treat- 
ment conditions (Figure 5). 

The new variety AZ-101 with rapid growth characteristics is believed 
to be an interspecific hybrid between the rubber producing, Parthenium 
argentatum and a non-rubber producing relative Parthenium tomentossum 
var. stramonium. This naturally produced hybrid has a morphology inter- 
mediate between the uarent soecies. but direct evidence for such a cross 
to produce AZ-101 ha; not been established. The fast-growing and larger 
biomass of AZ-101 compared to existing varieties make it a desirable 
substitute for cultivation in rubber production. Analysis of rubber 
from the young plants (one year old) illustrated in Figure 6 showed that 

BD the MWD was skewed in the direction of low NW rubber compared to that of 
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t h e  t r u e  guayule l i n e  such a s  593. The unusual MWD of AZ-101 could mean 
t h a t  i t  conta ins  rubber of low q u a l i t y  e s p e c i a l l y  a t  t h i s  s t a g e  of dev- 
elopment. The two v a r i e t i e s  were harvested and analyzed i n  l a t e  May and 
both have d i s t i n c t  bimodal MWD. This may r e f l e c t  an a c t i v e  s t a g e  of 
growth and rubber syn thes i s  a t  t h i s  time of the  year.  Comparison of the  
MWD a t  t h i s  sampling time t o  t h a t  i n  l a t e  March (Figure  4 ver sus  Figure 
6 )  i n d i c a t e s  a d e f i n i t e  i n c r e a s e  i n  t h e  low MW rubber f r a c t i o n  i n  l a t e  
May. 

Lack of previous i n v e s t i g a t o r s  (1,5,6) i n  desc r ib ing  the  presence of 
bimodal MWD i n  t h e i r  samples may have been due t o  t h e  f a c t  t h a t  t h e i r  
p l a n t  ma te r i a l s  used were c o l l e c t e d  from wild s t ands  growing under high 
water  stress condit ions so t h a t  r e l a t i v e l y  l i t t l e  low MW rubber  would 
e x i s t .  Our r e s u l t s  a r e  probably the  f i r s t  repor ted  GPC a n a l y s i s  of 
MWD and MW showing t h e  presence oE the  bimodal type i n  c u l t i v a t e d  
s tands.  Also t h e  r e s u l t s  i n d i c a t e  t h a t  t h e  MWD can vary cons iderably  
i n  rubber harvested a t  d i f f e r e n t  times of t h e  year  and i n  p l a n t s  of 
d i f f e r e n t  gene t i c  c o n s t i t u t i o n .  The bimodal MWD repor ted  h e r e  appears  
t o  be r e l a t e d  t o  p l an t s  i n  t h e i r  a c t i v e  growth s t a g e  and may correspond 
t o  the  i n i t i a t i o n  and syn thes i s  of low molecular  weight rubber which 
accumulates with new growth. I f  t h i s  i s  so ,  t h e  r e s u l t s  would suppor t  
t h e  hypotheis  t h a t  e longat ion  of rubber molecules fo l lows a two s t e p  
process  f i r s t  suggested by Elager e t  a1.(5). 

The syn thes i s  and accumulation of high MW rubber a r e  known i n  only  a 
r e l a t i v e l y  few p lan t s  such a s  Hevea and guayule s o  t h a t  t h e  ques t ion  
a r i s e s  a s  t o  whether these  spec ie s  syn thes i ze  t h i s  high MW rubber  by a 
two-step process,  i.e., by t h e  i n i t i a t i o n  and syn thes i s  of a low MW 
rubber of ca. 5 x 104 and, a second through t h e  e longat ion  of t h e s e  
molecules by a second enzyme, which i s  r e spons ib le  f o r  t h e  s y n t h e s i s  of 
t h e  high MW rubber molecule of 106. I n  guayule, t h e  seasonal  appear- 
ance and disapperance of t h e  bimodal MWD suggest  t h a t  such a two-step 
process could be l i k e l y  opera t ing .  One i s  then  l e f t  w i th  t h e  specula- 
t i o n  on whether the  o the r  2000 o r  so rubber porducing spec ie s ,  which 
do not  produce high MW rubber ,  may be l ack ing  t h e  second enzymatic s t ep .  
I n  f u t u r e  work, i t  may be u s e f u l  t o  s tudy t h e  i n h e r i t a n c e  of rubber  MW 
and MWD i n  i n t e r s p e c i f i c  hybrids of guayule and i t s  non-rubber producing 
r e l a t i v e s  t o  ge t  a b e t t e r  p i c t u r e  of t h e  rubber s y n t h e s i s  process  i n  
p lants .  

SUMMARY AND CONCLUSIONS : 

The molecular weight (MW) and t h e  molecular weight d i s t r i b u t i o n  (MWD) 
were determined f o r  t h r e e  d i f f e r e n t  guayule v a r i e t i e s  under c u l t i v a t i o n .  
The MW of guayule rubber va r i ed  between 106 t o  103. Guayule showed a 
pronounced bimodal MWD i n  p l a n t s  under a c t i v e  growth, but  a unimodal 
d i s t r i b u t i o n  i n  quiesent  o r  s t r e s s e d  p l an t s .  I r r i g a t i o n  frequency 
a f f e c t e d  t h e  MW and t h e  FIWI), with t h e  MW decreas ing  a s  i r r i g a t i o n  f r e -  
quency increased,  which was r e l a t e d  t o  t h e  appearance of a bimodal E M D  
under i r r i g a t i o n .  The MW and MWD probably has  a g e n t i c  o r i g i n ,  because 
rubber from d i f f e r e n t  guayule l i n e s  grown under i d e n t i c a l  cond i t ions  
show s u b t l e  d i f fe rences .  The r ecen t ly  developed i n t e r s p e c i f i c  hybrid 
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e line, AZ-101, showed an unusual, bimodal MWD of predominantly low MW 
rubber, while the existing guayule cultivar had primarily high MW 
rubber. Bioregulators did not appear to change MW or M D  significantly. 
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8tr.h 603 
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Figure 2. Molecular weight d i s t r i b u t i o n  of rubber extracted  from the  xylem 
and bark of c u l t i v a r  593 harvested i n  May 1984. 
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Strain 11691 A Mar Harvest 

Molecular Weight 

8tmln 11691 B Nov Herveaf MW= 414434 
MIF 90833 
Mw/Mn= 4.563 
Mx= 697600 

- 

~iw= 366986 
Mn= 74140 
Mw/Mn= 4.950 - Mz= 669839 

Mw= 440969 
Mn= 95824 
~w/Mn= 4.602 

- Mz= 724333 

Molecular Weight 

Figure 3. Molecular weight d i s t r i b u t i o n  of rubber  f o r  c u l t i v a r s  11593 
grown under t h r e e  i r r i g a t i o n  l e v e l s  and harvested i n  
November 1983 and March 1984. 
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Figure 4 .  Comparison of molecular d i s t r i b u t i o n  of cu l t ivars  
593 and 11591 harvested i n  Plarch 1984. 
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Strain 11601 trw= 399447 
tin= 112328 
tlw/Mn= 3.556 
Mz= 647762 

Mw= 399570 
Mn= 103951 
NwlMn= 3.844 
Mz= 668061 

Mw= 417682 
Mn= 112143 
Mw/Mn= 3.725 
Mz= 673159 

Molecular Weight 

Figure 5. Molecular weight distribution qf rubber from guayule plants treated. 
with bioregulators. (A = 2-(2,4 dich1orophenoxy)-triethylamine; 
B = 2-(3,4 dich1orophenoxy)-triethylamine). 
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Molecular Welght 

Figure 6 .  Molecular weight d i s t r i b u t i o n  o f  rubber from stems o f  c u l t i v a r s  
593 and AZ-101 harvested i n  May 1984. 
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a TITLE: DIRECT SEEDING FOR ECONOMICAL GUAYULE RUBBER PRODUCTION UNDER 
DIFFERENT CLIMATIC AND SOIL CONDITIONS 

NRP: 20740 CRIS WORK UNIT: 5510-20740-012 

INTRODUCTION: 

The need to improve the economics of plant establishment of direct 
seeded guayule led to a series of plantings in 1982 and 1983. The spe- 
cific effects of seed treatment and planting procedures, as affecting 
poor germination and lack of seedling vigor were investigated. Also, 
apparent in these two years was the pronounced effect of adverse field 
conditions and cultural practices. The Spring and Fall plantings of 
1984 were directed towards improving germination and seedling survival 
rates by taking into account optimum treatments and methods of 1982 and 
1983. 

SPRING 1984 
FIELD PROCEDURES: 

Direct seeding experiments were continued in 1984 with a spring plant- 
ing in Yuma, Arizona, on Superstition sandy soil (91 to 94% calcareous 
sand). Seed was planted in the bottom of a small corrugation 12.5-cm 
(5-in.) deep to accommodate the sandy soil condition and to possibly 
reduce damage by sandstorms. Row lengths were 152- (500-ft) long, and e irrigation water was applied by an overhead mist using an automated, 
lateral-move sprinkler system. Soil temperatures were taken hourly at a 
1-cm and 3-cm depth and computed into a weekly average (Table 1). A new 
site was chosen for the 1984 plantings because of the accumulation of 
salts in the previously used location. Soil fumigation was not deemed 
necessary in the new site. Twelve rows spaced 56 cm (22 in) apart were 
planted on April 5, 1984, with two seeding procedures as follows: (1) 
pelleted conditioned seed and (2) fluid drilling of conditioned seed. 
Both pelleted and fluid drill were used to see if an improved pellet 
would perform better than previous pelleting procedures. The pelleted 
seeds were planted at 20 seeds/m (6 seeds/ft) intervals; whereas, the 
fluid drilled seeds were planted at 20 seeds/m ( 6  seedslft), 40 seedslm 
(12 seedslft) and 80 seedslm (24 seedslft). Three seed varieties or 
qualities (Salinas "mixed" bulk, 11591, and N56) were planted (Figure 
1). 

In 1984, three seeding rates, were used to cover the range from a low to 
moderate rate of planting. The problem with an even higher planting 
rate was the anticipated cost of guayule seeds. The pellets were made 
for the conditioned seeds using quartz sand, 2.5 percent calf gelatin, 
chilled at 10°C overnight and dried at 20°C for 2 days followed by 
planting at less than 0.2 cm (0.1 in) soil depth. The fluid drilled 
seeds were imbibed (partially pre-germinated before planting) for a 
4-hour period in an aerated water bath, placed in Laponite 445 gel, and 
planted by a fluid driller on the soil surface with a light cover of 
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vermiculite. The rows were irrigated immediately after planting, 
continued daily for 8 days, and followed by watering every 3-5 days for 
the remainder of the trial (Table 1). No nitrogen fertilizer was 
applied. 

In the previous two years (1982 and 1983) both conditioned (PEG + GA) 
and primed seed (PEG only) did equally well and improved germination 
rates over the untreated seeds. Because of the potential of GA for 
improved growth after emergence, we decided to use only the conditioned 
seed in 1984. All the seeds were conditioned by the U. S. Seed Research 
Laboratory, Beltsville, Maryland, since this seed treatment was found to 
be beneficial in the three previous field trials. Conditioning was per- 
formed by using a priming solution of 25 percent polyethylene glycol 
(PEG, MW 8000, an osmoticum to prevent water uptake injury), 0.2 percent 
Thiram fungicide (pH 8) with Ca(OH)2, 0.5 mg/ml KNO3 (an oxidant), and 
10-4~ gibberellic acid (GA, a growth hormore enhancing elongation). 
These conditioned seeds had a laboratory germination rate of: Salinas 
bulk, 40 percent; 11591, 95 percent; and N565, 71 percent. 

RESULTS AND DISCUSSIONS: 

Seedling emergence and plant establishment was uniform for the 1984 
spring planting. In comparison with earlier experiments where plant 
survival declined after germination before becoming consistent, the 
plant counts were almost constant after emergence on all treatments. 
Both the pelleted and fluid drilled seeds began to emerge about 6 to 7 
days after planting. A total of 362 in (14 in) of irrigation water was 
applied during the 3-month establishment period (Table 1). Field ger- 
mination rates based on the total number of seeds planted averaged 9, 
36, and 30 percent, respectively, for the bulk, 11591, and N565 seed 
varieties at the end of establishment period as shown in Table 2. The 
germination rates were nearly twice as much for the fluid drilled over 
the pelleted seeding methods. Plant survival rates (field germination 
divided by maximum expected laboratory germination) were about 40 per- 
cent for the good-quality, 11591 and N565 seeds but less than 21 percent 
for the lower-quality, bulk seeds (Figure 2). Based on these plant sur- 
vival rates, planting rates between 20 and 40 seedsfm (6 and 12 seedsift) 
would be recommended for guayule seeds having a laboratory germination 
rate of better than 70 percent, whereas a planting rate of more than 40 
seeds/m (24 seeds/ft) would be required for lower-quality seeds. Some 
of the possible reasons for less than maximum germination or survival 
rate in the field are problems associated with seedling vigor, salt 
tolerance, seedling diseases, weed control, and other environmental con- 
ditions (wind, soil and air temperature, rainfall, etc.). 

For the 1984 fall planting, seedling emergence was very poor because 
direct seeding was made too soon after the pre-plant, contact herbicide 
was applied for weed control. Since temperatures were cool, the her- 
bicide persisted in the sandy soil for at least 3 to 4 weeks. Several 
greenhouse investigations and laboratory analyses were conducted to 
verify that seedling germination was limited by the herbicide; and a 
second, smaller direct seeding experiment was conducted on November 15 
to demonstrate that the guayule seeds would germinate properly in the 
sandy soil. 
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a SUMMARY AND CONCLUSIONS: 

- 
Direct seeding of guayule in the field has shown considerable promise 
where the seeds are conditioned with polyethylene glycol and gibberellic 
acid, planted using pelleting or fluid drilling techniques, and precise- 
ly irrigated being careful not to under or over irrigate. Planting 
rates between 20 and 40 seedslm (6 and 12 seedslft) were adequate to 
obtain moderate plant populations when the guayule seeds have an initial 
germination rate of more than 7 0  percent. Although satisfactory stands 
were achieved with the conditioned seeds, guayule seedling vigor and 
salt tolerance are possibly the two main problems that need to be solved 
before direct seeding can be recommended for the establishment of this 
crop under semiarid conditions. Direct seeding studies on yayule will 
continue with two planting dates in April and May, 1985 on the sandy 
soil. Three seed varieties and planting rates will again be used, but 
the planting of pelleted seed will be replaced by planting raw condi- 
tioned seeds with a new precision planter in addition to fluid drilling. 
Five irrigation treatments will be included if a uniform stand is 
attached, and weed control procedures will be improved. 

PERSONNEL: D. A. Bucks and 0. F. French (U. S. Water Conservation 
Laboratory); G. R. Chandra (U. S. Seed Research Laboratory); 
and R. L. Roth and D. E. Powers (University of Arizona) 
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Table 2. Fie ld  germination rates a f t e r  3 months based on the t o t a l  number 
of seeds planted on April 5, 1984. 

Planting Seeding Seed Variety 11 
Methods Rate bulk 11591 N565 Average 

(seedslm) (percent germination)l! 
pe l le ted seeding 20 7 27 14 16 
f l u i d  d r i l l e d  20 12 39 38 30 

seeding 40 8 42 34 28 
80 8 37 33 26 

average (percent germination) 9 36 30 

11 Laboratory germination: bulk = 40 percent, 11591 = 95 percent, and N565 
= 71 percent 

Ll Average of 3 repl icates  
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ROW 
NUMBER 

TREATMENT 
NUMBER 

T2 CONDITIONED,WITH GA PELLET 11591 20seedsh  

I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
I I 
12 

T3 CONDITIONED,WITH GA PELLET MIXED BULK 20 seedsh  

T II 
I 
8 

- 74  
T 3 

: 5' 
:: . 
TI 2 

;lo 

T4 CONDITIONED,WITH GA FLUID DRILL N565 20 seedsh 

bp 152m 1 
SEED PLANTING SEED SEEDING 

TREATMENT METHOD CULTIVAR RATE 

TI CONDITIONED,WITH GA PELLET N565 20 seeds/m 

T5CONDITIONED,WITH GA FLUID DRILL N565 40 seedsh  

T~CONDIT~ONED,WITH GA FLUID DRILL N565 8 0  seedsh 

T7CONDITIONED,WlTH GA FLUID DRILL 11591 20 seedsh 

T8CONDITIONED,WITH GA FLUID DRILL 11591 40 seeddm 

T9CONDKIONED,WITH GA FLUID DRILL 11591 8 0  seedsh 

~OCONDITtONED,WITH GA FLUlD DRILL MIXED BULK 20 seeds/m 

Tll CONDlTIONED,WlTH GA FLUID DRILL MIXED BULK 40 seeds& 

~2CONDIT10NED,WITH GA FLUID DRILL MIXED BULK BOseeds/m 

Figure 1. Field diagram for direct seedin experiment of 
guayule seeds in  the spring 1988 at  Yurna, AZ. 
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FLUID DRILL 20 SEEDS/ METER - 
FLUlD DRlLL 40 SEEDS/ METER --+-- 
FLUlD DRILL 8 0  SEEOWMETER --Aq.- 

PELLETED 2 0  SEEDS/ METER "".a""'- 
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Figure 2. Pe rcen t  seed germinat ion and f i e l d  s e e d l i n g  s u r v i v a l  by seed  
c u l t i v a r ,  p l an t ing  method, and p l a n t i n g  r a t e  i n  t h e  Spring 
1984 a t  Yuma, Arizona. 
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m TITLE: THE EFFECTS OF PLANT BIOREGULATORS ON GUAYULE RUBBER AND RESIN 
PRODUCTION AND SELECTED PHYSIOLOGICAL CHARACTERISTICS 

NRP: 20740 CRIS WORK UNIT: 5510-20740-012 

INTRODUCTION: 

Guayule (Parthenium argentatum Gray), a xerophytic rubber producing 
shrub indigenous to the Chihuahuan Desert of north-central Mexico and 
the adjacent Big Bend area of southwestern Texas, has the potential to 
become a domestic source of natural rubber with quality comparable to 
the tropically-adapted Hevea brasiliensis (Ray, 1983). Guayule is a 
highly-branched, symmetrically-shaped perennial shrub of the Compositae 
Family (Lloyd, 1911). In its native habitat, guayule grows to a maximum 
height of about 1 m at elevations between 610 and 1830 m on well-drained 
calcareous soils receiving 25 to 30 cm of rainfall annually (Ray, 1983). 
In addition to high quality rubber, the guayule plant also produces 
resins with potential commercial applications as coatings for water 
resistance and as peptizers (prooxidants) used in rubber processing 
(Belmares, et al., 1980). The bagasse may be used as pulp for paper, as 
a ,feedstock, and as a fuel to power the rubber processing plants (Ray, 
1983). 

At the present time, however, guayule rubber yields are too low to 
attract commercial production. It is estimated that guayule rubber 
yields must double to make the crop economically feasible at current a rubber prices (Wright et al., 1984). This situation may change, how- 
ever, with changes in the price and availability of sources of - 
and synthetic rubber. 

Guayule breeding efforts are currently underway to increase rubber 
yields, but it may be five or more years before significant progress is 
realized (Rubis, 1984). The anticipated progress through breeding may 
be delayed even further by the complex genetic and reproductive system 
which guayule has been shown to possess. Guayule plants have been found 
with several ploidy levels and may produce seed either by amphimixis or 
apomixis (Ray, 1983). 

Another means of increasing guayule rubber yields may be through the 
application of plant bioregulating substances. Studies by Bayman et al., 
(19741, Hayman and Yokoyama (1976) and Hsu et al., (1974) demonstrated 
the chemical bioinduction of tetraterpenoids in carotenogenic tissue. 
Yokoyama et al., (1977) concluded that these bioregulators result in 
increased synthesis of enzymes in the tetra-terpenoid pathway through a 
process of gene derepression. These studies led to the hypothesis that 
application of plant bioregulators may increase - cis-polyisoprenoid 
synthesis in guayule. 

The compound 2-(3,4-dichlorophenoxy)triethylamine (DCPTA), in par- 
ticular, has shown promise as a bioregulator for increasing polyisopre- 
noid rubber production of guayule. The initial studies by Yokoyama et 

m al. (1977) resulted in 2.7- to 4.3-fold increases in percent rubber 
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content of four-month-old greenhouse-grown and eight-month-old field- 
grown guayule, respectively. The plants in these studies were treated 
with 5000 ppm DCPTA and sampled three weeks after treatment. While the 
percentage increase in rubber due to DCPTA treatment appeared to be sub- 
stantial, the average rubber content of the plants increased from only 
1.25 to 3.47 % in the greenhouse and from .91 to 3.03 % in the field. 
Rubber percentages of mature guayule plants may be as high as 20 % or 
more (Hammond and Polhamus, 1965). 

Benedict et al., (1983) reported a two-fold increase in percent rubber 
of DCPTA-treated greenhouse-grown guayule. Ten-week-old plants were 
treated with 5000 ppm of DCPTA at a rate of 5 ml per plant. DCPTA 
treatment also resulted in a 1.5 to 3.0 fold increase in the activity of 
the enzymes mevalonic acid kinase, isopentenyl pyrophosphate isomerase, 
and rubber transferase, all of which are involved in the synthesis of 
cis-polyisoprene. DCPTA had no effect on plant dry weight. 

Further research by Hayman et al., (1983) demonstrated that lower con- 
centrations of DCPTA (125 and 500 ppm) applied at higher rates (100 ml 
per plant) resulted in higher rubber yields. A 91% increase in rubber 
yield per plant was reported. There was no significant increase in per- 
cent rubber of the samples, however. The higher rubber yields were, 
therefore, due to a DCPTA-induced increase in plant biomass, not percent 
rubber. It should be noted that with the 100 ml per plant application 
rate used in this study it would be necessary to a ply a volume of 2875 
1 ha-1 for a planting density of 28,750 plants ha-y, a volume which is 
impractically large for commercial production. It may be more practical 
to increase the DCPTA concentration of the solution and apply smaller 
volumes per plant. 

More recent studies by Bucks et al., (1984) showed no significant 
effects of DCPTA applied to field-grown guayule. Plants in Yuma, 
Arizona, were treated with 100 ppm DCPTA at a rate of 100 ml per plant 
four times during 1982 and 350 ml per plant applied four times during 
1983. The low concentrations of DCPTA, even at high application rates, 
were unsuccessful in promoting rubber yields, either by way of 
increasing percent rubber or plant biomass. 

These reports on the effects of DCPTA on guayule rubber yield appear to 
be contradictory, but a lack of consistent and repeatable results from 
bioregulator studies are not unusual. Bhalla (1981) has outlined the 
"consistently inconsistent" results obtained through experimentation 
with the plant growth regulator triacontanol. The growth regulator 
mepiquat chloride has also produced inconsistent results when applied to 
cotton (Briggs, 1981), and the effects have been highly sensitive to 
environmental conditions. 

Guayule leaves are covered with a very hard, high molecular weight wax 
(C 48 to C 54) (Palu and Garrot, 1983 and Ray, 1983). The thickness of 
the leaf wax is influenced by environmental- conditions and plant age, 
with older plants and plants subjected to drought having the thicker 
layer of wax on their leaves (Lloyd, 1911). Differences in environmental 
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e conditions and subsequent differences in cuticle thickness preceding 
application of bioregulators may restrict the entry of the bioregulators 
into the leaves, and may account for the differences reported for DCPTA 
effects. 

The results of DCPTA applications to guayule, while inconsistent, indi- 
cate a potential for its use in improving guayule rubber yield. No stu- 
dies have yet been reported, however, which address the questions of 
application rates, application timing, or number of applications for 
optimum rubber yields. Nor has the chemical nature of DCPTA been 
investigated with respect to solubility, leaf penetration, or mobility 
within the plant. The objective of this study is to investigate the 
preceding questions as well as study the effects of DCPTA on photo- 
synthesis, plant water balance, and other selected physiological pro- 
cesses. 

PROCEDURES : 

Three separate studies were initiated to investigate the effects 
of DCPTA on rubber and resin production and selected physiological 
characteristics of guayule. All guayule material used in these 
studies was cv. N 565 11. The DCPTA used in these studies was synthe- 
sized and provided by Dr. Henry Yokoyama, U.S. Fruit and Vegetable 
Chemistry Laboratory, USDA-ARS, Pasadena, CA 91106. 

Maricopa AZ, Field Studies: 

A total of 960 guayule seedlings (cv. N 565 11) were transplanted from 
the greenhouse into the field at the University of Arizona Maricopa 
Agricultural Center on November 15, 1984. The soil type is Casa Grande 
sandy clay loam. The 10 to 15 cm tall seedlings were transplanted using 
a single row mechanical transplanter into beds spaced 100 cm apart. 
Plant spacing within rows was 45 cm. An experimental unit consisted of 
four rows with 10 plants per row for a total of 40 plants per plot. 
Treatment of the plots with DCPTA will begin in March of 1985 and con- 
tinue through December 1986. The treatment descriptions are outlined in 
Table 1. The DCPTA applications are designed to investigate the effects 
of time of application (spring, summer, fall, or winter) and the total 
number of applications (two, four, or eight) over a two year period. 
All DCPTA solutions will be at 5000 ppm concentration and include a com- 
mercially available surfactant at the recommended concentration. 

Plants will be sprayed with a volume that thoroughly wets the adaxial 
side of all leaves. This volume will necessarily increase with each 
subsequent application date as the plants mature. Samples will be har- 
vested twice for analysis of rubber and resin content; once in February 
1986 and again in February 1987. Harvested plants will be allowed to 
dry at air temperature for approximately two weeks before being pro- 
cessed for rubber and resin analysis. Three subsamplea, each consisting 
of two plants, will be harvested from each plot on both harvest dates. 

e Rubber and resin content will be determined by a double-extraction 
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gravimetric procedure (Black et al., 1983). Rubber and resin content 
data will be analyzed with an ANOVA for a randomized complete block 
design with subsampling (Steel and Torrie, 1980). 

Leaf transpiration, diffusive resistance, and temperature differential 
will be measured on cloudless days twice weekly from April through 
October with a Licor 1600 steady state porometer. Two fully expanded 
leaves near the top of two plants will be sampled in each plot. Each 
trait will be subjected to a repeated measures ANOVA and a regression 
analysis as described by Finlay and Wilkinson (1963). 

One plant will be harvested from each plot monthly between February 1985 
and February 1987 for fresh weight, dry weight, and leaf area measure- 
ments. Plant heights of four plants in each plot will be measured 
weekly between January 1985 and February 1987. 

Volumetric soil water content will be measured weekly begining in March 
1985 with a Campbell Pacific Nuclear model 503 neutron moisture meter. 
Access tubes are located in the middle of one of the inner two beds in 
each plot in blocks I and I1 to a depth of approximately 260 cm. 
Measurements will be taken between 20 and 220 cm at 20 cm intervals. 
Soil water content data will be used to determine if the DCPTA-treated 
guayule exhibit different water extraction patterns and to study soil 
moisture by DCPTA treatment interactions with transpiration, diffusive 
resistance, and temperature differential. 

USWCL, Field Study: 

A total of 720 two-month-old guayule seedling (cv N 565 11) were trans- 
planted from the greenhouse into field plots at the U.S. Water 
Conservation Laboratory. One half of the plots in each of two blocks 
were planted on October 12, 1984 and the rest of the plots were planted 
on March 7, 1985. The plots were rotatilled to 15 cm and fertilized 
with 50 lb per acre N as ammonium phosphate on October 11, 1984. The 
soil type is an Avondale clay loam. 

An experimental unit consists of 3 rows of 12 plants, with 30 cm row 
spacing and 15 cm between plants within a row. The treatments will con- 
sist of four concentrations of DCPTA (750, 1500, 3000, and 6000 ppm), 
with each treatment solution containing a commercial wetting agent at 
the recommended rate. The four DCPTA treatments and a control will be 
completely randomized in each of four blocks. Application of treatments 
will take place during April 1985. 

Each block contains one centrally located 260 cm deep access tube for 
measurements of volumetric soil water content with the neutron moisture 
probe. Soil moisture content will be measured weekly throughout the 
experiment as an aid in scheduling irrigation. Water will be delivered 
to the plots through a surface drip irrigation system. 

Plants will be harvested twice for analysis of rubber and resin content; 
at 90 and 180 days after treatment. Three subsamples, each consisting 
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a of two plants, will be harvested from each plot on each harvest date. 
The rubber and resin determinations will be conducted as described 
earlier. 

Apparent photosynthesis (AP) will be measured on two consecutive days 
each week beginning the first week after treatment with a Licor 6000 
portable photosynthesis measurement system. The same plant in each plot 
will be used for AP measurements for a given week. After the second 
measurement the plant will be harvested and the leaf area measured to 
allow for calculation of AP on a leaf area basis. Fresh weight and dry 
weight of these plants will also be measured. Plant height of four 
plants in each plot will be measured each week. The data will be ana- 
lyzed using an ANOVA regression analysis. 

USWCL, Greenhouse Study: 

several hundred guayule seedlings (cv N 565 11) were started in medium- 
grained vermiculite in the greenhouse between 7 and 15 January 1985. 
After one month, 240 seedlings of uniform size were transplanted into 
616 1 pots containing a peat-vermiculite mix (3:l v:v). The plants were 
fertilized with full strength Hoaglandts solution (tfoagland and Arnon, 
1950) three times each week. At 2 months of age the plants were treated 
with DCPTA solutions of 375, 750, 1500, 3000, and 6000 ppm in com- 
bination with and without 1 X dimethylsulfoxide (DMSO) and a commercial 

a surfactant. A complete list of treatment combinations is listed in 
Table 1. DMSO is being investigated because of its solvent properties 
which may enhance penetration o£ DCPTA through the thick waxy layer of 
the guayule leaves (Jacob et al., 1964). 

Three greenhouse benches will delineate each of three blocks. Each 
treatment will be applied to five individual plants (five subsamplee) 
within each block. Treatments and subsamples within each block will be 
completely randomized. Plant height of each plant will be measured each 
week for two months following treatment application. Plants will be 
harvested two months after treatment. Material from each plant will be 
separated into leaf, stem, and root and crown tissue for fresh and dry 
weight measurement prior to rubber and resin analysis as previously 
described. 
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Table 1. Bioregulator treatments applied to guayule at the Maricopa 
Agricultural Center during 1985 and 1986. 

Treatment Time of Application Number of Applications 

control 
Spring 1985, 1986 
Summer 1985, 1986 
Fall 1985, 1986 
Winter 1985, 1986 
Spring, Summer, Fall, 
Winter 1985 
Spring, Summer, Fall, 
Winter 1986 
Spring, Summer, Fall, 
Winter 1985, 1986 

Table 2. Treatment combinations applied to greenhouse-grown guayule 
during March 1985." 

Treatment DCPTA DMSO 
Number ( PP~) ( % I  Surf actant 

1 0 0 no 
2 0 0 Yes 
3 o o yes 
4 375 0 Yes 
5 750 0 Yes 
6 1500 0 Yes 
7 3000 0 Yes 
8 6000 0 Yes 
9 375 1 Yes 
10 750 1 Yes 
11 1500 1 Yes 
12 3000 1 Yes 
13 6000 1 Yes 
14 3000 I** yea 

* In 250 ml volume. 
** DMSO applied 24 hours prior to DCPTA application for treatment 

number 14. 
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TITLE : SOIL-PLANT-ATMOSPHERE INTERACTIONS AS RELATED TO HATER 
CONSERVATION AND CROP PRODUCTION 

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

INTRODUCTION 

Another banner year  f o r  our  research  group. I n  order  t o  comply wi th  t h e  
Paperwork Reduction Act, only our  most s i g n i f i c a n t  pub l i ca t ions  w i l l  be 
presented i n  t h i s  repor t .  We had 60 papers published, 41 a r e  i n  p r e s s  
and 3 a r e  i n  t h e  jou rna l  review process.  Many papers were of t h e  book 
review type. There a r e  numerous manuscripts i n  var ious  s t a g e s  of 
completion, which you w i l l  read about next  year.  

Two papers desc r ibe  t h e  use  of remotely sensed parameters t o  eva lua te  
components of  t h e  s u r f a c e  energy balance. One d i scusses  t h e  use  of 
r e f l e c t e d  and emit ted r a d i a t i o n  a s  i n p u t s  t o  c a l c u l a t e  n e t  r a d i a t i o n ,  
and t h e  o t h e r  inco rpora t e s  su r face  temperature t o  eva lua te  a c t u a l  evapo- 
t r a n s p i r a t i o n .  The p o t e n t i a l  use  of remote sens ing  i n  farm management 
d e c i s i o n  making i s  t h e  s u b j e c t  of t h r e e  papers. The f i r s t  d e a l s  w i t h  
t h e  r e l a t i o n s h i p s  between s p e c t r a l  d a t a  and crop and s o i l  p rope r t i e s .  
I r r i g a t i o n  scheduling us ing  crop temperature is  d e t a i l e d  i n  t h e  o t h e r  
two papers. Using s p e c t r a l  r e f l e c t a n c e  t o  desc r ibe  crop and s o i l  con- 
d i t i o n s  i s  t h e  s u b j e c t  of  6 papers.  One paper  desc r ibes  how information 
from a multiband sensor  can be used t o  c a l c u l a t e  t o t a l  r e f l e c t e d  s o l a r  e r ad ia t ion .  A second paper eva lua te s  t h e  temperature s t a b i l i t y  of such a 
radiometer.  Discriminat ing s o i l  and vege ta t ion  under p a r t i a l  canopy 
condi t ions  i s  t h e  s u b j e c t  of two papers ,  and one paper desc r ibes  how 
var ious  vege ta t ion  i n d i c e s  a r e  c o r r e l a t e d  w i t h  var ious  p l a n t  parameters 
f o r  w in te r  wheat. Another paper addresses  t h e  combined e f f e c t  of sun  
angle  and canopy a r c h i t e c t u r e  on t h e  r e f l e c t a n c e  of  wheat c u l t i v a r s .  

Three papers  d e a l  w i th  t h e  use of canopy temperature t o  desc r ibe  p l a n t  
behavior. The f i r s t  d i scusses  t h e  s t a b i l i t y  of non-water-stressed base- 
l i n e s  f o r  two types of  p l a n t s ,  wheat and water hyacinths.  A second 
hyacinth s tudy examined t h e  s tomata1 conductance and n e t  photosynthes is  
responses t o  a suddenly-induced s t r e s s .  Canopy temperature of  sunflower 
was s imulated from weather s t a t i o n  d a t a  from which root-zone s o i l  water 
p o t e n t i a l  was in fe r r ed .  

The e f f e c t  of C02 on p l a n t s  and c l ima te  i s  examined i n  f o u r  papers. One 
d e a l s  w i th  how water  hyacinth responds t o  increased  atmospheric GO2, and 
t h e  o t h e r  t h r e e  address  t h e  i s s u e  of how world c l imate  many respond t o  
COz  i nc reases ,  and what t h e  p o t e n t i a l  e f f e c t  on streamflow w i l l  be. A 
s i n g l e  paper r e p o r t s  t h e  f ind ings  of how a q u a t i c  vege ta t ion  i n f l u e n c e s  
evapora t ive  l o s s e s  from ponds and r e s e r v o i r s .  Four r e p o r t s  a r e  inc luded 
i n  t h i s  y e a r 3 s  annual publ ica t ion .  The f i r s t  desc r ibes  work i n  progress  
on t h e  e f f e c t s  of C02 enrichment of agave, fresh-water a l g a e  and wa te r  
hyacinths.  A s tudy was i n i t i a t e d  and completed t o  eva lua te  t h e  s t a b i -  
l i t y  of t h e  c a l i b r a t i o n  c o e f f i c i e n t s  of n e t  radiometers  over  vegeta ted  
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and bare s o i l  surfaces. A brief  description of a recent ly  acquired 
remote image processing system i s  a l so  included i n  t h i s  report .  And, 
f i n a l l y ,  we describe the nost recent experiment i n  our backyard where we 
use remote sensing techniques t o  characterize the growth and behavior of 
a l f a l f a .  

ENERGY BALANCE 

Reginato, R. J., Jackson, R. D., and Pinter ,  P. J., Jr. Evapotranspira- 
t ion calculated from remote mult ispectra l  and ground s t a t i o n  meteorolo- 
g ica l  data. Remote Sensing of Environment. ( In  press) 

Evapotranspiration was evaluated by combining remotely sensed ref lected 
so la r  radiat ion and surface temperatures with ground s t a t i o n  meteorolo- 
g ica l  data (incoming so l a r  radiation,  a i r  temperature, wind speed, and 
vapor pressure) t o  calculate  ne t  radiation and sensible  heat flux. Soi l  
heat f lux was estimated a s  a f rac t ion  of the net  radiation.  Instanta- 
nequs values of ET were calculated f o r  18 wheat p lo t s  f o r  44 cloudless 
days over a growing season. Three of the 18 p lo ts  contained lysimeters 
which provided data t o  compare against the  instantaneous values. For 
the  remaining p lo ts ,  da i ly  ET was estimated from the instantaneous data 
and compared with values calculated from s o i l  water contents measured 
with a neutron moisture meter. For generally c lear  sky conditions, the  
comparisons indicated tha t  ET could be adequately evaluated using a c o w  
bination of remotely sensed and ground-based meteorological data. The 
resu l t s  suggest t ha t  ET maps of re la t ive ly  la rge  areas could be made 
using t h i s  method with data from airborne sensors. The extent of the  
area covered appears t o  be l imited by the distance tha t  a i r  temperature 
and windspeed data can be extrapolated. 

Jackson, R. D., P inter ,  P. J., Jr., and Reginato, R. J. N e t  radiat ion 
calculated from remote mult ispectra l  and ground s t a t i on  meteorological 
data. Agricultural and Forest Meteorology. ( In  press).  

Of the four terms t h a t  comprise net  radiation,  the  incoming so l a r  and 
the longwave radiat ion from the atmosphere a r e  essen t ia l ly  independent 
of surface conditions (e.g., bare s o i l ,  vegetation). These terms can be 
measured a t  a s ing le  locat ion using ground-based instruments and extrap- 
olated over re la t ive ly  l a rge  areas. The re f lec ted  so la r  and t h e  emitted 
longwave terms a r e  surface dependent, but a r e  amenable t o  measurement by 
remote means. A method i s  described whereby net  radiat ion i s  evaluated 
by combining ground-based meteorological and remote mult ispectra l  
measurements. Net rad ia t ion  values obtained using the remote method 
were compared t o  values obtained using miniature net radiometers. The 
net radiometers were positioned near the  center of 18 wheat p lo t s  and 
the multispectral  measurements were made over a 6 m t ransect  on each 
plot. Although the two methods used instruments having d i f f e r en t  
fields-of-view, good agreement was obtained. The r e s u l t s  imply tha t ,  by 
combining ground-based and remote measurements, net  rad ia t ion  maps of 
re la t ive ly  large areas can be constructed a t  the l e v e l  of d e t a i l  d e t e r  
mined by the resolution element of the  multispectral  radiometer. 
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e FARM MANAGEMENT 

Jackson, R. D. Remote Sensing of Vegetation C h a r a c t e r i s t i c s  f o r  Farm 
Management. SPIE Vol. 475, Remote sensing. pp. 81-96. 

The p o t e n t i a l  f o r  remotely sensed d a t a  being used by farmers i n  making 
day-trrday management dec i s ions  has not  been f u l l y  r e a l i z e d  because t h e  
d a t a  have gene ra l ly  n o t  been a v a i l a b l e  i n  real-time. Furthermore, t h e  
r e l a t i o n s h i p s  between s p e c t r a l  d a t a  and crop and s o i l  p r o p e r t i e s  have 
y e t  t o  be incorpora ted  i n t o  t h e  exper t  systems necessary f o r  rap id  d a t a  
a n a l y s i s  and i n t e r p r e t a t i o n .  This  review d e t a i l s  some major require- 
ments f o r  a farm o r i en ted  remote sensing system, and e v a l u a t e s  t h e  
state-of-the-art  concerning r e l a t i o n s h i p s  between s p e c t r a l  d a t a  and crop  
and s o i l  p rope r t i e s .  Current and proposed remote sens ing  systems geared 
toward farm management a r e  discussed. 

Reginato, R. J., and Howe, J. I r r i g a t i o n  scheduling us ing  crop indica-  
t o r , ~ .  J. I r r i g .  and Drainage Engin. ( I n  press) .  

P e t i o l e  water  content  and canopy temperature of c o t t o n  were used a s  
i n d i c a t o r s  of s t r e s s  i n  co t ton .  A crop water  stress index (CWSI) us ing  
remotely sensed canopy temperature was a b e t t e r  i n d i c a t o r  of p l an t  
s t r e s s  then was p e t i o l e  water  content.  This  po in t  was most evident  when 
us ing  these  parameters a s  a p o t e n t i a l  t o o l  f o r  scheduling i r r i g a t i o n s  
and f o r  e s t ima t ing  l i n t  c o t t o n  y ie ld .  From t h e s e  r e s u l t s  we conclude 
t h a t  a CWSI, u s ing  canopy temperature, i s  a s e n s i t i v e  i n d i c a t o r  of crop 

(I) s t r e s s .  Both CWSI i n d i c e s  evaluated,  g i v e  s i m i l a r  r e s u l t s ,  and a u s e r  
should choose t h e  one which s u i t s  h i s  condi t ions  bes t .  The CWSI may be 
used f o r  scheduling i r r i g a t i o n s  and f o r  e s t ima t ing  l i n t  c o t t o n  y i e l d  
p r i o r  t o  harves t .  P e t i o l e  water  content ,  on t h e  o t h e r  hand, does not  
appear t o  possess  t h e  s e n s i t i v i t y  of  a CWSI f o r  a s ses s ing  crop  stress. 
Addit ional ly,  PWC involves  a l abor  i n t e n s i v e  d e s t r u c t i v e  p l a n t  sampling 
procedure which y i e l d s  d a t a  f o r  a s i n g l e  p l a n t  p a r t ,  whereas a CWSI i s  
derived from a measurement t h a t  surveys many p l a n t s .  For a r ap id  
assessment of  crop s t r e s s  t o  schedule i r r i g a t i o n s  and t o  e s t i m a t e  y i e l d ,  
i t  seems appropr i a t e  t o  u s e  t h e  CWSI. 

Reginato, R. J. P l a n t  stress and i r r i g a t i o n  scheduling. Proc. Conf. on 
t h e  Appl ica t ion  of Remote Sensing t o  Agr icul ture .  Univ. of  Arizona, 
College of Agr icul ture ,  Casa Grande, AZ. pp. 37-44. 

Scheduling i r r i g a t i o n s  us ing  t r a d i t i o n a l  s o i l  and atmospheric techniques 
i s  cont ras ted  wi th  a r e l a t i v e l y  new method us ing  remotely sensed crop  
temperature. A hand-held i n f r a r e d  thermometer was used t o  a s s e s s  p l a n t  
s t r e s s  f o r  both  wheat and c o t t o n  i n  two f i e l d  experiments. It was shown 
t h a t  p l an t  stress decreased t o  a minimum value  about 3 t o  5 days 
fol lowing a n  i r r i g a t i o n  and then increased  u n t i l  t h e  next  i r r i g a t i o n .  
The a p p l i c a b i l i t y  of  t h e  remote sens ing  technique t o  schedule  i r r i g a -  
t i o n s  was demonstrated. 
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SPECTRAL REFLECTANCE 

Jackson, R. D. Total  ref lected so l a r  radiation calculated from multi- 
band sensor data. Agric & Forest Meteorol., 33:163-174. 

Reflected solar  radiat ion i s  a s ignif icant  term i n  the net  radiat ion 
equation and i s  the one most strongly affected by surface conditions. 
The evaluation of ne t  radiat ion over a heterogeneous area requires  a 
detailed knowledge of the a r ea l  d i s t r ibu t ion  of the ref lected so l a r  
radiation. Remote sensing of fe rs  a means t o  obtain t h i s  a r e a l  distr ibu- 
t ion,  provided tha t  the  t o t a l  ref lected so l a r  spectrum can be estimated 
from d iscre te  band multispectral  radiometric data. A rad ia t ive  t ransfer  
model was used t o  calculate  the irradiance a t  the ear th 's  surface f o r  a 
number of atmospheric s ca t t e r ing  and absorption conditions. Response 
functions of two multiband radiometers were used t o  obtain the p a r t i a l  
spectrum/spectrum (PIT) r a t i o  f o r  each radiometer a t  each atmospheric 
condition. It was found tha t  the  P/T r a t i o  was essen t ia l ly  independent 
of atmospheric sca t te r ing  and only mildly dependent on water vapor 
absorption. Reflectance spec t ra l  d i s t r ibu t ions  f o r  1 4  d i f f e r en t  surface 
conditions (bare s o i l  t o  f u l l  green canopy) were used along with the 
i r radiance data t o  determine the PIT r a t i o  f o r  ref lected so l a r  
radiation.  Multispectral data,  with the appropriate PIT r a t i o ,  were 
used t o  calculate  the t o t a l  incoming radiat ion and the t o t a l  ref lected 
radiat ion from a wheat canopy. The calculated data d i f fe red  from wide 
band pyranometer data by about 5%. It was concluded tha t  both t o t a l  
incoming and ref lected so la r  radiat ion can be evaluated from multi- 
spec t ra l  radiometric data. This development i s  a s tep  towards regional 
net  radiation maps, and possibly regional evapotranspiration maps. 

Jackson, R. D., and Robinson, B. F. Field evaluation of t he  temperature 
s t a b i l i t y  of a multispectral  radiometer. Remote Sensing of Environ., 
17:103-108. 

Measurements of radiance from a cal ibrated barium su l f a t e  painted 
reflectance panel, made during the course of routine f i e l d  experiments, 
were used t o  evaluate the  e f f ec t  of detector temperature on the voltage 
output from s i l i con  (S i )  and lead su l f ide  (PbS) detectors  of a multiband 
spectral  radiometer. The four S i  detectors  were found t o  be nearly 
independent of temperature changes. However, the  voltage output from 
the three PbS detectors decreased l i nea r ly  with increasing detector tea- 
perature a t  a r a t e  of 4 t o  5 % " ~ - l ,  which i s  considerably more than 
expected from manufacturer's specif icat ions  f o r  the  instrument. The 
e r ror  i n  reflectance values caused by a detector temperature change of 
1°C was l e s s  than 0.25% of value f o r  the  S i  detectors ,  but was about 
2.5% of value for  the  PbS detectors. A correction fac tor  was derived t o  
adjust  measured voltages t o  a reference temperature and t o  compute 
corrected reflectances. The correction fac tor  can be derived from ana- 
l y s i s  of f i e l d  instruments of radiance from a cal ibrated ref lectance 
panel, i f  the detector temperature is  known a t  the  time of measurement. 
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P i n t e r ,  P. J., Jr., Jackson, R. D.,  Ezra, C. E., and Gausman, H. Sun 
angle  and canopy a r c h i t e c t u r e  e f f e c t s  on t h e  s p e c t r a l  r e f l e c t a n c e  of s i x  
wheat c u l t i v a r s .  I n t e r n a t i o n a l  Jou rna l  of Remote Sensing. ( I n  press) .  

Canopy s p e c t r a l  r e f l e c t a n c e s  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  4 5  minute i n t e r v a l s  on 9 March 83  us ing  two ground-based radio- 
meters  w i t h  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 t h e  multi-  
s p e c 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 e c t a n c e  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 
spectrophotometer revealed no c u l t i v a r r e l a t e d  d i f f e r e n c e s  and supported 
t h e  content ion  t h a t  t h e  r e f l ec t ances  were s t r o n g l y  inf luenced  by canopy 
a r c h i t e c t u r a l  f e a t u r e s .  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  re inforced  
t h i s  conclusion w i t h  p lanophi le  canopies e x h i b i t i n g  t h e  least 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 d a t a  underscore t h e  complexi t ies  of  i n t e r p r e t i n g  
remotely sensed m u l t i s p e c t r a l  d a t a  and suggest  t h a t  mul t ip l e  sun angle  
d a t a  a c q u i s i t i o n s  may be requi red  t o  e x t r a c t  d e s i r e d  information. 

Huete, A. R., Jackson, R. D., and Pos t ,  D. F. S p e c 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 Sensing o f  
Environ., 17:37-53. 

The s p e c t r a l  behavior of a co t ton  canopy wi th  f o u r  s o i l  types  a l t e r  * n a t e l y  i n s e r t e d  underneath was examined a t  va r ious  l e v e l s  of vege ta t ion  
dens i ty .  Measured composite spec t r a ,  r ep resen t ing  var ious  mixtures  of 
vege ta t ion  wi th  d i f f e r e n t  s o i l  backgrounds were compared w i t h  e x i s t i n g  
measures of  greenness,  i nc lud ing  t h e  NIR-Red band r a t i o s ,  t h e  perpen- 
d i c u l a r  vegeta t ion  index (PVI) and t h e  greenness vege ta t ion  index (GVI). 
Observed s p e c t r a l  p a t t e r n s  involv ing  cons tant  vege ta t ion  amounts wi th  
d i f f e r e n t  s o i l  backgrounds could n o t  be explained nor  predic ted  by 
e i t h e r  t h e  r a t i o  o r  t h e  orthogonal  greenness measures. A l l  greenness 
measures were found t o  be s t rong ly  dependent on s o i l  br ightness .  
Furthermore, soil-induced greenness changes became g r e a t e r  wi th  
inc reas ing  amounts of  vege ta t ion  up t o  60% green cover. The r e s u l t s  
presented sugges ts  t h a t  s o i l  and p l a n t  s p e c t r a  i n t e r a c t i v e l y  mix i n  a 
nonadditive, p a r t l y  co r re l a t ed  manner t o  produce composite canopy 
spec t ra .  

Ezra,  C. E., Tinney, L. T., and Jackson, R. D. E f f e c t  of s o i l  
background on d i sc r imina t ion  of vege ta t ion  us ing  Landsat data .  Remote 
Sensing of Environ., 16:233-242. 

Landsat s a t e l l i t e  d i g i t a l  count va lues  were e x t r a c t e d  from a 512 by 5 1 2  
subscene f o r  wet and d ry  bare  s o i l  p o i n t s  over  t h r e e  s p e c t r a l l y  d i f -  
f e r e n t  s o i l  types.  These va lues  were used t o  c a l c u l a t e  b r igh tness  and 
greenness va lues  f o r  t h e  t h r e e  s i t e  s p e c i f i c  s o i l s  u s ing  a s e t  of  g loba l  
c o e f f i c i e n t s .  A comparison was made between t h e  u s e  of g loba l  coef- 
f i c i e n t s  and those  der ived  f o r  i nd iv idua l  s o i l  types.  Resu l t s  showed 
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that  the e f fec t  of s o i l  background noise i n  the discrimination of vege- 
t a t i on  can be more effect ively minimized using s i t e  spec i f ic  s o i l  l ines .  
This technique enhances the potent ia l  f o r  remotely sensed data t o  be 
used for  smaller area assessments such a s  individual f ie lds .  

Dusek, D. A., Jackson, R. D., and l4usick, J. T. Linear correla t ions  
between winter wheat parameters and various combinations of seven 
spec t ra l  bands. Remote Sensing of Environment. (Not yet  accepted). 

Reflectance data were taken f o r  a f u l l  growing season on s i x  var ie t ies  
of winter wheat grown over a range of water d e f i c i t  treatments 
(controlled by i r r i ga t ion )  i n  the Southern High Plains. Spectral  data 
were collected with a multiband modular radiometer having seven bands 
within the ref lected region of the spectrum. A t o t a l  of 660 vegetation 
indices were formed and l inear ly  re la ted t o  f i v e  parameters of winter 
wheat. Indices derived were of two types, r a t i o s  and l i n e a r  con- 
binations ( n-space) . Ratio vegetation indices produced higher r2 values 
f o r  four wheat parameters; leaf  area  index, green ground cover, t o t a l  
wet and t o t a l  dry phytomass, whereas, n-space greenness indices were 
more highly correlated t o  leaf  phytomass. Highest correla t ion coef- 
f i c i e n t s  were .83 t o  .85 f o r  r a t i o  indices  and equations ind ica te  good 
prediction f o r  a range of data  involving water d e f i c i t s  and va r i e t i e s  of 
winter wheat. 

CANOPY TEMPERATURE 

Idso, S. B., Reginato, R. J., Clawson, K. L., and Anderson, M. G. On 
the s t a b i l i t y  of non-waterstressed baselines. Agric. f o r  Meteorol. 
32:177-182. 

Non-waterstressed baselines--plots of f o l i a g e a i r  temperature differen- 
t i a l  vs. a i r  vapor pressure deficit--were obtained f o r  seven d i f fe ren t  
var ie t ies  of wheat and one var ie ty  of water hyacinth having three dif-  
ferent  charac te r i s t ic  leaf s i ze s  i n  experiments conducted a t  Phoenix, 
Arizona. A s ing le  baseline was found t o  describe adequately the data 
f o r  a l l  seven wheat var ie t ies ;  while three d i f fe ren t  baselines were 
required f o r  the three d i f fe ren t  leaf-sized canopies of water hyacinth. 
The slopes of the three water hyacinth baselines were a l l  ident ical ;  
however, t h e i r  in te rcep ts  dif fered by a s  much a s  6'C. 

Idso, S. B., Pinter ,  P.  J., Jr., Reginato, R. J., and Clawson, K. L. 
Stomatal conductance and photosynthesis i n  water hyacinth: Effects  of 
removing water from roots  a s  quantified by a foliage-based plant water 
s t r e s s  index. Agric. f o r  Meteorol., 32:249-256. 

Stomatal conductance and net photosynthesis measurements were made over 
a period of a week i n  mid-October on two stands of water hyacinths 
f loa t ing  i n  sunken metal stock tanks a t  Phoenix, AZ. On the second day 
of the  experiment, a l l  f r e e  water i n  one of the  tanks was removed. 
Foliage temperature measurements were subsequently used t o  quantify the  
water s t r e s s  experienced by the waterrobbed plants;  and a plant water 
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s t r e s s  index der ived  from t h e  f o l i a g e  temperature and a i r  vapor pressure  
d e f i c i t  d a t a  was used t o  s tudy t h e  e f f e c t s  of developing water  s t r e s s  on 
t h e  p l an t  phys io logica l  parameters being measured. The r e s u l t s  obtained 
were p r a c t i c a l l y  i d e n t i c a l  t o  those  derived from two independent season- 
long s t u d i e s  of water  s t r e s s  e f f e c t s  i n  cot ton:  n e t  photosynthesis  
decreased l i n e a r l y  t o  become negat ive  a t  a p l an t  water  stress index of 
0.9 (where 1.0 r ep resen t s  t h e  maximum poss ib l e  s t r e s s ) ,  wh i l e  a para- 
meter r e l a t e d  t o  p l a n t  water  use e f f i c i e n c y  f i r s t  increased  with 
inc reas ing  s t r e s s  t o  reach  a maximum a t  a p l a n t  water  s t r e s s  index of 
0.6, a f t e r  which i t  dropped o f f  r ap id ly  t o  ze ro  wi th  a d d i t i o n a l  s t r e s s .  

Choudhury, B. J., and Idso ,  S. B. Simulating sunflower canopy t e w  
p e r a t u r e s . t o  i n f e r  root-zone s o i l  water  po ten t i a l .  Agric. f o r  
Meteorol., 31:69-78. 

A soil-plant-atmosphere model f o r  sunflower (Helianthus annuus L.) 
toge ther  wi th  c l e a r  sky weather d a t a  f o r  s e v e r a l  days, was used t o  s tudy 
t h e  r e l a t i o n s h i p  between canopy temperature and root-zone s o i l  water  
po ten t i a l .  Considering t h e  empir ica l  dependence of s toma ta l  r e s i s t a n c e  
on i n s o l a t i o n ,  a i r  temperature and l e a f  water  p o t e n t i a l ,  a con t inu i ty  
equat ion f o r  water  f l u x  i n  t h e  soil-plant-atmosphere system was solved 
f o r  t h e  l e a f  water  p o t e n t i a l .  The t r a n s p i r a t i o n  f l u x  was ca l cu la t ed  
us ing  Monteith's combination equat ion,  while  t h e  canopy temperature was 
ca l cu la t ed  from t h e  energy balance equation. The s imula t ion  showed 
t h a t ,  a t  high s o i l  water p o t e n t i a l s ,  canopy temperature i s  determined 
pr imar i ly  by a i r  and dew po in t  temperatures.  These r e s u l t s  ag ree  wi th  * an empir ica l ly  der ived  l i n e a r  regress ion  equat ion r e l a t i n g  canopy-air 
temperature d i f f e r e n t i a l  t o  a i r  vapor pressure  d e f i c i t .  The model pre- 
d i c t i o n s  of l e a f  water  p o t e n t i a l  were a l s o  i n  agreement w i t h  obser- 
va t ions ,  i n d i c a t i n g  t h a t  measurements of  canopy temperature together  
wi th  a knowledge of a i r  and dew po in t  temperatures can provide a 
r e l i a b l e  e s t ima te  of  t h e  root-zone s o i l  water  p o t e n t i a l .  

C02, AGRICULTURE AND CLIMATE 

Idso ,  S. B., Kimball, B. A., and Clawson, K. L. Quantifying e f f e c t s  of 
atmospheric CO2 enrichment on s tomatal  conductance and evapotranspira-  
t i o n  of  water  hyacinth v i a  i n f r a r e d  thermometry. Agric. of Meteorol., 
33:15-22. 

Measurements of s tomata l  conductance and evapora t ive  water  l o s s  from two 
tanks of water  hyac in ths  growing a t  Phoenix, AZ, one under ambient con- 
d i t i o n s  and one considerably enriched i n  atmospheric C02, are reported.  
Stomata1 conductances of p l a n t s  i n  t h e  C02-enriched t rea tment  were 
reduced t o  va lues  h a l f  a s  g r e a t  a s  t hose  of p l a n t s  i n  t h e  ambient t r e a t -  
ment a t  a mean mid-day C02 concent ra t ion  of 550 ppn, which r e s u l t e d  i n  a 
22% decrease i n  t o t a l  evaporat ive water  l o s s ;  wh i l e  i n  going from an 
ambient C02 concent ra t ion  of 310 ppm t o  a doubled concen t ra t ion  of 620 
ppm t h e r e  was a 27% decrease i n  evapora t ive  water  l o s s .  Both of t h e s e  
phys io logica l  responses were charac ter ized  by t h e  Idso-Jackson p l a n t  
water  stress index. Addi t ional ly ,  i t  was found t h a t  t h e  s toma ta l  
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response t o  inc reas ing  atmospheric C02 was i d e n t i c a l  t o  those  induced by 
removing wa te r  from t h e  p l a n t  roo t s ,  and t h a t  t h e  reduct ion  i n  evapora- 
t i v e  water  l o s s  wi th  inc reas ing  atmospheric C02 was an i n v e r s e  l i n e a r  
func t ion  o f  t h e  p l a n t  water  s t r e s s  index--both of  which phenomena had 
previous ly  been theor ized  but  never before  exper imenta l ly  v e r i f i e d .  

Idso ,  S. B. An empir ica l  eva lua t ion  of  Ea r th ' s  su r face  a i r  temperature 
response t o  r a d i a t i v e  forc ing ,  inc luding  feedback, a s  app l i ed  t o  t h e  
C02-climate problem. Arch. Meteorol. Geophys. Bioclim., Ser. B, 34:l-19. 

Severa l  n a t u r a l  experiments were analyzed t o  y i e l d  equi l ibr ium values of 
a su r face  air  temperature response func t ion  and a feedback f a c t o r  f o r  
Ea r th ' s  atmosphere. The former parameter, t h e  change i n  s u r f a c e  a i r  
temperature induced by a change i n  r a d i a n t  energy absorbed a t  t h e  sur- 
f a c e  was demonstrated t o  have a value o f  about  0.1 K ( ~ m - ~ ) - ~ ;  while  t h e  
l a t t e r  parameter, t h e  r a t i o  of  feedback-induced change i n  r a d i a n t  energy 
t o  t h e  su r face  of t h e  Ea r th  d iv ided  by a n  i n i t i a l  o r  primary change i n  
r a d i a n t  energy t o  t h e  Ear th ' s  su r face  was demonstrated t o  have a va lue  
of  about 1.25. These two numbers imply t h a t  t h e  maximum warming t o  be  
expected from a doubling of  Ear th ' s  a tmospheric  C02 concent ra t ion  from 
300 t o  600 ppm i s  only  about 0.1 K, a r e s u l t  s o  smal l  a s  t o  poss ib ly  be  
completely c o u n t e r b a l a n c e d  by t h e  COZ-induced r educ t ion  of s o l a r  
r a d i a t i o n  t ransmiss ion  t o  t h e  Earth 's  sur face .  

Idso ,  S. B. What i f  i n c r e a s e s  i n  atmospheric C02 have a n  inve r se  green- 
house e f f e c t ?  I. Energy balance cons ide ra t ions  r e l a t e d  t o  s u r f a c e  
albedo. J. Climatol.  4:399-409. 

An a n a l y s i s  of nor thern ,  low and southern  l a t i t u d e  temperature t rends  of  
t h e  p a s t  century ,  a long w i t h  a v a i l a b l e  atmospheric C02 concent ra t ion  and 
i n d u s t r i a l  carbon production da ta ,  sugges t s  t h a t  t h e  t r u e  c l i m a t i c  
e f f e c t  of i n c r e a s i n g  t h e  C02 content  of t h e  atmosphere may b e  t o  cool  
t h e  Ear th  and not  warm i t ,  cont rary  t o  most p a s t  ana lyses  of t h i s  pheno- 
menon. A phys ica l  mechanism i s  thus  proposed t o  e x p l a i n  how C02 may act 
a s  an inve r se  greenhouse gas i n  Ea r th ' s  atmosphere. However, a negat ive  
feedback mechanism r e l a t e d  t o  a lowering of  t h e  p l a n e t ' s  mean su r face  
albedo,  due t o  t h e  migra t ion  of more mesic-adapted vege ta t ion  onto  a r i d  
and semi-arid lands  a s  a r e s u l t  of t h e  inc reased  water  u s e  e f f i c i e n c y  
which most p l a n t s  experience under h igh  l e v e l s  of atmospheric C02, a c t s  
t o  counter  t h i s  i nve r se  greenhouse e f f e c t .  Quan t i t a t ive  e s t ima tes  of  
t h e  magnitudes of  both phenomena a r e  made, and i t  i s  shown t h a t  they  are 
probably compensatory. Th i s  f ind ing  sugges t s  t h a t  we w i l l  n o t  s u f f e r  
any g r e a t  c l i m a t i c  ca t a s t rophe  but  w i l l  i n s t e a d  reap  g r e a t  a g r i c u l t u r a l  
b e n e f i t s  from t h e  r a p i d  inc rease  i n  atmospheric  C02 which we a r e  
c u r r e n t l y  experiencing and which i s  p ro jec t ed  t o  cont inue  f o r  perhaps 
another  century  o r  two i n t o  t h e  fu tu re .  

Idso ,  S. B. Atmospheric C02 v a r i a b i l i t y :  A cause f o r  concern i n  the  
r econs t ruc t ion  of  p a s t  c l imates .  Spec. Sc i .  Tech. 7:37-40. 

Well documented e f f e c t s  of  atmospheric C02  on p l a n t  water  use  e f f i c i e n c y  
were shown t o  have t h e  capaci ty  t o  s i g n i f i c a n t l y  in f luence  t h e  f l o r i s t i c  
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* composition of n a t u r a l  p l a n t  communities, a s  w e l l  a s  t h e i r  d i s t r i b u t i o n s  
i n  space and time. Th i s  phenomenon, previously overloolced i n  t h e  
r econs t ruc t ion  of p a s t  c l imates ,  may be in t roducing  l a r g e  e r r o r s  i n t o  
our  i n t e r p r e t a t i o n  of  s e v e r a l  pa leoc l imat ic  ind ica to r s .  Indeed, i t  i s  
very p o s s i b l e  t h a t  much of  o u r  understanding of Ea r th ' s  c l i m a t i c  h i s t o r y  
i s  d i s t o r t e d ,  due t o  previous ly  ignored d i r e c t  and i n d i r e c t  e f f e c t s  of  
atmospheric C02 v a r i a b i l i t y .  

Idso,  S. B. and Brazel ,  A. J. Ris ing  atmospheric carbon d ioxide  con- 
cen t r a t ions  may inc rease  streamflow. Nature 312:Sl-53. 

H i s t o r i c a l l y ,  s t u d i e s  o f  t h e  greenhouse e f f e c t  on carbon d iox ide  (C02) 
have d e a l t  pr imar i ly  wi th  temperature and secondar i ly  w i t h  p rec ip i t a -  
t ion .  I n  t h e  l a t e s t  r e p o r t  on t h i s  t o p i c  produced by t h e  U.S. National  
Research Council, however, t h e  sub jec t  of streamflow i s  broached wi th  a n  
ana lys i s  which sugges ts  t h a t  watershed i n  t h e  western United S t a t e s  w i l l  
s u f f e r  40 t o  75% reduct ions  i n  streamflow f o r  a doubling of  t h e  
atmospheric CO2 content  which l e a d s  t o  a Z°C r i s e  i n  a i r  temperature and 
a 10% drop i n  p r e c i p i t a t i o n .  A shortcoming of  t h i s  s tudy i s  t h a t  i t  
does not  i nc lude  t h e  d i r e c t  a n t i t r a n s p i r a n t  e f f e c t  of atmospheric C02 
e'nrichment, whereby i n c r e a s i n g  t h e  CO2 content  of t h e  a i r  t ends  t o  
induce p a r t i a l  s tomata1 c l o s u r e  which reduces p l an t  t r a n s p i r a t i o n  and 
thereby conserves s o i l  moisture and inc reases  runoff t o  streams. 
Inc lus ion  o f  t h i s  latter e f f e c t  i n  a simple model of  watershed runoff 
appl ied t o  1 2  drainage bas ins  i n  Arizona i n d i c a t e s  t h a t  40 t o  60% 
inc reases  i n  streamflow w i l l  be t h e  l i k e l y  consequences of  a C02 con- 

e c e n t r a t i o n  doubling, even i n  t h e  f a c t  of adverse changes i n  temperature 
and p rec ip i t a t ion .  

TRANSPIRATION BY AQUATIC VEGETATION 

Anderson, M. G. and Idso ,  S. B. Evaporative r a t e s  of f l o a t i n g  and 
emergent a q u a t i c  vegetat ion:  Water hyacinths,  water  f e r n s ,  water  l i l i e s  
and c a t t a i l s .  Proc. Amer. Meteorol. Soc. Seventh Conf. Biometeorol. and 
Aerobiol. and 1 7 t h  Conf. Agric. and Fores t  Meteorol. ( I n  p r e s s )  

The p o s s i b i l i t y  of reducing evapora t ive  water  l o s s e s  from ponds and 
r e s e r v o i r s  was inves t iga t ed  us ing  seve ra l  d i f f e ren t - s i zed  ponds of  water  
hyacinths,  water  f e r n s ,  water  l i l i e s  and c a t t a i l s .  S i m i l a r s i z e d  ponds 
devoid of  vegeta t ion  provided t h e  b a s i s  of comparison f o r  i s o l a t i n g  t h e  
e f f e c t s  of t h e  d i f f e r e n t  types  of  vegeta t ion ,  while d a i l y  water  l e v e l  
measurements provided t h e  b a s i s  o f  water  l o s s  assessment. The f l a t ,  
f l o a t i n g  species--water f e r n s  and water  l i l ies--always reduced evapora- 
t i o n  below t h a t  of  i d e n t i c a l  open water  s u r f a c e s ,  a s  d i d  s h o r t  water  
hyacinths on - l a r g e  ponds. For  c a t t a i l s  and t a l l  water  h y z h s ,  - 
however, t h e r e  was gene ra l ly  a modest i n c r e a s e  i n  evapora t ive  water  
loss .  Nevertheless,  f o r  l a r g e  ponds t h e  enhancement of evapora t ion  r a t e  
was s o  small  t h a t  removal programs t o  r i d  r e s e r v o i r s  of  t h e s e  p l a n t s  
based on water  conservat ion arguments a r e  probably not  c o s t  e f f e c t i v e .  
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CO2 AND PLANTS 

An experimental program was i n i t i a t e d  t h i s  y e a r  t o  s tudy t h e  e f f e c t s  of  
atmospheric C02  enrichment on growth and t r a n s p i r a t i o n  of  water  
hyacinths and d e s e r t  agaves, a s  well a s  t o  look f o r  poss ib l e  growth 
e f f e c t s  i n  popula t ions  of f resh-water  algae.  Analyses of t h i s  f i r s t  
yea r ' s  d a t a  a r e  s t i l l  i n  progress  and w i l l  t h u s  have t h e i r  d i scuss ion  
defer red  u n t i l  nex t  y e a r ' s  r epor t .  Consequently, we w i l l  h e r e  only 
desc r ibe  t h e  b a s i s  of t h e  experimentation. 

Four c l e a r p l a s t i c - w a l l ,  ope i r top ,  f i e l d ,  Coyenrichment  chambers were 
cons t ruc ted  a s  shown i n  Fig. 1. One of t h e s e  chambers was enriched t o  
approximately 900 ppm C02, one t o  650 ppm, one t o  500 ppm and one used 
as an ambient cont ro l .  One tank  i n  each chamber had water hyacin ths  
growing i n  i t ,  whi le  t h e  o t h e r  was f i l l e d  w i t h  a mixture of  f r e sh -wa te r  
a lgae  s e l e c t e d  f o r  p o t e n t i a l  h igh  p r o t e i n  production. I n d i v i d u a l l y  
pot ted  agave p l a n t s  were pos i t ioned  around t h e  i n n e r  pe r iphe r i e s  of  
each chamber. 

Daily evapora t ive  wa te r  l o s s e s  from each chamber were obtained by means 
of  s t i l l i n g  w e l l s  connected t o  each sunken metal s tock  tank. Weekly 
f r e s h  weight product ion by t h e  water  hyac in ths  was determined by physi- 
c a l l y  l i f t i n g  t h e  p l a n t s  o u t  of  t h e  water  and weighing them. For t h i s  
purpose, each t a n k  had submerged wi th in  i t  a n  epoxy-coated wi remesh  
basket of  t h e  des ign  shown i n  Fig. 2 which was l i f t e d  out  of  t h e  water  
by t h e  technique depic ted  i n  Fig. 3. Op t i ca l  d e n s i t y  measurements were 
used t o  s tudy  t h e  p roduc t iv i ty  of  t h e  algae;  wh i l e  i n i t i a l  d r y  weights  
o f  t h e  agave t r a n s p l a n t s  provided a b a s i s  f o r  later de terminat ions  of  
t h e i r  growth response t o  t h e  C02 t reatments .  

Experiments of t h i s  n a t u r e  w i t h  t h i s  s e t u p  are expected t o  continue f o r  
a t  l e a s t  two more years .  

NET RADIOMETERS 

N e t  radiometer c a l i b r a t i o n  i s  a f requent  duty  f aced  by many micro- 
meteorologists .  Accurate c a l i b r a t i o n  of t h e s e  ins t ruments  i s  v i t a l  t o  
t h e  c a l c u l a t i o n  of  energy balance equat ions.  Of a l l  of  t h e  va r ious  
c a l i b r a t i o n  techniques  a v a i l a b l e ,  t h e  o c c u l t i n g  technique is  t h e  e a s i e s t  
and l e a s t  expensive t o  use. The e f f e c t  of  t h e  under ly ing  s u r f a c e  
(whether vegetated o r  not )  on t h e  c a l i b r a t i o n  c o e f f i c i e n t  u s ing  t h e  
occu l t ing  c a l i b r a t i o n  technique has  not  been previous ly  reported.  The 
purpose of t h i s  s tudy  was t o  determine i f  such  a n  e f f e c t  exists and how 
l a r g e  t h a t  a f f e c t  might be. 

The experiment was conducted on 16  and 17 May 1984 i n  t h e  ly s ime te r  
f i e l d  of t h e  U.S. Water Conservation Laboratory. On t h e  two s tudy days, 
n ine  F r i t s chen  n e t  radiometers  were mounted on a rack  a t  a h e i g h t  of  1 m 
a s  shown i n  Fig. 1. A Eppley Model 15 pyranometer c a l i b r a t e d  a s  a 
l abora to ry  s tandard  a g a i n s t  t h e  National  Oceanic and Atmospheric 
Administrat ion s tandard ,  was a l s o  mounted on t h e  s tang.  The o c c u l t i n g  
c a l i b r a t i o n  technique was employed by p lac ing  a 25 cm o c c u l t i n g  square  
a t  a he igh t  of 50 cm above each radiometer.  The radiometers  were a l t e r  
n a t e l y  shaded o r  unshaded, w i t h  t h e  vo l t age  ou tpu t  of each senso r  
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e recorded a f t e r  3  minutes of e q u i l i b r a t i o n  with a  Omnidata Model 516-B 
polycorder.  Measurements began a t  1100 and ended at  1430 MST, thereby 
providing a  bracket  about s o l a r  noon, which occurred a t  1225 MST. 
C a l i b r a t i o n s  were performed over a  bare  s o i l  su r face  on t h e  f i r s t  day 
and over  a n  a l f a l f a  canopy on t h e  second day. The a l f a l f a  canopy was 
about  50 cm t a l l  and ground cover was 100% complete. A pai red  t - t e s t  
was employed t o  compare t h e  two d a t a  sets. 

Weather condi t ions  f o r  both  days were nea r ly  i d e n t i c a l  and are given i n  
Table 1. Direc t  comparison of t h e  c a l i b r a t i o n  c o e f f i c i e n t s  obtained on 
t h e  two days should not ,  t he re fo re ,  be  a f f ec t ed  by d i f f e r e n t  weather 
condit ions.  

The c a l i b r a t i o n  c o e f f i c i e n t  toge ther  wi th  t h e  s tandard dev ia t ion  of  
t h e  c o e f f i c i e n t  f o r  each n e t  radiometer i s  l i s t e d  i n  Table 2. The d i f -  
f e rence  between t h e  two c a l i b r a t i o n s ,  us ing  bare  s o i l  a s  t h e  r e fe rence  
s u r f a c e ,  i s  a l s o  given. The d i f f e r e n c e  i n  c o e f f i c i e n t s  i nd ica t ed  t h a t  
89% of t h e  n e t  radiometers  showed a  h igher  c o e f f i c i e n t  ( g r e a t e r  sen- 
s i t i v i t y )  when c a l i b r a t e d  over  t h e  b a r e  s o i l  sur face .  The o v e r a l l  
average d i f f e r e n c e  f o r  a l l  n e t  radiometers  was, however, only  0.99 W m-2 
mv-l. A pai red  t - t e s t  of t h i s  d i f f e r e n c e  ind ica t ed  t h a t  t h e  average 
d i f f e r e n c e  i n  c o e f f i c i e n t s  was not  l a r g e  enough t o  be s i g n i f i c a n t  sta- 
t i s t i c a l l y  a t  n = 0.05. The d i f f e rence  of 0.99 W m-2 mv'l i s  a l s o  much 
l e s s  than t h e  average s tandard dev ia t ion  f o r  each c o e f f i c i e n t  (3.40 W 
m-2 mv-l) f u r t h e r  i n d i c a t i n g  t h e  l a c k  of su r face  a f f e c t s  on t h e  ca l ib ra -  
t i o n  c o e f f i c i e n t s .  

e The conclusion t o  be drawn from these  d a t a  i s  t h a t  n e t  radiometer  
c a l i b r a t i o n  c o e f f i c i e n t s ,  ca l cu la t ed  us ing  t h e  occu l t ing  technique,  a r e  
n o t  a f f ec t ed  by t h e  su r face  over  which t h e  c a l i b r a t i o n  i s  conducted. 
Care should never the less  be  exerc ised  dur ing  c a l i b r a t i o n  t o  ensure  t h a t  
t e r r e s t r i a l  r a d i a t i o n  from t h e  s u r f a c e  remains constant .  I f  t h i s  c o w  
ponent of t h e  n e t  r a d i a t i o n  i s  n o t  cons tant  from shaded t o  unshaded con- 
d i t i o n s ,  t h e  c o e f f i c i e n t s  may be  s e r i o u s l y  a f fec ted .  

REMOTE IMAGE PROCESSING SYSTEM 

The Remote Image Processing System (RIPS) i s  a  r ecen t  a c q u i s i t i o n  of 
our  l abora to ry  and c o n s i s t s  of  t h e  fol lowing components: 

1 )  Cromemco 64K, 8-b i t  processor;  
2 )  Black and white  p r i n t e r ;  
3 )  Color and black and whi te  monitors; 
4 )  J o y s t i c k ,  and 
5 )  Image processing software.  

The system i s  cu r ren t ly  being used f o r  d i g i t a l  image d i sp lay ,  enhan- 
cement and c l a s s i f i c a t i o n .  Development i s  c u r r e n t l y  underway t o  enhance 
t h e  RIPS t o  perform binary and ASCII f i l e  t r a n s f e r  wi th  t h e  HP-1000 
mainframe computer. With t h i s  down loading  c a p a b i l i t y ,  t h e  RIPS w i l l  be 
used f o r  image-based a g r i c u l t u r a l  modeling, such a s  s p a t i a l l y  continuous 

e evapo t ransp i r a t ion  ca l cu la t ion ,  biomass e s t ima t ion  and change d e t e c t i o n  
ove r  time and space. 
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ALFALFA 84 

I n  1984, we planted an Arizona adapted, non-winter hardy c u l t i v a r  of 
a l f a l f a  ( ~ e d i c a g o  s a t i v a  L. cv. Lew) i n  t h e  backyard ly s ime te r  f i e l d  a t  
t h e  U.S. Water Conservation Laboratory i n  Phoenix. I n  a d d i t i o n  t o  pro- 
v id ing  a  perennia l  crop on which we could conduct our  remote sens ing  
research ,  a  long term a l f a l f a  r o t a t i o n  was intended t o  improve s o i l  
s t r u c t u r e ,  f e r t i l i t y  and organic  ma t t e r  a s  well a s  reduce p o t e n t i a l  
d i s e a s e  problems which were beginning t o  su r face  a f t e r  6 continuous 
yea r s  of smal l  g r a i n  c u l t i v a t i o n .  

OBJECTIVES 

Our primary ob jec t ives  f o r  t h i s  experiment continue t o  focus  on deve- 
lop ing  and r e f i n i n g  remote sens ing  approaches f o r  t h e  e a r l y  d e t e c t i o n  
and q u a n t i f i c a t i o n  of va r ious  p l a n t  s t r e s s e s .  A l f a l f a  i s  a n  i d e a l  crop 
t o  s tudy because of  i t s  yea r  round growth i n  c e n t r a l  Arizona, up t o  8 
harves t  events  per  yea r  and t h e  f a c t  t h a t  much time i s  s p e n t  under p a r  
t i a l  canopy cover condi t ions .  The la t te r  i s  of s p e c i a l  i n t e r e s t  because 
we saw an urgent  need t o  address  t h e  p a r t i a l  canopy problem a s  i t  
in f luences  var ious  remote sens ing  measurements. A s p e c i f i c  goal  w i t h i n  
t h i s  experiment i s  t o  eva lua te  a  combination remote sens ing  technique 
f o r  e s t ima t ing  evapo t ransp i r a t ion  of a l f a l f a  i n  s i t u a t i o n s  wherein 
varying amounts of p l a n t  cover and seasonal  d i f f e r e n c e s  i n  p l a n t  
t r a n s p i r a t i o n  might complicate t h e  procedure. 

Addit ional  ob jec t ives  a r e  t o  f u r t h e r  develop thermal and r e f l e c t i v e  
s o l a r  remote sens ing  measurements a s  techniques which could be used by 
r e sea rche r s  and growers t o  a s s e s s  phys io logica l  s t r e s s e s  and biomass 
l e v e l s  i n  t h e  f i e l d .  Such t o o l s  would have a  tremendous impact on t h e  
a b i l i t y  t o  quant i fy  s t r e s s  wi th  time and es t imate  i t s  e f f e c t  on f i n a l  
y i e ld .  Our i n t e n t  i s  t o  e s t a b l i s h  t h e  non-destruct ive remote sens ing  
methods a s  r e l i a b l e  su r roga te s  f o r  many of t h e  conventional  sampling 
methods which a r e  l a b o r  i n t e n s i v e ,  d i f f i c u l t ,  d e s t r u c t i v e  and more s u b  
j e c t  t o  sampling e r r o r s  because they  a r e  po in t  measurements. Within 
t h i s  ob jec t ive  w e  expect  t o  b e t t e r  de f ine  weather cond i t ions  under which 
measurements y i e l d  acceptable  r e s u l t s  and e s t a b l i s h  t h e  e f f e c t  of 
viewing angle  on t h e  response of  p o r t a b l e  i n f r a r e d  thermometers. 

Vegetat ion i n d i c e s  der ived  from t h e  r e f l e c t a n c e  of l i g h t  from p l a n t  
canopies can be used t o  i n f e r  t h e  h i s t o r y  of s t r e s s e s  t o  which a  crop has  
been exposed a s  r e f l e c t e d  i n  vary ing  amounts of  biomass accumulation o r  
senescence. I n  this experiment we a l s o  wished t o  e s t a b l i s h  whether 
r e f l e c t a n c e  measurements could be used unambiguously t o  i d e n t i f y  stress 
a s  i t  i s  developing i n  t h e  f i e l d  and t o  provide a n  e a r l y  warning s i g n a l  
much i n  t h e  same way t h e  thermal I R  i s  used i n  t h e  Crop Water S t r e s s  
Index. 
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a CULTURAL PRACTICES 

Experimental p l o t s  were f e r t i l i z e d  wi th  t r e b l e  super  phosphate (0-45-0) 
a t  a r a t e  o f  100 kglha. This was then incorpora ted  i n t o  t h e  s o i l  by 
r o t o t i l l i n g  t o  a depth of  10-15 cm. One week l a t e r  on 14 Feb 8 5  we 
p lanted  t h e  a l f a l f a  seed i n  18 sepa ra t e  borders  a t  a recommended rate of 
about 46 kglha. The f i e l d  was dragged l i g h t l y  t o  settle t h e  seed i n  t h e  
upper l a y e r s  of t h e  s o i l .  An i n i t i a l  i r r i g a t i o n  was given on 14-17 
February and f i r s t  g e m i n a t i o n  occurred on 21 February. A second irri- 
g a t i o n  was given on 21-23 February t o  reduce s o i l  c r u s t i n g  and i n s u r e  
good emergence. I n  1984, we harvested t h e  a l f a l f a  s tand  a t o t a l  of 6 
t imes (21  May, 23 June,  25 J u l y ,  21 August, 25 September, and 15  
November. 

IRRIGATION TREATMENTS 

A l l  borders  were i r r i g a t e d  a t  t h e  same time and kept  w e l l  watered by 
su r face  i r r i g a t i o n  u n t i l  a f t e r  t h e  f o u r t h  ha rves t  on 21 August. This  
insured  t h a t  p l a n t s  were w e l l  e s t ab l i shed  be fo re  we began d i f f e r e n t i a l  
water  s t r e s s  t reatments .  For t h e  f i f t h  and subsequent ha rves t  cyc les  we 
followed a r o t a t i o n  system of i r r i g a t i o n s  t o  provide d i f f e r e n t i a l  stress 
whi l e  minimizing c a r r y o v e r  e f f e c t s  of  p r i o r  s t r e s s  on p l a n t  response. 
Experimental p l o t s  exposed t o  water  s t r e s s  dur ing  a p a r t i c u l a r  ha rves t  
cyc le  would have two subsequent cyc les  under well-watered condi t ions  
before  they were once aga in  exposed t o  s t r e s s .  

a Two r e p l i c a t e s  of  4 i r r i g a t i o n  t rea tments  were e s t ab l i shed  f o r  each 
c u t t i n g  in t e rva l .  A WET treatment  would experience no apprec iab le  water  
s t r e s s  between cu t t ings .  An EARLY i r r i g a t i o n  treatment would be irri- 
gated wi th in  s e v e r a l  days fol lowing ha rves t  and then experience water  
s t r e s s  during t h e  l a t e r  s t a g e s  of  canopy development. A LATE t rea tment  
would experience water  s t r e s s  dur ing  canopy regrowth but  have ample 
water  l a t e r  i n  t h e  ha rves t  cycle.  F i n a l l y ,  a DRY t reatment  would have 
no supplemental water added by i r r i g a t i o n  from one ha rves t  u n t i l  t h e  
next. The DRY p l o t s f  only source  of mois ture  would be r a i n f a l l  and 
s t o r e d  s o i l  moisture.  Nowtreatment p l o t s  rece ived  ample water  (same as 
t h e  w e t  t reatment)  dur ing  t h e i r  two cyc le  recovery period.  The s h o r t e s t  
time per iod  between ha rves t s  dur ing  t h e  summer months was approximately 
4 weeks. During t h a t  t ime t h e  wet p l o t s  rece ived  2 i r r i g a t i o n s ;  t h e  
e a r l y  and l a t e  p l o t s ,  1 i r r i g a t i o n ;  and t h e  d r y  p l o t s ,  no i r r i g a t i o n .  
I r r i g a t i o n  amounts f o r  t h e  wet,  l a t e  and non-treatment p l o t s  were 
ad jus ted  t o  r ep len i sh  t h e  water used i n  t h e  upper  150 cm of s o i l  a s  
measured by a neutron s c a t t e r i n g  technique; t h a t  i n  t h e  e a r l y  t rea tment  
was replenished only  t o  a depth of 90 cm t o  i n s u r e  t h a t  i t  would 
experience some stress before  t h e  next  ha rves t .  

Micrometeorological measurements were modeled a f t e r  t hose  employed i n  
previous experiments and included s tandard  measurements of g loba l  s o l a r  
r a d i a t i o n ,  d i f f u s e  s o l a r  r a d i a t i o n ,  r a i n f a l l ,  wind speed and d i r e c t i o n ,  
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e t c .  S ix  borders  of a l f a l f a  were instrumented t o  record r e f l e c t e d  s o l a r  
r a d i a t i o n ,  n e t  r a d i a t i o n ,  w e t  and dry bulb temperatures and s o i l  tem- 
pe ra tu res  a t  a 5 cm depth. Two borders  contained thermocouples f o r  
monitoring a i r  and s o i l  temperature p r o f i l e s  and 3 s o i l  h e a t  f l u x  p l a t e s  
a t  a depth of 5 cm. One wind speed p r o f i l e  was obtained i n  a c e n t r a l  
l o c a t i o n  wi th in  t h e  experimental  f i e l d .  The t h r e e  l y s i m e t e r s  l oca ted  i n  
t h e  f i e l d  were each instrumented with a nadir-point ing i n f r a r e d   the^ 
mometer, a s o i l  hea t  f l u x  p l a t e  and s o i l  thermocouples bur ied  a t  depths  
of  "0," 1, 2, and 5 cm. D i r e c t l y  wired s h o r t s  and O°C tempera ture  
r e fe rences  from a n  e l e c t r i c  i c e  poin t  device provided a means by which 
temperature-induced s i g n a l  d r i f t  i n  t h e  emf and thermocouple response 
could be c o r r e c t l y  compensated. 

Micrometeorologial d a t a  were scanned a t  1.5 minute i n t e r v a l s  by a n  
Autodata-9 d a t a  logger  and two remote scanners.  Table 3 provides  a l ist  
o f  measurements and channel assignments f o r  this experiment. A t  30- 
minute i n t e r v a l s  t h e  time averaged channel observa t ions  were s e n t  t o  a n  
HP-9836 desktop computer and then  relayed t o  t h e  l a b o r a t o r y  HP-1000 
minicomputer. A Winchester hard d i s k ,  hard wired t o  t h e  HP-9836 was 
used t o  backup t h e  d a t a  s e n t  t o  t h e  BP-1000. Upon demand, t h e  most 
r ecen t  processed d a t a  could be  p r in t ed  o u t  v i a  t h e  RP-9836. Lysimeter 
d a t a  were recorded from 1 5  February u n t i l  25 June 84. Most o f  t h e  
remaining ins t ruments  were i n s t a l l e d  i n  t h e  f i e l d  and r eco rd ing  began 
24 August 84. 

AGRONOMIC PARAMETERS 

P l a n t  he igh t s  were measured i n  t h e  f i e l d  3 t imes weekly. Nadir and 
obl ique  c o l o r  photographs were taken once a week. Des t ruc t ive  samples 
were obtained from each of  t h e  t reatment  p l o t s  3 t imes a week from 
August u n t i l  l a t e  October. A s  p l a n t  growth slowed dur ing  t h e  coo le r  
months, t h e  sampling frequency was decreased t o  twice and t h e n  once a 
week. Des t ruc t ive  samples cons i s t ed  of  4 c i r c u l a r ,  0.25 rnv2 samples p e r  
p lo t .  P l a n t s  were c l ipped  a t  a he ight  of  approximately 3 cm. P l a n t  
m a t e r i a l  was weighed immediately a f t e r  sampling, green and brown f r ac -  
t i o n s  were separa ted  and then  oven-dried f o r  a minimum of 48-72 hours  
a t  50-60 C. Dry biomass was measured f o r  each f r a c t i o n .  

SOIL WATER 

S o i l  water  dep le t ion  was measured 3 t imes a week us ing  a neut ron  sca t -  
t e r i n g  technique. Most p l o t s  were measured t o  a depth  of 260 cm i n  
20-cm increments. Upper and lower l i m i t s  of p l a n t  e x t r a c t a b l e  water had 
been e s t ab l i shed  f o r  each l a y e r  i n  i n d i v i d u a l  p l o t s  dur ing  previous  
experiments. A f t e r  d i f f e r e n t i a l  moisture t rea tments  were begun i n  
August 84, we deemed i t  adv i sab le  not  t o  change these  limits midway 
through t h e  experiment because of  suspected d i f f e r e n c e s  i n  r o o t i n g  pat- 
t e r n s  between treatments .  Upper and lower l i m i t s  w i l l  be a d j u s t e d  a t  
t h e  end of t h e  experiment w i t h  t h e  bes t  d a t a  then  a v a i l a b l e  f o r  t h e  
a l f a l f a  crop. Depleted s o i l  moisture informat ion  was used t o  determine 
i r r i g a t i o n  amounts. Surface  s o i l  moisture was sampled a t  a p p r o p r i a t e  
i n t e r v a l s  i n  s e v e r a l  of t h e  p l o t s  us ing  a n  Oakfield probe. These d a t a  
were used t o  determine s o i l  h e a t  f l u x  dur ing  l a t e  f a l l  and w i n t e r  
months. 
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e LEAF DIFFUSION RESISTANCE 

Leaf d i f f u s i o n  r e s i s t a n c e  measurements were taken a t  i n t e r v a l s  during 
t h e  experiment us ing  a LICOR-1600 steady state porometer. Data were 
co l l ec t ed  from 3 upper and 3 lower l e a f  su r faces  from each treatment  
p l o t  dur ing  d a i l y  per iods  of  maximum water stress (1300-1400). 

REMOTE SENSING OBSERVATIONS 

Reflected s o l a r  r a d i a t i o n  was monitored us ing  two por t ab le  multiband 
radiometers.  The f i rs t ,  an Exotech Model 100-A, was equipped wi th  2 
v i s i b l e  and 2 n e a r i n f r a r e d  wavebands s i m i l a r  t o  those o f  t h e  LANDSAT 
Mul t i spec t r a l  Scanner (MSS). It was handheld over  t h e  experimental  
p l o t s  a t  t h e  t ime when t h e  s o l a r  z e n i t h  angle  was approximately 57'. 
Data were c o l l e c t e d  almost d a i l y  beginning on 27 August 84 under c l e a r  
and cloudy sky condit ions.  Reflectances were computed a s  t h e  r a t i o  of 
radiances measured each experimental p l o t  t o  t h e  t ime-interpolated i r r a -  
diances i n f e r r e d  i n  t h e  waveband i n t e r v a l  from measurements over  a 
c a l i b r a t e d ,  pa in ted  BaS04 reference  panel. An example of  a vege ta t ion  
index ca l cu la t ed  a s  t h e  r a t i o  of Exotech band 4 (NIR) t o  band 2 (Red) 
i s  shown i n  Fig. 4. A t  i n t e r v a l s  t h e  Exotech radiometer and o t h e r  
remote sens ing  ins t ruments  were employed i n t e n s i v e l y  on a d i u r n a l  bas is .  

A second radiometer,  a Barnes Multimodular Radiometer (MMR) was mounted 
on a backpack device and deployed 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  at  a time corresponding t o  t h e  approximate 

e overpass of  Landsat 5 (1030 h). The MMR had 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  an a d d i t i o n a l  n e a r I R  channel 
which i s  propor tedly  s e n s i t i v e  t o  l i q u i d  water i n  p l an t  t i s s u e s  and thus  
should be u s e f u l  i n  t h e  monitoring of p l a n t  s t r e s s .  

Thermal i n f r a r e d  measurements of t h e  a l f a l f a  canopies  were made a t  
approximately 1330 t o  1400 h 5 days a week us ing  a n  Everes t  por tab le  IRT 
wi th  nominal 4'FOV op t i c s .  Canopies were viewed from each of t h e  4 c a r  
d i n a l  compass d i r e c t i o n s  as well a s  i n  a n a d i r  d i r ec t ion .  

PERSONNEL: R. J .  Reginato, R. D. Jackson, S. B. Idso ,  P. J. P in te r ,  
Jr., K. L. Clawson, C. E. Ezra, ,  M. S. Moran, R. S. Seay, 
S. M. Schnel l ,  H. L. Kelly,  Jr., B. L. Carney, S. E L  
Karpinski ,  B. L. Murphy, P. B a r r e t t .  

Annual Report of the U.S. Water Conservation Laboratory



Table 1. Summary of weather conditions on 16 and 17 May 1984. 

AVG . 
DIRECT 

AVG . AVG. BEAM 
DRY WET SOLAR WIND WIND 
BULB BULB RADIATION* SPEED** DIRECTION*" 

DAY (C) (C) (wm-2) (m/s) (DEGREES) SURFACE 

16 MAY 32.6 17.5 837.6 2.3 174 BARE 
SOIL 

17 MAY 31.7 18.7 848.2 2.2 176 ALFALFA 

&calculated from the alternately shaded and unshaded standard 
pyranometer. 

**Campbell Scientific CR-21 Micrologger data at 2 m height located 
in the lysimeter field. 
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Table 2. Ca l ib ra t ion  c o e f f i c i e n t s  (N m-' mv-') of n e t  radiometers  
determined over  a bare  s o i l  and an a l f a l f a  surface.  The 
unce r t a in ty  of t h e  c a l i b r a t i o n  c o e f f i c i e n t  i s  t h e  s tandard 
dev ia t ion  of 33 independent ca l cu la t ions .  

------- SERIAL NUMBERS---- ------ --- 

BARE SOIL 
COEFFICIENT 215.8 243.1 265.0 258.8 235.7 221.4 225.5 222.3 222.0 
UNCERTAINTY 3.36 3.24 4.03 3.60 3.58 2.69 3.66 2.85 3.56 

ALFALFA 
COEFFICIENT 214.6 243.5 263.4 255.6 235.2 220.5 225.3 220.7 221.9 
UNCERTAINTY 1.79 3.83 2.27 4.22 2.32 0.88 2.79 2.56 2.25 

DIFFERENCE 
I N  1.2 -0.4 1.6 3.2 0.5 0.9 0.2 1.6 0.1 

COEFFICIENTS 
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Table 3.  (Cont.) Inerrurnentation f o r  Al fa l fa  84. 

Channel Instrumenr I n s t a l l a t i o n  
Parameter Location Heighc Number M R .  Date 

Nadir IRT 28 1.5 m 084 Thennocouple 237 
Shield Temp. 

East 
Scanner 48 1.5 m 158 Thermocouple 237 
Temp. 

Temp. 

Cabin Cabin 1.5 m 228 Thermocouple 237 
Temp. 

Global Cabin Roof 200 Eppley 237 
Radintioo 

Diffuse Cabin Roof 201 Eppley 237 
Radiation 

PAR Cabin Roof 202 LICOR 237 

Baro- 
metr ic  Csbin 0.3 m 203 Sier ra  Kisco 237 
Preaeure 

Windspeed Cabin Roof 204 G i l l  237 

Wind Cabin Roof 205 G i l l  237 
Direction 
Ful l sce le  Cabin Roof 206 G i l l  
Zeco Cnbin Roof 207 G i l l  

Lyaimeter 28 - 210 - 237 
3 8  - 211 - 237 
48 - 212 -- 237 

Signal 
Level - 

C 
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Water Hyacinth-Carbon Dioxide  Enrichment Chamber /Clear  Plastic 
1/40 Sca le  

Figure 1. 
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Water Hyacinth-Corbon Dioxide Enrichment Study, 

Weighing &Growth-  Basket Design 

Aluminum Framed 1 /20Sca le  

C, - 'Bottom members showing notches 

Crossed/locked position 

1 Completed bottom ring w i t h  
: U-Bolt fasteners 

Figure 2. 
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ALFALFA 84 EXOTECH DATA 

, ' , , , ' , "  I , ' , , , ,  . / . , , ,  

DAY OF YEAR 

Figure 4. Daily values of a Vegetation Index calculated as the ratio 
of near-IR to Red light reflectances measured with the 
Exotech Radiometer are shown for two alfalfa plots in 1984. 
Plot 2A (dotted line) was a dry treatment during the first 
harvest cycle. Plot 3C (solid line) experienced a dry 
treatment during the second harvest cycle. The data shown 
in this figure were collected under conditions when the 
direct beam solar radiation was unobstructed by clouds and 
the sun was at a solar elevation of 33'. 
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TITLE: SOIL-WATER-PLANT RELATIONSHIPS OF DROUGHT-TOLERANT CROPS IN ARID 
ENVIRONMENTS 

NRP : 20760 CRIS WORK UNIT: 5510-20760-002 

INTRODUCTION: 

This research has had two overall objectives: (1) to increase the pro- 
ductivity of arid and semiarid lands using runoff farming (RF) and in 
the process (2) to introduce new, high-value, low water requiring crops 
to these water-short areas. Meeting objective (1) has entailed labora- 
tory research to develop high-runoff-efficient, inexp:nsive and durable 
water harvesting treatments for the catchments portion of the RF system, 
and field research to develop the complete system with treated catch- 
ments, crops and all the associated agronomic practices. We have worked 
primarily with two crops to meet objective (2): jojoba and Christmas 
trees. We concluded that jojoba was not a good crop for RF in arid 
areas receiving summer rains, but might be a good choice for areas with 
a Mediterranean climate. 

Recently, we have been evaluating conifers for RF. This crop was 
designated for Christmas trees. We found that we could sucessfully grow 
commercially acceptable Christmas trees for some tree species-RF system- 
soil combinations, but not for others. In 1984, we initiated research 
to eliminate this uncertainty, and to develop cultural techniques to 
reduce tree mortality, speed growth and improve quality. 

m RESEARCH APPROACH: 

In the laboratory, several tallow-derivative materials supplied by the 
ARS Eastern Regional Research Center were combined with additives, 
applied to soils and evaluated for repellency and weatherability using 
previously developed testing procedures. 

The water repellent materials evaluated included the following list of 
tallow derivatives and mixtures of them with paraffin -131AMP and 140 
slack wax: 

AF 729-84 RCONHCH~CHZN(COR)CH~CHZNH~ 
N-(Aminoethy1)N-Tallow amido 

ethyl Tallowamide 

N-CH2CH2NHCOC15H31 
N-Zfpentadecyl ~2 imidazo1ine)ethyl stearamide 
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Dipalmitamidoethyl Amine 

Samples were prepared using the following sequence: 
150 g air dry <2 mm Granite Reef soil per 9 cm diameter 

Petri dish bottom; smooth soil; wet with 15 g distilled water applied 
with an atomizer; cover; equalibrate overnight; compact (5 blows with 
standard compactor); air dry; treat with cellulose xanthate (10 ml/dish 
of 0.4% cellulose solution applied with atomizer); air dry; brush on 
wax-antistrip mixture; melt into soil with heat lamps; treat petri dish 
edges with melted mixture of 213 160 E1.P. paraffin, 113 Vaseline. 
Treatments were prepared in duplicate. 

The samples then were evaluated using the alternating weathering-testing 
procedure: 

4-hr-hydration (+ or - for pass-fail) 
C 

erosimeter(1 mm water jet at 5 psi for 5 min) 
C 

I freeze-thaw cycling(t20° with approx. 2.5 cm diameter 
water drop atop center of each sample) 

C 

The erosimeter was run at 5 psi for n=1 through 40; then at 15 psi on 
surviving samples until failure. 

At the Camp Verde field test site 4 studies were in various stages of 
progress: (1) the study of the original planting of two tree species at 
two sites (clay and sand) and associated stump-culture evaluation was 
concluded, (2) the first study on combining RF with drip irrigation con- 
tinued, as did (3) the evaluation of cloning to improve tree properties 
and reduce variability, and (4) a new study was initiated to improve 
early growth, rooting properties and quality of the Elarica Pine. 
Installation procedures for the first three studies appear in earlier 
annual reports. 

For study ( 4 ) ,  the "sandy" runoff-farming site at Camp Verde was 
replanted entirely to Eldarica pine in 1984. Prior to planting, the 
site was clear-cut and each of the six terraces randomly divided into 
five tillage treatments: (1) controls, (2) tillage to depth of 3 feet, 
(3) no. 2 with inclusion of pine duff residues, (4) no. 2 with inclusion 
of a silty loam soil, and (5) planting a known deep-rooting species 
along with the pine. Tillage was an auger hole drilled and refilled 
adjacent to each planting site. There also was a new (previously 
unplanted) row of trees with the five tillage treatments. Two trees 
were planted per site; the smaller of the two trees was to be removed 
after the first growing season. A drip system was installed to water 
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the trees weekly from planting in March until the start of the summer 
rainy season. 

RESULTS: 

Laboratory: 

Results for the evaluation of the tallow derivative-petroleum-base wax 
water repellents are shown in Table 1. Generally, the tallow-wax mix- 
tures were considerably more stable than either component alone. The 
Emery antistripping agent markedly improved the weatherability of the 
petroleum base waxes, but its effects were inconsistent with the tallow 
materials. 

Field: - 
Table 2 is a summary of the harvestable trees from the two successful 
tree-treatment combinations of field study 1. Shown is the disposition 
of the original and the associated first crop of stump-cultured trees. 
It was hoped that the stump cultured trees could be matured a year or 
two sooner than the originals, thus markedly shortening the harvest 
cycle time. 

Almost 90% of the cypress seedlings on the sand site reached marketable 
size in only 3 years, but stump culturing was completely unsuccessful. 
For the cypress, we had to be content with 0.3 salable trees per spot a per year using the three year cycle. 

We had better success stump culturing the pine on the clay site. At the 
end of 6 years we had harvested 96% of the original planting, plus 
another 77% as stump cultured trees, or a total of 173% of the original 
planting. This amounts to 0.29 salable trees per planting spot per 
year, or nearly one tree per spot every three years. For comparison, in 
northern climates, 5 to 10 years are normally required to mature a 
Christmas tree, or less than 0.1 to 0.2 trees per spot per year. 

Results of the first drip irrigation study at Camp Verde (study 2) for 
starting conifer seedlings on an RF system were mixed: the automati- 
cally timed system eliminated hand watering during establishment, but 
did not hasten maturity or reduce mortality. Apparently, as in study 
1, the trees had difficulty rooting into the dense, sandy soil. We also 
tried some trimming on these trees, and late season application of 
nitrogen to improve color at cutting time. 

The "Clemson Greenspire" cuttings (study 3) present a very uniform stand 
after two growing seasons, which shows that this technique can be used 
to improve tree quality, and possibly rate of growth and other desirable 
characteristics. However, this selection of Arirzona cypress, which is 
suitable for conditions in South Carolina, is not well adapted to the 
harsh conditions of RF at Camp Verde. Future selections for cloning 
must be made locally from existing RF sites. 

@ For study 4, the average height, (best of two trees per planting site) 
after the first growing season of all the replanted trees on the old RF 
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(study 1) site, was 43 cm. The seedlings nearly tripled their height 
this first year. This also is three times the first year's average 
growth of the first Eldarica planting at the site (28 vs. 9 em, 
respectively). Average growth (best of two treesfsite) of the trees on 
the single newly planted row was only 13 cm, or only slightly better - 
than that of the first study. It is too early to try to relate growth 
to the five tillage treatments. It was during the second and third 
summers in studies 1 and 2 that we experienced the high mortality of the 
pine on the sand site. However, the vigorous top growth suggests that 
this new planting has already rooted deeply, and because of the fast 
start, the trees could reach marketable size in only 3 years. 

The drip system ran until mid-August and applied 104 gal/tree site. 
This calculates out to be only 3.4, 2.3, and 1.7 inches of irrigation 
water for the combined growing and catchment areas of the three sized 
terraces in the study. Most of the collected runoff this first year 
was deep percolated. Undoubtedly, this was many times that small amount 
removed by the irrigation system. 

The RF studies were terminated during 1984 and the sites are being 
restored. 

PERSONNEL: Dwayne H. Fink 
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Table 1. 

Weatherabi l i ty  of ta l low der iva t ive  - petroleum wsx mixtures on 
Granite ReeP s o i l .  

Wax Rate (k&) 
0.25' 0.50 

Anti- Pressure  Pressure  
Sample Rat io  s t r i d 1  5 p s i  ,15 pal  5 pei 15 p a i  

PsrafEin - 
only - 

140wax - 
only - 

AF706-69-1 - 
only - 

69-IlPar 1:l . 
69-11140 1:l " 

AF729-82 - 
only - 

729-82lpar 1:l - 
729-821140 1:1 

AF729-84 - 
only - 

729-84lPar 1:1 " 

729-841 140 1: 1 
" 

AF706-74-11 - 
only - 

7 4-Ill  par  1 : 1 

3:7 . 
2:8 

1:s ., 
74-111140 1:1 " 

387 
" 

2:8 
" 

1:9 
" 

1/ N - no a n t i s t r i p ;  Y - 22 Emery 6639 i n  wax mixtures. 

2/ Dltplicate samples were run fo r  a maximltm of 205 mlnuces a t  5 psi;  
then surviving samples were run a t  15 p s i  u n t i l  destroyed. 
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Table 2. Christmas t r e e  harves t  of the  o r i g i n a l  and stump cu l tu red  
Arizona cypress on the  sand s i t e  and E lda r i ca  pine on t h e  c lay  s i t e .  

S e l l  Died Cu l l s  

4: 

Cypress - Sand 
Or ig ina l  (Yr 3) 89 3 8 
Stump Cul ture  (Yr 5) 0 34 63 

T o t a l  89 37 71 

Pine - Clay 
A) Or ig ina l  (Yrs 3 & 4) 88 - 

(Yrs 5 & 6) 8 0 0 
T o t a l  96 4 0 

B) Stump Cultured (Yrs 5 & 6) 77 12 - 
T o t a l  (A+B) 173 16 - 
S e l l a b l e  t r e e s / s p o t / y r  (4  y r  cyc le)  = 0.22 

" " ( 6 "  " ) = 0.29 

tble 3. Height and rowth of second p l a n t i n g  of Elde 
I? t r e a t e d  sand site.- 

i n e  on wax 

Rows I, 11, I11 Rows I V ,  V ,  V I  Row V I I  
(Old Quetta) (Old Cypress) (New) 

1. Control  47 
2. Deep-Till 45 
3. 2 + Pine Duff 46 
4. 2  + S i l t  S o i l  45 . 
5. QVAR - Sa l so la  43 

AVE 45 41 27 
Growth 1984 30 25 13 

AVE Growth 1984 28 
AVE Growth 1979 p lan t ing  9 

11 2nd p lan t ing ,  d r i p  i r r i g a t e d ,  b e s t  of two t r e e s / s i t e .  
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TITLE: EFFECTS OF INCREASING ATMOSPHERIC C02 ON YIELD AND WATER USE 
OF CROPS 

NRP: 20760 CRIS WORK UNIT: 5510-20760-006 

INTRODUCTION: 

  his was t h e  second yea r  of a p ro jec t  whose main o b j e c t i v e  i s  t o  d e t e r  
mine t h e  long term e f f e c t s  of continuous C02 enrichment on t h e  y i e ld ,  
water  use,  and photosynthesis  of a v a r i e t y  of p l a n t s  under opt imal  and 
l i m i t i n g  l e v e l s  of water  and f e r t i l i t y .  The purpose i s  t o  document t h e  
poss ib l e  f u t u r e  e f f e c t s  on crop production of a doubling of  g loba l  
atmospheric C02 concentrat ions.  Secondary ob jec t ives  a r e  t o  determine 
t h e  e f f e c t s  on phys io logica l  determinants  of c rop  p roduc t iv i ty ,  on water  
s t r e s s  and stomata1 behavior ,  and on biochemical r e a c t i o n s  t h a t  limit 
photosynthesis.  S t a f f  members from t h e  U. S. Water Consemat ion  
Laboratory and t h e  Western Cotton Research Laboratory a r e  cooperat ing on 
t h e  p ro jec t .  

I n  1983, a n  experiment was conducted on field-grown co t ton  (Gossypium 
hirsutum L.), us ing  open-top C02-enrichment chambers. The C02 t r e a t -  
ments were ambient, 500, and 650 VP. &-I i n  t h e  chambers, as w e l l  as 
open-field c o n t r o l  p lo t s .  A l l  t h e  co t ton  was well-watered, and t h e r e  
were two r e p l i c a t e s  of  each treatment.  The 1984 experiment aga in  had 
t h e  same C02 t rea tments  w i t h  two r e p l i c a t e s .  The major change was t o  
double t h e  s i z e  of t h e  experiment t o  inc lude  another  i r r i g a t i o n  l e v e l ,  a s o  t h a t  i n  1984 t h e r e  were both well-watered ("wet") and w a t e r s t r e s s e d  
("dry") t reatments ,  as i l l u s t r a t e d  i n  t h e  p l o t  p lan  of F igu re  1. 

MATERIALS AND METHODS: 

A. Culture of Experimental Crop: 

The co t 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. A p l o t  p lan  i s  shown i n  F igure  
1. The s o i l  i s  Avondale c l ay  loam (Fine-loamy, mixed ( ca l ca reous ) ,  
hyperthermic, Anthropic Torr i f luvent ) .  A l f a l f a  had previous ly  been 
grown on t h e  f i e l d  f o r  about t h e  l a s t  t h r e e  years.  The f i e l d  was 
ploughed and furrowed on 16 March 1984 and a p rep lan t  he rb ic ide ,  
Karmex, was appl ied  on 23 March. It was p r e i r r i g a t e d  wi th  230 mm of 
water  on 27 March. Urea f e r t i l i z e r  was appl ied  a t  a r a t e  of  75 kgfha 
on 5 Apr i l ,  and then  t h e  f i e l d  was t i l l e d  wi th  a l i s t e r  hoe. The f i e l d  
was planted t o  Deltapine-61 cot ton  on 16 Apr i l  1984. A v a r i e t y  change 
was made from 1983 when Deltapine-70 was grown because i n  1983 t h e  cot- 
t on  was planted l a t e  i n  June and Deltapine-70 i s  a s h o r t e r  season 
v a r i e t y  than Deltapine-61. The co t ton  was planted i n  north-south rows 
a t  a 40-in ( 1  m) row spacing,  on r i d g e s  with furrows i n  between, a s  
commonly used f o r  f lood- i r r iga t ed  c o t t o n  i n  Arizona. Following normal 

Trade names and company names a r e  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 rea tment  of t h e  

e product l i s t e d  by e i t h e r  t h e  au thor s  o r  t h e  U. S. Department of 
Agricul ture.  
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prac t i ces ,  t h e  tops  of  t h e  r idges  were knocked o f f  on 20 Apr i l ,  which 
was about 2 days a f t e r  germination but  p r i o r  t o  emergence. The prac- 
t i c e  removes t h e  s o i l  su r face  c r u s t ,  t h u s  f a c i l i t a t i n g  emergence. The 
s tand was thinned t o  100,000 p lan t s lha ,  and a few gaps i n  t h e  s tand  
were f i l l e d  us ing  t r ansp lan t s .  

Immediately a f t e r  p lan t ing ,  two neutron access  tubes were i n s t a l l e d  i n  
each p l o t ,  one i n  t h e  exact  cen te r  i n  t h e  middle row and t h e  second 
about 30 cmwest  and 50  cm sou th  of t h e  f i r s t .  During t h e  course of 
access  tube  i n s t a l l a t i o n ,  a g rave l  l a y e r  was discovered i n  t h e  f i e l d  a t  
a depth g r e a t e r  t h a n  1.6 m a t  t h e  south  end of t h e  f i e l d  b u t  gradual ly  
a t  shal lower depths t o  about 1 m a t  t h e  no r th  edge. Consequently, t h e  
neutron access  tubes  a t  t h e  south  end (IW p l o t s  i n  F igure  1)  were a l l  
i n s t a l l e d  t o  a depth of 1.6 m whereas those  a t  t h e  n o r t h  (IIW p l o t s  i n  
Figure 1 )  were i n s t a l l e d  t o  about 1 m w i t h  in t e rmed ia t e  i n s t a l l a t i o n  
depths i n  between. 

Af t e r  t h e  neutron access  tubes  were i n s t a l l e d ,  e r e c t i o n  of  t h e  open-top 
chambers began. The chambers were i d e n t i c a l  t o  those  descr ibed  i n  t h e  
1983 Annual Report. The C02 t rea tments  were i n i t i a t e d  on 2 May 1984. 
The C02 sampling, enrichment, and c o n t r o l  system was t h e  same a s  used i n  
1983, except  twice a s  many f i e l d  s i t e s  were involved. 

Psychrometers were i n s t a l l e d  a t  about  t h e  1.5 m he igh t  i n  t h e  south-west 
corner  of each chamber o r  f i e l d  p lo t .  A G i l l  (R. H. Young and Co. Model 
35001') p r o p e l l o r  wind vane was i n s t a l l e d  a t  t h e  2.5 m h e i g h t  on a mast 
i n  t h e  c e n t e r  of t h e  f i e l d .  A Spectran Model 4048 pyranometer was 
i n s t a l l e d  on a n  arm of  t h e  same mast a t  a h e i g h t  of 2 m. Hourly average 
d ry  and w e t  bu lb  air  temperatures,  wind speed, and s o l a r  r a d i a t i o n  were 
recorded each hour on a n  automatic  d a t a  a c q u i s i t i o n  system. 

A s  i l l u s t r a t e d  i n  F igure  1, t h e  f i e l d  was d iv ided  i n t o  f o u r  bas ins  wi th  
fou r  p l o t s  per  basin. Thus, t h e s e  f o u r  s e t s  of p l o t s  (Rep I - wet, Rep 
I - dry ,  Rep I1 - dry ,  Rep 11- wet) were each i r r i g a t e d  a s  a u n i t .  

The wet p l o t s  were f lood  i r r i g a t e d  on a 2 week schedule,  a s  i s  common 
p r a c t i c e  f o r  t h e  a r e a  (Table 1) .  The d r y  p l o t s ,  on t h e  o t h e r  hand, were 
i r r i g a t e d  on a t h r e e  week schedule, t h u s  s u b j e c t i n g  t h e i r  p l a n t s  t o  more 
w a t e r s t r e s s .  Unfortunately,  unusual ly heavy r a i n s  (Table 1 )  upse t  t h e  
i r r i g a t i o n  schedules ,  s o  t h e  dry t reatment  was not  s t r e s s e d  as o f t e n  o r  
a s  s eve re ly  a s  planned. The t o t a l  amount of  i r r i g a t i o n  p l u s  r a i n  
appl ied  t o  a l l  t h e  p l o t s  was g r e a t e r  than  planned. 

A s  w i l l  be  described i n  succeeding s e c t i o n s ,  numerous measurements of  
p l an t  he igh t ,  l e a f  a r e a ,  biomass accumulation, f lower  and b o l l  number, 
l e a f  photosynthesis ,  l e a f  d i f f u s i o n  r e s i s t a n c e ,  l e a f  temperature,  s o i l  
moisture content  and water  use ,  l e a f  water  p o t e n t i a l ,  s o i l  C02  f l u x e s  
and concent ra t ions ,  and i n s e c t  popula t ions  were made dur ing  t h e  course 
of  t h e  season. The middle row ( 3  m) was used f o r  t h e  f i n a l  ha rves t  on 
17 October. 

One evening p e r  week from 11 June u n t i l  6 August Vapona i n  shallow 
d i shes  wi th  a napkin wick was placed i n  t h e  blower c a b i n e t t e s  f o r  i n s e c t  
cont ro l .  This  procedure d i s t r i b u t e d  t h e  i n s e c t i c i d e  throughout  t h e  
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I )  
chamber p l an t  canopies,  bu t  t h e  ou t s ide  p l a n t s  d id  not  r ece ive  t h e  
t reatment .  Other i n s e c t i c i d e  t rea tments  included spraying chambers IID2 
and I I D l  w i th  Kelthane f o r  r e d  s p i d e r s  on 18 June. Temik was app l i ed  t o  
a l l  chambers on 20 June. Sevin a t  2 kgfha and Kelthane a t  1 kgfha were 
sprayed on t h e  co t ton  on 24 Ju ly .  Some v i s i b l e  damage occurred t o  some 
of  i ts  upper leaves.  I n  a d d i t i o n  t o  t h e  preplant  a p p l i c a t i o n  of  u rea  a t  
t h e  r a t e  of 75  kgfha on 5 A p r i l ,  a n  a d d i t i o n a l  s ided res s  o f  u rea  was 
appl ied  i n  June a t  75 kgfha. The r e s i d u a l  n i t rogen  from t h e  previous 
a l f a l f a  crop p lus  t h e  app l i ed  f e r t i l i z e r  apparent ly  supplied adequate 
n u t r i e n t .  Concentrations of  l e a f  p e t i o l e  n i t rogen  ( 4 t h  l e a f )  were 
measured pe r iod ica l ly  through t h e  season (Table 2). They decreased 
markedly wi th  time through t h e  yea r ,  bu t  no more than  normal f o r  a cot- 
t o n  crop. 

B. CO? Concentrations: 

CO2 concentrat ions were con t inua l ly  recorded, a s  described i n  d e t a i l  i n  
t h e  1983 Report. About 30 seconds were requi red  f o r  t h e  i n f r a r e d  C02 
analyzer  t o  s t a b i l i z e  on a new reading  a f t e r  switching from one p l o t  t o  
another .  A s i n g l e  C02 observa t ion  was taken of C02 concent ra t ion  f o r  a n  
ambient p l o t ,  bu t  f o r  t h e  enriched p l o t s ,  30 observa t ions  were taken 
over  a one minute period be fo re  swi tching  t o  t h e  next  p lo t .  Each hour, 
ze ro  and span gas were a l s o  routed  through t h e  analyzer  f o r  au tomat ic  
c a l i b r a t i o n ,  which requi red  another  minute. Af t e r  each i n t e g e r  hour on 
t h e  clock, t h e  scan of  a l l  t h e  p l o t s  was completed, and then  hour ly  
average C02 concent ra t ions  were computed and recorded. Because t h e r e  

e were 1 6  p l o t s ,  and about 20 minutes were requi red  pe r  scan o f  a l l  t h e  
p l o t s ,  these  hourly averages u s u a l l y  included 3 observat ions from t h e  
ambient p l o t s  and 90 observa t ions  from t h e  enriched p lo ts .  

A computer program was w r i t t e n  t o  summarize t h e  C02 observa t ions  over  
t h e  e n t i r e  season f o r  each  p l o t .  A f t e r  s u n r i s e ,  t h e  system normally 
increased t h e  C02 flow r a t e s  t o  compensate f o r  t h e  g r e a t e r  atmospheric 
turbulence and g r e a t e r  exchange of  a i r  i n  t h e  open t o p  chambers dur ing  
daytime, and v ice  v e r s a  a f t e r  sundown. To s e e  any d iu rna l  p a t t e r n s  of 
C02 concentrat ions,  t he re fo re ,  t h e  C02 observa t ions  were s o r t e d  and 
averaged by hour of  t h e  day. The r e s u l t s  a r e  presented i n  F igures  2, 3, 
4, and 5 f o r  t h e  I W ,  I D ,  I I D ,  and IIW p l o t s ,  r e spec t ive ly .  The program 
was a l s o  run on t h e  1983 d a t a  f o r  completeness, and these  r e s u l t s  a r e  
presented i n  F igures  6 and 7 f o r  Reps I and 11, respec t ive ly .  

Perusing Figures 2 - 7,  i t  i s  apparent  t h a t  t h e  ambient concen t ra t ions  
undergo a d iu rna l  v a r i a t i o n  from about  350 uil !Zel i n  daytime t o  400 1111 
i l l  a t  night .  The enriched p l o t s  a l s o  have some d i u r n a l  v a r i a t i o n  but  
less pronounced because of  t h e  con t ro l l ed  s e t  p o i n t s  a t  500 and 650 ~ 1 1  
11-l. After  s u n r i s e  each day, t h e  concent ra t ions  decreased below set 
p o i n t s  f o r  a n  hour o r  two u n t i l  t h e  system responded t o  t h e  h i g h e r  l e v e l  
of  atmospheric turbulence. A f t e r  sunse t ,  concent ra t ions  r o s e  above t h e  
s e t  po in t s  u n t i l  t hey  s i m i l a r l y  responded t o  calmer n igh t  condi t ions .  

Also p lo t t ed  i n  Figures 2-7 a r e  t h e  s tandard  dev ia t ions  of  t h e  indiv id-  

e u a l  C02 concent ra t ion  observa t ions .  The bands r e v e a l  cons ide rab le  f l u e  
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t ua t ion ,  even i n  t h e  ambient concentrat ion.  However, o v e r a l l ,  t h e  C02 
con t ro l  of t h e  enr iched  chambers was q u i t e  good, and t h e  s tandard  
devia t ion  bands ove r l ap  only occas ional ly .  

The o v e r a l l  C02 concent ra t ion  means and s tandard  dev ia t ions  a r e  tabu- 
l a t e d  i n  Table 3. I n  1984, t hey  averaged 350 f 55, 355 ?: 60, 511 f 81, 
and 662 f 114 v!! 11-I f o r  t h e  open f i e l d  p l o t s ,  ambient,  "500", and "650" 
chambers, r e spec t ive ly .  In  1983, they  were 368 ?: 56, 356 i 47, 523 f 
90, and 643 f 101 (Table  4). 

RESULTS : 

A. Leaf Area, Biomass, and Yield: 

Des t ruc t ive  h a r v e s t s  of  p l a n t s  i n  t h e  two o u t s i d e  rows o f  t h e  chambers 
were taken n ine  d i f f e r e n t  t imes dur ing  t h e  season. Each t i m e ,  3 p l a n t s  
were taken i n  a r o t a t i n g  p a t t e r n  of  consecutive quadrants  of  t h e  two 
rows s o  a s  t o  d i s t r i b u t e  t h e  r e s u l t a n t  canopy gaps a s  evenly a s  poss ib l e  
and minimize t h e  o v e r a l l  impact on t h e  remaining p lan t s .  No i n t e r  
mediate d e s t r u c t i v e  ha rves t ing  was done on t h e  middle row, and a l l  of  
t h e  p l a n t s  i n  i t  were used f o r  t h e  f i n a l  h a r v e s t  a t  t h e  end of  t h e  
season. 

Following each in t e rmed ia t e  ha rves t ,  l e a f  a r e a  was measured by passing 
t h e  l e a f  b lades  through a LI-COR l e a f  a r e a  meter. Counts were made of 
t h e  number of  nodes, open b o l l s ,  and green b o l l s .  Dry weights  of l eaves  
and stems, open b o l l s ,  g reen  b o l l s ,  and r o o t s  were measured a f t e r  drying 
sepa ra t e ly  i n  a n  oven a t  70%. 

The accumulation of  l e a f  a r e a  index dur ing  t h e  season i s  presented  i n  
Figure 8. By day 234, t h e  p l a n t s  grown a t  650 ~ 1 1  11-I had 74% g r e a t e r  
l e a f  a r e a  than  those  a t  ambient f o r  t h e  wet t rea tment .  The 650 p l a n t s  
from t h e  d r y  p l o t s  had 18% more l e a f  a r e a  than  t h e  d ry  ambient p l a n t s  on 
day 234, al though f o r  most o f  t h e  season t h e  650 p l a n t s  had r e l a t i v e l y  
more a r e a  than  on day 234. 

The accumulation of d r y  weight of  b o l l s  i s  shown i n  F igure  9. Obvious- 
l y ,  t h e  650 v!! 11-I C02 concent ra t ion  g r e a t l y  s t imu la t ed  b o l l  growth. 
The weights of  b o l l s  from t h e  "650" chamber were n e a r l y  double those  
from ambient "350" chambers f o r  both wet and d r y  t rea tments .  By 
season's  end, t h e  i r r i g a t i o n  t rea tments  had l i t t l e  e f f e c t ,  t h e r e  being 
almost no d i f f e r e n c e  i n  b o l l  weight between wet and d r y  a t  350 and only 
a sma l l  d i f f e r e n c e  a t  650 UP. 9F1 C02. However, e a r l i e r  i n  t h e  season,  
between days 200 and 240, some r a t h e r  l a r g e  b o l l  weight d i f f e r e n c e s  
e x i s t e d  between t h e  wet  and d ry  t reatments .  Apparently, however, r a i n s  
superimposed on t h e  i r r i g a t i o n  supp l i ed  enough wa te r  f o r  t h e  d r y  p l a n t s  
t o  nea r ly  completely recover  t h e i r  y i e l d  p o t e n t i a l .  

The number of b o l l s  i s  shown i n  F igure  10, and t h e  p a t t e r n  i s  t h e  same 
a s  f o r  weight. There were nea r ly  twice as many f lowers  a t  650 compared 
t o  350 v11 !!-l CO2. A t  season's  end, i r r i g a t i o n  t r ea tmen t  had l i t t l e  
e f f e c t ,  a l though e a r l i e r  between days 200 and 240, t h e  w e t  p l o t s  had 
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e considerably more b o l l s .  There was a  marked recovery i n  b o l l  number 
fol lowing t h e  day 221 i r r i g a t i o n ,  and t h e  e x t r a  r a i n  during t h e  l a t t e r  
p a r t  of  t h e  season f a c i l i t a t e d  complete recovery from water  s t r e s s .  

A comprehensive t a b u l a t i o n  of t h e  f i n a l  d e s t r u c t i v e  ha rves t  r e s u l t s  a r e  
presented i n  Table 5. The C02 enriched p l o t s  were about 7% t a l l e r  f o r  a  
doubling (650) of C02 i n  t h e  wet p l o t s  and 26% t a l l e r  i n  t h e  d ry  p lo t s .  
The number of  b o l l s  was g r e a t l y  increased  by CO2 enrichment a s  w i l l  be  
d iscussed  i n  more d e t a i l  sho r t ly .  T o t a l  dry ma t t e r  product ion was 
increased  by 50 and 95% i n  t h e  wet p l o t s  by t h e  500 and 650 pll CO2 
t rea tments ,  r e spec t ive ly .  In t h e  d ry  p l o t s ,  t h e  inc reases  were 19 and 
71% respec t ive ly .  The seed cot ton  y i e l d  i n c r e a s e s  c l o s e l y  p a r a l l e l e d  
t h e  d r y  ma t t e r  increases .  Seed c o t t o n  was increased  by 44 and 94% i n  
t h e  wet p l o t s  i n  t h e  500 and 650 C02 t rea tments ,  r e spec t ive ly ,  and by 
32 and 77% i n  t h e  d ry  treatments.  

A s  a l r eady  revealed by Figures  8-10, t h e  p l a n t s  i n  t h e  dry p l o t s  recov- 
e red  from t h e  water -s t resses  t o  which they were subjec ted ,  and a t  
ambient GO2, t h e  d r y s  s l i g h t l y  outy ie lded  t h e  wets. A t  t h e  h igher  C02 
l e v e l s ,  however, t h e  p l a n t s  i n  t h e  wet p l o t s  responded somewhat more t o  
t h e  C02 r e s u l t i n g  i n  t h e  94% inc rease  i n  y i e l d  due t o  t h e  650 pll 2-I C02 
treatment  compared t o  t h e  77% inc rease  i n  t h e  d ry  p lo t s .  This  r e s u l t  i s  
i n  c o n f l i c t  w i th  o t h e r  d a t a  reported i n  t h e  l i t e r a t u r e  t h a t  i n d i c a t e  
t h a t  p l a n t s  respond r e l a t i v e l y  more t o  C02 when subjec ted  t o  water  
s t r e s s .  However, o u r  "dry" p l a n t s  obviously were not  water -s t ressed  f o r  
t h e i r  e n t i r e  l i f e t i m e ,  s o  t h e  comparison wi th  t h e  o t h e r  s t u d i e s  may n o t  

a be va l id .  

Refer r ing  aga in  t o  Table 5, i t  i s  apparent  t h a t  t h e  percentage of l i n t  
i n  each b o l l  was not  a f f ec t ed  by e i t h e r  t h e  C02 o r  t h e  i r r i g a t i o n  t r e a t -  
ments. Neither  was t h e  s i z e  of t h e  seeds  a f f ec t ed  i n  any cons i s t en t  
way. There was no e f f e c t  of  C02 on f i b e r  l e n g t h  i n  t h e  wet p l o t s ,  bu t  
t h e  dry ,  C02-enriched p l o t s  had 6% s h o r t e r  f i b e r  than  t h e  d ry  ambient 
p l o t s .  There were some i n t e r e s t i n g  d i f f e r e n c e s  i n  f i b e r  f ineness .  
Fineness increased  by 10 and 15% i n  t h e  wet p l o t s  a t  C02 concent ra t ions  
of  500 and 650, r e spec t ive ly ,  and i n  t h e  d ry  p l o t s  by 4% a t  both C02 
concentrat ions.  The f ineness  d a t a  i n d i c a t e  a n  improvement i n  l i n t  
q u a l i t y  wi th  inc reas ing  C02 whereas t h e  f i b e r  l e n g t h  d a t a  show a 
decrease  i n  q u a l i t y  i n  t h e  d ry  p l o t s  w i t h  inc reas ing  CO2. 

C02 enrichment a l s o  d id  n o t  a f f e c t  h a r v e s t  index i n  e i t h e r  t h e  w e t  o r  
d ry  p l o t s  (Table 5). However, t h e  ha rves t  index o f  t h e  d r y  p l o t s  was 
c o n s i s t e n t l y  h igher  than  t h a t  of t h e  wet p l o t s  a t  a l l  C02 l e v e l s .  

The al l - important  y i e l d s  of  seed cot ton  ( l i n t  + seeds)  a r e  i s o l a t e d  i n  
Table 6. A s  d i scussed  previously,  a t  650 pll C O ~  t h e r e  was a n  aston- 
i s h i n g  94% g r e a t e r  y i e l d  than  a t  ambient f o r  t h e  wet p l o t s  wi th  t h e  
"500" t reatment  y i e l d s  about midway between. The y i e l d  response t o  CO2 
was s i m i l a r  i n  t h e  d r y  p l o t s  wi th  t h e  650's ou ty ie ld ing  t h e  ambients by 
77%. 

e Numbers of f lowers ,  percentage of  f lowers  t h a t  r e s u l t e d  i n  ha rves t ab le  
b o l l s ,  and weight of  l i n t  pe r  b o l l  a r e  a l l  components of  y i e l d  and t h e s e  
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d a t a  a r e  presented i n  Table 7. The f lower and b o l l  r e t e n t i o n  d a t a  w i l l  
be d iscussed  i n  d e t a i l  i n  t h e  next  sec t ion .  The amount of  l i n t  pe r  b o l l  
d i d  n o t  vary much wi th  t reatment ,  nor  d i d  t h e  percentage of  blossoms 
re ta ined .  There were inc reases  o f  about 75% i n  t h e  number of f lowers 
going from ambient t o  650 ull ll-1 C02 f o r  both wet and d r y  t rea tments ,  s o  
t h i s  i n c r e a s e  i n  f lower number was t h e  major component of t h e  inc rease  
i n  y i e l d  wi th  inc reas ing  C02 concentrat ion.  

B. Flowering and Bo l l  Retention: 

On every  normal working day dur ing  t h e  whole season, each f lower  i n  t h e  
middle raw of c o t t o n  i n  each chamber o r  p l o t  was counted and then  marked 
wi th  a small t a g  bear ing  t h e  day of  t h e  yea r  t h a t  t h e  f lower  appeared. 
A t  t h e  end of t h e  season,  t h e  t a g s  were c o l l e c t e d  from t h e  b o l l s  t h a t  
were r e t a i n e d  on t h e  p l a n t s ,  so r t ed  by week, and counted. These counts 
from t h e  middle row were i n  a d d i t i o n  t o  those  made on t h e  d e s t r u c t i v e  
p l an t  samples from t h e  o u t s i d e  rows, a s  d iscussed  i n  t h e  previous  sec- 
t ion .  

I r r i g a t i o n  had no c o n s i s t e n t  e f f e c t  on f lower ing  o r  b o l l  r e t e n t i o n .  
Therefore, i r r i g a t i o n  i s  combined wi th  r e p l i c a t i o n s  i n  t h e  t ab le s .  

A r a t h e r  s t r o n g  chamber e f f e c t  was evident .  Open p l o t s  f lowered more 
e a r l y  i n  t h e  season than  any o f  t h e  chamber p l o t s  (Table 8).  This  p r o b  
ably  r e s u l t e d  from a d i f f e r e n c e  i n  i n s e c t  damage; fewer squares  absc ised  
i n  open p l o t s  than i n  chambers e a r l y  i n  t h e  season. A d i f f e r e n c e  i n  
i n s e c t  damage may have continued through t h e  season because p l a n t s  i n  
t h e  open p l o t s  a l s o  r e t a i n e d  a h igher  percentage of b o l l s  throughout t h e  
season than  any of  t h e  chamber p l o t s  (Table  9).  Therefore,  as many 
b o l l s  were set i n  t h e  open p l o t s  a s  i n  t h e  ambient chambers (Table 10)  
d e s p i t e  fewer f lowers  being produced i n  t h e  open p l o t s  i n  t h e  l a t e r  p a r t  
of t h e  season (Table 8).  

Elevated 602 increased  t h e  number of  f lowers  produced (Table  8 ) ,  bu t  had 
no cons i s t en t  e f f e c t  on percentage b o l l  r e t e n t i o n  (Table 9). The t o t a l  
number of b o l l s  set by day 237 (24 August) increased  i n  propor t ion  t o  
t h e  e l e v a t i o n  i n  C02 content  of  t h e  a i r .  Bo l l  product ion inc reased  41% 
wi th  500 ull 9Tr cO2 and 82% wi th  650 pll llql c02 (Table 10). These 
r e s u l t s  a r e  cons i s t en t  w i th  those  of  e a r l i e r  experiments; c o t t o n  
f r u i t i n g  increased  markedly when C02 con ten t  of  t h e  a i r  was increased .  

C. Photosynthesis:  

N e t  photosynthesis  o f  c o t t o n  i n  t h e  CO2 enrichment experiment was 
measured between 1245h and 1500h on 20 days between 17 J u l y  and 29 
August 1984. We used a technique based on C02 d e p l e t i o n  by l e a v e s  
enclosed f o r  a b r i e f  t ime i n  a handheld chamber. The chamber was 
cons t ruc ted  from a p a i r  o f  t r anspa ren t  p l e x i g l a s s  domes t h a t  were hinged 
a t  one poin t  t o  f a c i l i t a t e  r ap id  i n c l u s i o n  of  s i n g l e  c o t t o n  l e a v e s  i n  a 
ho r i zon ta l  plane w i t h i n  t h e  chamber. Closure of  t h e  chamber was 
e f f e c t e d  by a p i s t o l  g r i p  mechanism, making i t  a single-handed opera- 
t ion .  The s p h e r i c a l  shape minimized t h e  chamber volume (1.74 l i t e r s )  t o  
c r o s s  s e c t i o n a l  a rea ,  and maximized t h e  l i g h t  t ransmi t tance  charac- 
t e r i s t i c s  while  keeping i n t e r n a l  r e f l e c t a n c e s  w i t h i n  t h e  chamber t o  a 
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* minimum - des ign  c h a r a c t e r i s t i c s  not  p r e s e n t l y  a v a i l a b l e  on commercial 
photosynthesis  chambers. When t h e  chamber was closed on a l e a f ,  a  bat- 
t e r y  operated so lenoid  t r i g g e r e d  t h e  e x t r a c t i o n  of a  10 m l  r e f e rence  a i r  
sample from t h e  chamber. Then a f t e r  a  13.5 second time i n t e r v a l  a 
second sample was au tomat i ca l ly  withdrawn from t h e  chamber. A small f a n  
enclosed wi th in  t h e  chamber c i r c u l a t e d  a i r  continuously. Temperature 
bui ldup wi th in  t h e  chamber dur ing  t h i s  s h o r t  period was minimal. With 
t h i s  chamber and t h e  d u a l  sy r inge  sampling technique i t  was poss ib l e  t o  
sample l eaves  a t  approximately 1.5 t o  2.0 minute i n t e r v a l s .  

P l a s t i c  sy r inges  con ta in ing  a i r  samples from t h e  chamber were s t o r e d  i n  
a n  i c e  ches t  cooled by s e v e r a l  packages of  "blue ice".  Control  sy r inges  
containing a  10 m l  sample of primary s t anda rd  C02 were k e p t  i n  t h e  i c e  
chest  t o  provide a check on contamination of  samples dur ing  t h e  measure- 
ment period. Within 30 t o  45 minutes of t h e i r  co l l ec t ion ,  C02 cori- 
cen t r a t ions  o f  samples and c o n t r o l s  were determined i n  t h e  l abora to ry ,  
us ing  a n  i n f r a r e d  gas  a n a l y s e r  (IRGA: A n a l y t i c a l  Development Company, 
Type 225 MK3) t h a t  was i n t e r f a c e d  wi th  a n  HP p r i n t i n g  i n t e g r a t o r .  The 
system was c a l i b r a t e d  a t  2 t o  3 i n t e r v a l s  du r ing  each day 's  measurement 
sequence us ing  a  primary s tandard  C02 source (376 o r  388 o r  499 pE TI, 
depending on a v a i l a b i l i t y ) .  The measured d i f f e r e n c e  i n  C02 concentra- 
t i o n  between t h e  i n i t i a l  r e fe rence  sample and t h e  sample acquired 13.5 
seconds l a t e r  was converted t o  a  n e t  photosynthe t ic  r a t e  (Pn i n  umol 
C O ~ ~ - ~ S - ~ )  by t h e  fo l lowing r e l a t i o n s h i p  

ACO2( U X  t-1 X Ambient pressure  (mb) 

Pn = (209.30) chambertime ( s e c )  X Ambient temperature (OK) 
l e a f  a r e a  ( cm2) 

where 209.30 i s  a cons tan t  which inco rpora t e s  t h e  molecular weight of  
C02, chamber volume, s t anda rd  temperature and pressure  r e l a t i o n s  and 
time and u n i t  a r e a  conversions,  and ACO2 ( p i  X-I) i s  t h e  d i f f e r e n c e  i n  
CO2 concent ra t ion  between f i r s t  and second s y r i n g e  samples. 

Leaves f o r  t h e  photosynthes is  measurements were chosen from t h e  c e n t e r  
of the t h r e e  rows of  c o t  ton w i t h i n  each  chamber t o  minimize any e f f e c t  
t h a t  shading by t h e  w a l l s  of  t h e  chamber might have on photosynthesis .  
A t  the  s t a r t  of each week, one o r  two f u l l y  expanded l eaves  a t  
approximately t h e  4 t h  node from t h e  main stem terminal  were tagged and 
measured wi th  a  cent imeter  s c a l e  i n  each C02 treatment  and i r r i g a t i o n  
l e v e l  combination. Pn measurements were t h e n  conducted on t h e s e  same 
leaves  f o r  up t o  a  5-7 day i n t e r v a l .  Cons t r a in t s  on d e s t r u c t i v e  p l a n t  
sampling wi th in  t h e  sma l l  chambers requi red  a  non-destructive means of  
es t imat ing  l e a f  area.  Th i s  was accomplished by sampling a  series of  
leaves  from t h e  f i e l d  i n  e a r l y  August and s u b j e c t i n g  e a s i l y  obtained 
l i n e a r  l e a f  measurements t o  m u l t i p l e  r e g r e s s i o n  techniques wi th  l e a f  
a rea  a s  t h e  dependent va r i ab le .  Resul t s  y i e lded  t h e  r e l a t i o n  

* where A = d i s t a n c e  from t h e  p e t i o l e  t o  t h e  t i p  of  t h e  main cen te r  l o b e  
of  t h e  l e a f ,  
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B * o v e r a l l  width of  t h e  l e a f  a t  a  po in t  I f 3  t h e  d i s t a n c e  from t h e  
p e t i o l e  t o  t h e  t i p ,  

C d i s t ance  from t h e  p e t i o l e  t o  t h e  t i p  of a  l a t e r a l  l obe  of  t h e  
l e a f ,  and 

Y = t h e  f l a t t e n e d  l e a f  a r e a  of a n  e n t i r e  l e a f  ( cm2). 

This  equat ion  produced a n  acceptable  l e a f  a r e a  e s t ima te  which enabled a  
r e l a t i v e  comparison o f  photosynthe t ic  r a t e s  between t rea tments .  

Measurement of Pn by any technique remains more a n  a r t  than  a  science.  
Use of  t h e  handheld chamber f o r  t h e  measurements d id  n o t  prove a n  excep- 
t i o n  t o  t h i s  gene ra l i za t ion ;  o u r  r e s u l t s  showed a  g r e a t  d e a l  of  vari-  
a b i l i t y  between and among treatments .  Operator e r r o r  i n  sampling 
technique and IRGA a n a l y s i s  was a  major source  of t h i s  v a r i a b i l i t y .  I n  
t h e  a n a l y s i s  which fol lows,  23 o u t  of  512 Pn de terminat ions  (<5%) were 
de le t ed  because t h e  samples were obviously contaminated o r  mislabeled.  
I n a b i l i t y  t o  p r e c i s e l y  measure l e a f  a r e a s ,  i n a p p r o p r i a t e  and uneven 
i n s e c t i c i d e  app l i ca t ions ,  and untimely breaks i n  i r r i g a t i o n  berms 
cont r ibuted  f u r t h e r  t o  t h e  v a r i a b i l i t y ,  bu t  no at tempt was made t o  c o w  
pensate f o r  them. 

The midday Pn of s u n l i t  c o t t o n  l e a v e s  i s  shown i n  F igures  11 and 12, f o r  
t h e  w e t  and d ry  t rea tments  r e spec t ive ly .  Each d a t a  po in t  r e p r e s e n t s  t h e  
average va lue  observed f o r  a l l  l e a v e s  measured i n  a p a r t i c u l a r  C02 and 
water  t reatment  combination. Rep l i ca t e  t rea tments  have been combined i n  
these  f i g u r e s .  Pn was c o n s i s t e n t l y  h ighe r  i n  t h e  ambient chamber t h a n  
i n  t h e  open f i e l d  p l o t  i n  both t h e  w e t  and d r y  i r r i g a t i o n  t rea tments .  
This  may be  due t o  micro-climatic d i f f e r e n c e s  wi th in  t h e  chamber. 
Temperature and humidity were t y p i c a l l y  h i g h e r  wi th in  t h e  chambers 
during t h e  time of measurements. Higher c o t t o n  l e a f  temperatures  and 
r a t e s  of  gaseous exchange i n  t h e  chamber may have con t r ibu ted  f u r t h e r  t o  
t h i s  "chamber e f fec t" .  I n  t h e  wet t reatment  chambers, we observed con- 
s i s t e n t  d i f f e rences  i n  Pn.which could be a t t r i b u t e d  t o  C02 concentra- 
t ion .  The d i f f e r e n c e s  were minimal j u s t  p r i o r  t o  a n  i r r i g a t i o n  when t h e  
p l a n t s  were s t r e s s e d  and a t  a  maximum dur ing  t h e  one t o  two week i n t e r  
v a l  fol lowing a n  i r r i g a t i o n .  

I n  t h e  d r y  t reatment ,  however, t h e  e f f e c t  of C02 on Pn was not  a s  
obvious (F igure  12). P l a n t s  growing i n  t h e  C02 enriched chambers were 
l a r g e r  and inva r i ab ly  w i l t e d  f i r s t  a s  s t r e s s  developed fo l lowing  a n  
i r r i g a t i o n .  I n  f a c t ,  p l a n t s  grown a t  500 and 650 U X  X-I i n v a r i a b l y  
showed symptoms of  s t r e s s  7-10 days before  p l a n t s  i n  t h e  ambient chamber 
and open f i e l d  p lo t s .  This  i s  r e f l e c t e d  i n  Pn d a t a  of  F igu re  12 which 
shows very  l i t t l e  d i f f e r e n c e  between enr iched  and ambient chambers p r i o r  
t o  t h e  i r r i g a t i o n  on day 221. I n  f a c t  t h e  650 UP. c o t t o n  showed 
lower Pn than  t h e  500 U X  11-I c o t t o n  dur ing  much of  t h i s  t ime. The 500 
P X  X-' c o t t o n  a l s o  exh ib i t ed  a r ap id  response t o  t h e  r e l i e f  of  s t r e s s  by 
a  100 mm r a i n f a l l  on day 210. Both enriched t r ea tmen t s  showed a n  
inc rease  i n  Pn fol lowing i r r i g a t i o n .  

Figures 11 and 12 show cons iderable  n a t u r a l  v a r i a t i o n  caused by d a i l y  
changes i n  s o l a r  i r r a d i a n c e ,  d i f f e r e n c e s  i n  l e a f  age and s p e c i f i c  l e a f  
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e weight and d i f f e r e n c e s  i n  p l an t  water  s t a t u s  between C02 t rea tments  
wi th in  a given i r r i g a t i o n  regime. Thus we f e l t  t h e  most e f f e c t i v e  way 
t o  analyze t h e  d a t a  would be  t o  compare each of  t h e  t r ea tmen t s  wirh 
t h e i r  r e spec t ive  con t ro l s .  The e f f e c t  of t h e  chamber on Pn was examined 
by tak ing  t h e  r a t i o  o f  average midday Pn of l e a v e s  w i t h i n  t h e  ambient 
C02 chamber t o  t h e  Pn o f  l e a v e s  ou t s ide  t h e  chamber ( t h e  "chamber 
e f f e c t " ) .  From 17 J u l y  u n t i l  17 August 1984, t h i s  chamber e f f e c t  r a t i o  
was 1.19 f o r  t h e  wet t r ea tmen t s  and 1.15 f o r  t h e  d ry  t r ea tmen t s  (Table 
11). When s i m i l a r  r a t i o s  were formed between t h e  500 u11 11-I C02 cham- 
bers  and t h e  ambient c o n t r o l  chamber, we observed a 23% and 32% inc rease  
i n  Pn f o r  t h e  w e t  and d r y  i r r i g a t i o n  t rea tments ,  r e spec t ive ly .  In t h e  
650 u i  i-l chambers we observed a 51% i n c r e a s e  i n  t h e  w e t  t reatment  and 
a 39% inc rease  i n  t h e  d ry  t reatment  when compared wi th  t h e  ambient 
chamber cont ro ls .  

The n e t  photosynthesis  d a t a  provide s t r o n g  suppor t  t h a t  COz enrichment 
enhances p roduc t iv i ty  of  co t ton .  However, t h e  i n c r e a s e  i n  photosynthe- 
t i c  r a t e  f o r  a doubling o f  t h e  C02 concen t ra t ion  i s  approximately h a l f  
t h e  observed i n c r e a s e  i n  marketable y i e ld .  The l a r g e  y i e l d  i n c r e a s e  can 
be explained by t h e  g r e a t e r  l e a f  a r e a s  i n  t h e  enriched t rea tments  and 
hence h igher  p r o d u c t i v i t y  p e r  u n i t  ground a r e a  than  ind ica t ed  on t h e  
b a s i s  of t h e  d a t a  i n  Table  11 alone. 

Several  important ques t ions  remain t o  be answered. Among them i s  
whether l e a f  r e s p i r a t i o n  i s  a l t e r e d  by C02 enrichment o r  t h e  r e s u l t i n g  
inc rease  i n  l e a f  temperature which accompanies t h e  p a r t i a l  c losu re  of e stomates a t  t h e  h igher  C02 l eve l s .  A second important  ques t ion  p e r t a i n s  
t o  t h e  response of  l e a v e s  t o  changes i n  C02 once they  have been acc l i -  
mated t o  an e l eva ted  C02 concentrat ion.  Limited obse rva t ions  suggest  
t h a t  s h o r t  term dev ia t ions  below t h e  accl imated CO2 l e v e l  have t h e  
e f f e c t  of  reducing photosynthesis  t o  a lower than  expected r a t e .  

D. Stomatal Resistance: 

Stomatal r e s i s t a n c e  measurements began on 7 June 84 (Day of  Year 159) 
and continued through 10 October (DOY 184). Three f u l l y  s u n l i t  l eaves  
were randomly s e l e c t e d  f o r  t h i s  purpose a t  t h e  t o p  of  t h e  canopy from 
t h e  cen te r  row of  each CO2 and water  l e v e l  t rea tment .  Stomatal 
r e s i s t a n c e  was determined wi th  a LI-COR s t eady  s t a t e  porometer on both 
t h e  adax ia l  and a b a x i a l  l e a f  sur faces .  A l e a f  s tomata l  r e s i s t a n c e  f o r  
each t reatment  was then  ca l cu la t ed  by summing t h e  p a r a l l e l  r e s i s t a n c e s  
of  both su r faces  and averaging t h e  r e s i s t a n c e  f o r  t h e  t h r e e  leaves.  
Measurements were made on 22 days throughout t h e  growing season. 
Instrument f a i l u r e  and cloud cover a f f e c t e d  t h e  i n t e g r i t y  of  t h e  d a t a  on 
10 of  these  days, l eav ing  12 days of measurements d ispersed  randomly 
through t h e  season on which a n  a n a l y s i s  of va r i ance  was performed. The 
a n a l y s i s  of va r i ance  assumed a randomized complete block des ign  wi th  
days as t h e  blocking c r i t e r i o n .  Treatment means were compared using 
orthogonal con t ra s t s .  

The seasonal  p a t t e r n  of s tomata l  r e s i s t a n c e  i s  i l l u s t r a t e d  i n  Figure 13 

e f o r  t h e  wet t reatment .  No c o n s i s t e n t  e f f e c t  of  increased  C02 con- 
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c e n t r a t i o n  on stomatal  r e s i s t a n c e  under well-watered condi t ions  was 
noted u n t i l  l a t e  i n  t h e  season, and then only i n  t h e  650 119. t r e a t -  
ment. The seasonal s tomata l  r e s i s t a n c e  means together  wi th  t h e i r  s tan-  
dard e r r o r s  f o r  the  open, ambient chamber, 500 and 650 ~ 9 .  t rea tments  
were 60.5 t 8.9, 55.5 + 8.1, 63.8 t 11.7, and 78.3 + 12.7 s m-l r e s p e c  
t i v e l y .  The ana lys i s  of var iance  ind ica ted  t h a t  t h e r e  was 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  (P <0.01) o f  increased  C02 concent ra t ion  on 
stomatal  r e s i s t ance  i n  any of t h e  wet t reatments .  Furthermore, t h e  d i f -  
fe rence  o f  5.0 s m-]- between t h e  open f i e l d  and t h e  ambient chamber was 
not s i g n i f i c a n t ,  i n d i c a t i n g  t h e  l a c k  of a chamber e f f e c t  on field-grown 
well-watered cotton. 

The seasonal  t r a c e  of s tomatal  r e s i s t a n c e  f o r  t h e  dry  t reatment  i s  shown 
i n  Figure 14. The peaks a t  days 192 and 219 occurred j u s t  p r i o r  t o  
i r r i g a t i o n .  The water  s t r e s s  e f f e c t  was more s t rong ly  observed i n  t h e  
650 uI9. 9T1 treatment than  i n  t h e  500 and 650 u9. t rea tments  were 66.6 
t 11.0, 82.9 it 9.1, 127.7 + 37.0 and 136.6 t 32.6 s m-I, respect ive ly .  
Comparison of treatment means i n d i c a t e d  t h a t  t h e  500 and 650 "9. L-1 
t rea tments  were s i g n i f i c a n t l y  d i f f e r e n t  (P <0.01) from t h e  mean ambient 
chamber res is tance .  The 500 and 650 ~ 9 .  C02 t rea tments  were not ,  
however, s i g n i f i c a n t l y  d i f f e r e n t  from each o ther .  The d i f f e r e n c e  o f  
16.3 s m-l between t h e  open and ambient chamber w a s  a l s o  nons ign i f i can t .  

Comparison of i d e n t i c a l  C02 concent ra t ions  a c r o s s  water  t reatment1 indi- 
cated t h a t  s tomatal  r e s i s t a n c e s  a t  500 and 650 11% 9.-I CO2 concent ra t ions  
i n  t h e  dry  t reatments  were s i g n i f i c a n t l y  h ighe r  (P  < 0.01) than  t h e  
r e s i s t a n c e s  measured i n  t h e  well-watered t rea tments  a t  i d e n t i c a l  CO; 
concentrat ions.  The average d i f f e r e n c e s  f o r  t h e  500 and 650 ~9. 9.-l 
t rea tments  were 63.9 and 58.3 s m-I, r e spec t ive ly .  Lack of i r r i g a t i o n  
water  d id  no t  s i g n i f i c a n t l y  i n c r e a s e  t h e  s tomata l  r e s i s t a n c e s  measured 
i n  e i t h e r  t h e  open f i e l d  o r  t h e  ambient chamber when compared t o  t h e  
well-watered plants .  These r e s u l t s  i n d i c a t e  t h a t  s tomatal  r e s i s t a n c e  o f  
co t ton  p l a n t s  i s  s t rong ly  influenced by CO2 concent ra t ion  i n  t h e  pres- 
ence of mild water s t r e s s .  The r e s u l t s  of t h i s  experiment a l s o  i n d i c a t e  
t h a t  i t  i s  d i f f i c u l t  t o  a s c r i b e  t h e  increased  water-use e f f i c i e n c y  of 
p l a n t s  exposed a t  high C02 l e v e l s  t o  inc reased  s tomata l  r e s i s t ance .  The 
l a r g e  v a r i a b i l i t y  inhe ren t  i n  s tomata l  r e s i s t a n c e  measurements decreased 
t h e  p r e c i s i o n  of t h e  mean es t ima tes  which r e s u l t e d  i n  many non- 
s i g n i f i c a n t  s t a t i s t i c a l  t e s t s .  It should be  noted however, t h a t  
stomata1 r e s i s t a n c e  i n  both the  wet and d r y  t rea tments  increased  wi th  
inc reas ing  C02 concentrat ion.  When coupled w i t h  t h e  inc reases  i n  l e a f  
a rea  (Figure  81, t hese  d a t a  support  t h e  obse rva t ion  of small  and incon- 
s i s t e n t  d i f f e rences  i n  water  use  p e r  u n i t  o f  l a n d  a rea ,  a s  w i l l  be  
discussed i n  a subsequent sect ion.  

E. Leaf Temperatures: 

Leaf temperatures were measured us ing  a n  i n f r a r e d  thermometer on many 
c l e a r  days during 1984. S imi lar  d a t a  were obta ined  during 1983 and t h e  
d a t a  from both years  have been analyzed. During 1983, t h e  measurements 
were taken over the  cen te r  of t h e  middle row po in t ing  down a t  an  ang le  
of 30' from v e r t i c a l .  Twenty observat ions  were taken and averaged. I n  
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1984, t e n  observa t ions  were taken from t h e  e a s t  and west s i d e s  of t h e  a row a t  a s l i g h t  t i l t  from v e r t i c a l ,  and these  were composited t o  form 
t h e  des i red  f o l i a g e  temperature. 

Previous s t u d i e s  had shown t h e  important i n f luence  of a i r  vapor pressure  
d e f i c i t  on l e a f  temperatures.  Therefore, vapor p res su re  d e f i c i t s  were 
computed from t h e  wet  and d ry  bu lb  temperatures of  t h e  psychrometers 
i n s t a l l e d  i n  each chamber and f i e l d  p lo t .  These psychrometric d a t a  were 
recorded automat ica l ly  a s  hourly averages by t h e  d a t a  a c q u i s i t i o n  
system. 

Figures 15 and 16 show t h e  l e a f  minus a i r  temperatures  ve r sus  vapor 
pressure d e f i c i t  f o r  1983 and 1984, r e spec t ive ly .  The upper l e f t  graphs 
show t h a t  t h e  ambient chambers and t h e  open f i e l d  p l o t s  reac ted  simi- 
l a r l y  t o  vapor p res su re  d e f i c i t .  The two d a t a  s e t s  a r e  ind i s t ingu i sh -  
a b l e  even though i n  a b s o l u t e  temperature t h e  l e a v e s  i n  t h e  ambient 
chambers were somewhat warmer because t h e  a i r  was somewhat warmer i n  t h e  
chambers. 

Scanning from t h e  upper  l e f t  (ambient) t o  upper r i g h t  ("500") t o  lower 
' l e f t  (%SO"), t h e  l e a f  temperatures  were warmer wi th  i n c r e a s i n g  CO2 
concentrat ion f o r  any g iven  vapor pressure  d e f i c i t .  

The l i n e s  on t h e  graphs i n  F igures  15 and 16 were f i t t e d  by r eg res s ion  
bu t  forced through a common po in t  f o r  a l l  t h r e e  C02 concent ra t ions .  The 
l i n e s  a r e  reproduced t o g e t h e r  i n  t h e  lower r i g h t  graph of  both f igu res .  

m A t  low values  o f  vapor pressure  d e f i c i t  (0.8 kPa), a doubling o f  C02 
concentrat ion produced less than a l 0 C  i n c r e a s e  i n  l e a f  temperatures.  
I n  d r i e r  a i r  w i th  a vapor pressure  d e f i c i t  of  4.0 kPa, a CO2 doubling 
caused an inc rease  i n  l e a f  temperatures of about  2°C. Such an i n c r e a s e  
i n  l ea f  temperature must be  ascr ibed  t o  a slower t r a n s p i r a t i o n  r a t e  per 
u n i t  of  l e a f  a r e a  a t  t h e  h igher  C02 concentrat ions.  However, a lower 
t r a n s p i r a t i o n  r a t e  imp l i e s  a h igher  s tomata l  r e s i s t a n c e ,  i n  c o n f l i c t  
w i t h  t h e  s tomatal  r e s i s t a n c e  measurements f o r  t h e  well-watered c o t t o n  
(Figure  13). There are many more temperature measurements, and s o  t h e  
temperature d a t a  a r e  l i k e l y  t o  be  more r e l i a b l e ,  i n d i c a t i n g  t h a t  t h e  
increased  s tomata l  r e s i s t a n c e  of  C02-enriched, well-watered cot ton ,  
though not  s i g n i f i c a n t  s t a t i s t i c a l l y ,  was b i o l o g i c a l l y  s i g n i f i c a n t .  

F. Leaf Water P o t e n t i a l :  

Severa l  t imes dur ing  t h e  season, l e a f  samples were taken f o r  pressure-  
volume a n a l y s i s  - t h a t  i s  l e a f  water  p o t e n t i a l  a s  a f u n c t i o n  of r e l a t i v e  
l e a f  water content .  The samples were taken j u s t  before  dawn o r  nea r  
mid-afternoon. E igh t  l e a v e s  could be handled a s  a ba tch ,  s o  one l e a f  
was taken from each p l o t  o r  chamber i n  one r ep  only  each sampling time. 
A p l a s t i c  Zip-lock bag was humidified wi th  a b r e a t h  o f  a i r  j u s t  before  
t h e  youngest f u l l y  expanded l e a f  from a p l a n t  was severed wi th  a razor  
b lade  and then s e a l e d  i n  t h e  bag. The bags were s t o r e d  under a wet 
towel  i n  a Styrofoam c h e s t  f o r  t r a n s p o r t  t o  t h e  l abora to ry .  

m Once ins ide  t h e  l a b o r a t o r y ,  t h e  l e a v e s  were weighed, and then  t h e i r  
p e t i o l e s  were placed i n  beakers  of  water  t o  hydra t e  them. A p l a s t i c  
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t e n t  and a n  opaque cover were placed over  them t o  produce a s a t u r a t e d  
atmosphere. The l e a v e s  were allowed t o  hydra te  f o r  a t  l e a s t  s i x  hours. 

A f t e r  hydra t ion  was stopped, t h e  l eaves  were weighed t o  o b t a i n  t h e  
s a t u r a t e d  weight. Then they were replaced i n  t h e i r  Zip-lock bags. One 
by one they  were then  placed i n  a Scholander bomb ( S o i l  Moisture 
Equipment Corp., Model 3000). They were wrapped wi th  t h e  p l a s t i c  bag 
with t h e i r  p e t i o l e  protruding.  The pressure  i n  t h e  bomb was increased  
wi th  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  pe t io l e .  The pressure  was noted, and t h e n  t h e  process  
was repeated wi th  another  l e a f .  Between weighings and p r e s s u r e  bomb 
readings,  t h e  l eaves  were allowed t o  l o s e  water by t r a n s p i r a t i o n .  About 
e i g h t  pressure-weight p o i n t s  were obtained on each  l e a f ,  at  l e a s t  enough 
t o  ensure t h a t  graphs of r e c i p r o c a l  p re s su re  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  t u r g o r  could be  
determined. 

Af 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  t h e  f r e s h  weight of t h e  p e t i o l e  was 
measured. Then t h e  l e a f  b lades  and p e t i o l e s  were d r i e d  i n  a n  oven a t  
70°C and weighed. Re la t ive  l e a f  water  con ten t s  - (RLWC, % )  were then  
computed from 

f r e s h  blade weight - d r y  b lade  weight 
RwC a s a t u r a t e d  blade weight  - d r y  b lade  weight  X 100 

I n  t h e  determinat ion of RLWCts, t h e  assumption was made t h a t  a l l  of t h e  
water  l o s t  dur ing  t h e  p res su re  bomb run  was l o s t  from t h e  l e a f  b lade  and 
none from t h e  pe t io l e .  Considering t h a t  t h e  preponderance of  s tomates 
a r e  on t h e  blade and t h a t  t h e  p e t i o l e s  are mainly conductive t i s s u e ,  
t h i s  assumption seems s a f e  and r e l i a b l e .  

The l e a f  water  p o t e n t i a l  d a t a  are still  being reduced. For t h i s  r e p o r t ,  
a sampling of t h e  r e s u l t s . w i l 1  be  presented i n  F igures  17-20, which show 
t h e  pressurevolume curves f o r  l e a v e s  sampled on t h e  a f t e rnoon  29 August 
and predawn on 30 August. The wet and d ry  p l o t s  had not  been i r r i g a t e d  
f o r  1 and 3 tueeks, r e spec t ive ly .  There a r e  cons iderable  s c a t t e r  i n  t h e  
data .  Figure 17 f o r  t h e  Rep I - w e t  p l o t s  sampled i n  t h e  a f te rnoon 
shows l i t t l e  d i f f e r e n c e  between t h e  C02 enr iched  p l o t s  o r  t h e  open 
f i e l d .  The ambient chamber da ta ,  on t h e  o t h e r  hand, a r e  a l l  t o  l e f t  o f  
t h e  o t h e r  curves i n d i c a t i n g  l e s s  water  i n  t h e  t i s s u e  f o r  any g iven  water 
po ten t i a l .  Comparing Figure  18 t o  F igure  17, t h e  curves f o r  t h e  l e a v e s  
from t h e  d r y  p l o t s  harvested t h a t  same a f t e rnoon  (Figure  18) are a l l  
d i sp laced  downward t o  lower p o t e n t i a l s ,  bu t  t h e r e  a r e  e s s e n t i a l l y  no  
d i f f e r e n c e s  due t o  C02 among t h e  chamber t rea tments .  The next  morning, 
t h e r e  were no d i f f e r e n c e s  among t h e  wet p l o t s  due t o  C02 o r  between t h e  
open f i e l d  and t h e  chambers (F igure  19). The curves  f o r  t h e  predawn 
leaves  from t h e  d ry  p l o t s  show a r a t h e r  wide d i f f e r e n c e  (F igure  20) ,  
wi th  t h e  C02 enrichment curves below t h e  ambient curves. A t  100% re l a -  
t i v e  l e a f  water  content ,  t h e  water  p o t e n t i a l  o f  t h e  C02 enr iched  p l o t s  
i s  lower than  t h e  ambient p l o t s ,  a s  i t  i s  f o r  a l l  va lues  of RLWC. On 
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e the  o t h e r  hand, f o r  any given l e v e l  of  water  p o t e n t i a l ,  t h e  C02 enriched 
l eaves  d id  conta in  more water  i n  t h e i r  t i s s u e s .  Considerably more anal- 
y ses  of t h e  water  p o t e n t i a l  - RLWC d a t a  f o r  t h e  many o t h e r  sampling days 
remains t o  be done, bu t  t h e  genera l  impression of  t h e  d a t a  i s  t h a t  t h e r e  
a r e  few d i f f e rences  due  t o  C02 among t h e  wet p l o t s ,  bu t  t h a t  t h e  curves 
from t h e  C02 enriched d r y  p l o t s  f a l l  below those  from ambient dry p l o t s  
i n d i c a t i n g  more water  i n  t h e  t i s s u e  of t h e  C02 enriched l e a v e s  f o r  any 
given water  p o t e n t i a l  l e v e l .  

By 29 August, t h e  d e s t r u c t i v e  whole p l a n t  ha rves t s  f o r  l e a f  a rea  and 
biomass accumulation from t h e  ou t s ide  rows had been completed, s o  some 
a d d i t i o n a l  l e a f  m a t e r i a l  could be s a c r i f i c e d  f o r  water  p o t e n t i a l  mea- 
surements. On t h e  a f t e rnoon  of 29 August 1984, 6 l e a v e s  were sampled 
from each chamber o r  p l o t  a s  described previously.  However, i n s t ead  of  
hydra t ing  them, they  were placed i n  t h e  pressure  bomb f o r  a n  immediate 
determinat ion of  t h e i r  t o t a l  water  p o t e n t i a l  a t  t h e  f i e l d  condition. 
These r e s u l t s  a r e  presented  i n  Figure 21 where water  p o t e n t i a l  i s  
p lo t t ed  aga ins t  C02 concentrat ion.  It i s  obvious t h a t  C02 concent ra t ion  
had no  e f f e c t  on l e a f  wa te r  p o t e n t i a l  i n  t h e  wet p lo t s .  The l eaves  from 
t h e  d r y  p l o t s  were a l l  a t  much lower p o t e n t i a l s ,  a s  expected,  but  t h e  
e f f e c t  of  C02 was n o t  cons i s t en t .  The CO2 enriched p l a n t s  i n  Rep I1 - 
dry  were a t  a lower p o t e n t i a l  than  t h e  ambient c o n t r o l s ,  whereas i n  Rep 
I - d r y  t h e r e  was no d i f f e r e n c e  between t h e  ambient and t h e  650 UP P-1 
C02 treatment ,  bu t  t h e  500 treatment  l e a v e s  were a t  a lower po ten t i a l .  

It i s  d i f f i c u l t  t o  draw d e f i n i t i v e  conclusions from t h e s e  few d a t a  about 

I) t h e  i n t e r a c t i o n  between C02 concent ra t ions  and water  p o t e n t i a l .  It 
appears  t h a t  t h e  l a r g e r  CO2 p l a n t s  use  a s  much water  pe r  u n i t  of l and  
a r e a  a s  t h e  unenriched p l a n t s  ( s e e  next s e c t i o n ) ,  and t h a t  d i f f e rences  
i n  t o t a l  water p o t e n t i a l  due t o  C02 enrichment a r e  r a t h e r  smal l  i n  t h e  
f i e l d .  However, t h e r e  a r e  i n d i c a t i o n s  t h a t  a t  any g iven  p o t e n t i a l ,  C02 
enriched p l a n t s  sub jec t ed  t o  water  s t r e s s  conta in  more wa te r  i n  t h e i r  
t i s s u e  (Figures  18 and 20). 

G. Water Use: 

The amount of water  used by t h e  crop f o r  evapo t ransp i r a t ion  was d e t e r  
mined by s o i l  moisture dep le t ion  measurements. The s o i l  water  content  
was measured twice weekly (usual ly)  w i t h  neutron modulation apparatus.  
A s  mentioned e a r l i e r ,  t h e  g r a v e l  l a y e r  a t  depths  of more than  1.6 meters  
a t  t h e  south end of  t h e  f i e l d  t o  about  1 meter a t  t h e  n o r t h  end pre- 
vented t h e  access  tubes  from being i n s t a l l e d  t o  t h e  d e s i r e d  1.6 m 
everywhere. To make comparisons between p l o t s ,  t h e r e f o r e ,  t h e  moisture 
dep le t ion  from t h e  t o p  0.8 m was computed, and t h e  lower depths  were 
ignored i n  t h e  d a t a  t o  be  presented. Actua l ly  t h e  computations were 
a l s o  done t o  t h e  deepes t  dep th  poss ib l e  i n  each  b a s i n  (F igure  1) and t h e  
r e l a t i v e  water  use among C02 t rea tments  wi th in  each b a s i n  had t h e  same 
p a t t e r n  a s  t h e  0 t o  0.8 m computations. 

The unusual ly l a r g e  number of r a i n s  presented problems a l s o .  Sometimes 
t h e r e  was only one s o i l  mois ture  observa t ion  between r a i n s ,  making a 

e water  use determinat ion f o r  t h e s e  per iods  impossible.  I n  such  cases  t h e  
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r a t e  of water  l o s s  was assumed t o  be t h e  same a s  t h a t  of  t h e  time pe r iod  
immediately fol lowing i n  F igures  22-25. Water content  d a t a  p l o t s  a r e  
shown f o r  each day of  t h e  yea r  f o r  t h e  Rep I - w e t ,  Rep I1 - wet, Rep I - dry  and Rep I1 - d r y  p l o t s  r e spec t ive ly .  The bottom of  t h e  f i g u r e s  
a l s o  shows t h e  amount of  i r r i g a t i o n  and r a i n f a l l ,  t h e  r a i n f a l l  being t h e  
l i n e s  showing l e s s  than 150 mm of water.  For days of i r r i g a t i o n  and 
l a r g e  r a i n f a l l ,  t h e  moisture contents  a t  t h e  beginning of t h e  day were 
ex t rapola ted  from measurements f o r  previous days,  and t h e  moisture con- 
t e n t s  a t  t h e  end of t h e  day were ex t r apo la t ed  backward from measurements 
made on fol lowing days. The r a i n s  near  day 210 and 250 made t h e s e  
ca l cu la t ions  d i f f i c u l t .  

The cumulative water  u s e  from t h e  top 800 mm of s o i l  was c a l c u l a t e d  from 
t h e  water  content  d a t a  i n  F igures  22-25. These cumulatives a r e  pre- 
sented i n  F igures  26-29. In Figure  26 f o r  t h e  Rep I - wet p l o t s ,  i t  i s  
apparent  t h a t  from about  day 190 t o  t h e  end of  t h e  season, t h e  water  u s e  
increased  wi th  i n c r e a s i n g  C02 concentrat ion.  However, t h e  p a t t e r n  was 
n o t  repeated i n  t h e  Rep I1 - w e t  p l o t s  (F igure  27),  which shows incon- 
s i s t e n t  CO2 e f f e c t s .  The Rep I - dry  p l o t s  t h a t  were C02 enr iched  used 
more water  than  t h e  ambient (F igure  28). However, i n  t h e  Rep I1 - d r y  
p l o t s ,  t h e  650 v!Z fi-l chamber apparent ly  used much l e s s  water ,  p a r  
titularly a f t e r  day 220 (Figure  27). Thus, t h e r e  was a n  i n c o n s i s t e n t  
e f f e c t  of t h e  C02 t r ea tmen t s  on water  use. 

F igure  30 shows t h e  t o t a l  wa te r  u s e  (from t h e  t o p  800 mm of s o i l )  f o r  
a l l  of  t h e  chambers p l o t t e d  a g a i n s t  C02 concentrat ion.  This  p l o t  
v i v i d l y  shows t h e  i n c o n s i s t e n t  e f f e c t  of C02 concent ra t ion  on water  use. 
For two of  t h e  p l o t s  (Rep I - wet and Rep I - dry)  wa te r  u s e  went up 
wi th  inc reas ing  C02 concent ra t ion ,  whereas f o r  t h e  Rep I1 - wet p l o t s  
t h e  d i f f e rences  were smal l ,  and then f o r  t h e  Rep 11 - dry p l o t s  the  pat- 
t e r n  was very e r r a t i c  w i t h  t h e  650 v!Z !Z-I chamber showing ve ry  l i t t l e  
water  use. The more e r r a t i c  Rep I1 d a t a  a r e  from t h e  r e p  t h a t  has  t h e  
shal lowest  depth  t o  t h e  g r a v e l  l a y e r  (and t h e  s h o r t e s t  neutron access  
tubes) .  

Many previous short-term s t u d i e s  wi th  many p l a n t  s p e c i e s  have shown a 
decrease  i n  t r a n s p i r a t i o n  r a t e  of a n  average  of about  34% when C02 con- 
c e n t r a t i o n  was doubled, i n d i c a t i n g  t h a t  l e a f  s tomata l  r e s i s t a n c e  
increased  by about  34%. Our s tomata l  r e s i s t a n c e  measurements, on t h e  
o t h e r  hand, show r e l a t i v e l y  l i t t l e  change of s tomata l  r e s i s t a n c e  of cot- 
t on  wi th  changes i n  C02 (F igures  13-14). I n  1983, our  ly s ime te r  d a t a  
ind ica t ed  t h a t  a doubling of  C02 concen t ra t ion  could reduce wa te r  use  
5-lo%, wh i l e  neut ron  d a t a  showed no e f f e c t  of  C02 on water use. The 
1984 neutron d a t a  i n  F igures  22-30 i n d i c a t e s  t h a t  wa te r  use  can a c t u a l l y  
inc rease  wi th  i n c r e a s i n g  atmospheric C02 concen t ra t ion  o r  produce small  
o r  i n c o n s i s t e n t  e f f e c t s .  

One e f f e c t  of C02 on c o t t o n  i s  inc reas ing  l e a f  a r e a  (F igure  8).  I f  l e a f  
a r e a  inc reases  p ropor t iona l ly  more than  t r a n s p i r a t i o n  pe r  u n i t  of  l e a f  
a r e a  decreases,  t h e  wa te r  u s e  per  u n i t  of l and  a r e a  can increase .  Thus, 
our  d a t a  over  t h e  two y e a r s  i n d i c a t e  t h a t  a  doubling of  C02 concentra- 
t i o n  i s  l i k e l y  t o  cause s l i g h t  negat ive  o r  p o s i t i v e  changes i n  water  u s e  0 
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0 
per u n i t  of land area.  Nevertheless ,  t h e  accompanying huge inc rease  i n  
p l an t  y i e l d  with i n c r e a s i n g  C02 concent ra t ion  (Table 6)  r e p r e s e n t s  a  
huge inc rease  i n  water  use e f f i c i ency .  

H. Evolution of C02 from t h e  So i l :  

I n  1983, s o i l  carbon d ioxide  f l u x e s  were h igher  i n  t h e  open f i e l d  p l o t s  
than i n s i d e  t h e  open-top chambers used i n  t h e  carbon d iox ide  enrichment 
s t u d i e s  ( E f f e c t s  of  Inc reas ing  Atmospheric CO2 on Yield and Water Use of  
Crops, Annual Report 1983). Flux measurements were repeated i n  t h e  1984 
co t ton  experiment i n  a l l  t h e  chamber p l o t s  a t  two moisture l e v e l s  f o r  a  
t o t a l  of 16 p lo ts .  The f l u x  r e s u l t s  continued t o  e x h i b i t  s i m i l a r  
r e s u l t s  a s  t h e  1983 study.  To f i n d  t h e  cause f o r  such behavior ,  t h e  
s o i l  atmosphere was sampled t o  determine carbon d ioxide  concent ra t ions  
a t  t h e  var ious  depths  o f  t h e  p r o f i l e  both  i n s i d e  and o u t s i d e  t h e  
chambers. 

S t a i n l e s s  s t e e l  sampling tubes  were f a b r i c a t e d  by welding 2.4 mm tubing  
t o  hypodermic needles .  These were i n s e r t e d  i n t o  t h e  s o i l  a t  va r ious  
depths of  5-, lo-, 20-, 40- and 60-cm i n  s e v e r a l  s i t e s  i n s i d e  and out- 
s i d e  t h e  growth chambers. TNO m l  of  s o i l  a i r  were taken  w i t h  a  hypoder- 
mic syr inge ,  and t h e  samples were analyzed f o r  carbon d ioxide  concentra- 
t i o n  with a n  i n f r a r e d  ana lyzer  (Carbon Dioxide Analysis  w i t h  a  Modified 
In f ra red  Gas Absorption Technique, Annual Report f o r  1980). 

Two s o i l  carbon d ioxide  concent ra t ion  and d i s t r i b u t i o n  p a t t e r n s  were * obtained, as i l l u s t r a t e d  i n  F igure  31. The carbon d ioxide  con- 
cen t r a t ions  were much lower i n  t h e  samples taken from i n s i d e  t h e  open- 
top  chambers than those  outs ide .  The s o i l  C02 concent ra t ion  r e s u l t s  
exp la in  why t h e  f l u x e s  o u t s i d e  t h e  chambers were d i f f e r e n t  than  those  
ins ide .  The lower concen t ra t ion  g r a d i e n t s  i n s i d e  t h e  chambers l ead  t o  a 
lower f l u x  value. When t h e  blower systems used t o  e n r i c h  t h e  chambers 
with C02 and maintain temperature were turned o f f  a t  t h e  end of t h e  
season, t h e  s o i l  C02 concent ra t ions  i n  t h e  chambers s t a r t e d  t o  i n c r e a s e  
gradual ly and reached those  of t h e  open f i e l d  p l o t s .  The equ i l ib r ium 
time was about fou r  weeks. 

Flux measurements taken a t  t h e  same time a l s o  were d i f f e r e n t  j u s t  before  
t h e  blowers were turned o f f ,  and then  g radua l ly  became t h e  same wi th  
time. 

Apparently a  d i f f e r e n t  type  of  s o i l  atmospheric condi t ion  can be  c rea t ed  
wi th in  t h e  chamber w i t h  t h e  forced  flow o f  a i r  needed t o  main ta in  
constant  carbon d ioxide  and temperature l e v e l s .  S o i l  carbon d ioxide  
f l u x  can be determined w i t h  a  s t a t i c  o r  dynamic method. W e  used t h e  
s t a t i c  method s o  t h a t  any e x t e r n a l  v a r i a b l e  should have been t h e  same 
i n s i d e  and ou t s ide  t h e  chamber. A i r  t u rbu lence  caused by t h e  blower 
can cause g r e a t e r  in te rchange  o f  s o i l  gases  r e s u l t i n g  i n  t h e  lower l e v e l  
of  carbon dioxide i n  t h e  s o i l  p r o f i l e  t han  normal. S o i l  dry ing  could 
a l s o  cause lower water  l e v e l s  i n  such  i n s t a n c e  and would a f f e c t  micrc- 
b i a l  a c t i v i t y ,  which i s  t h e  source  of  most of t h e  carbon d iox ide  i n  t h e  

0 
s o i l .  
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I. Insec t  Populat ions:  

I n s e c t s  were c o l l e c t e d  on s t i c k y  t r a p s  (S t i cky  S t r i p s ,  Olson Products,  
Medina, OH 44358; 1 5  by 15-cm yellow cardboard s t icky-coated on both 
sur faces)  which were impaled on p l a n t  s t a k e s ,  placed a t  t h e  top  of  t h e  
co t ton  p l an t  canopy. Traps were exposed f o r  a 3-day period each week, 
s t a r t i n g  on 3 August and continuing t o  12 October. A f t e r  exposure they  
were wrapped i n  c l e a r  p l a s t i c ,  and taken t o  t h e  l a b o r a t o r y  where t h e  
d i f f e r e n t  i n s e c t  groups were counted under t h e  microscope. Thrips were 
c o l l e c t e d  over a l o n g e r  per iod  o f  t i m e ,  from t r a p s  set o u t  a t  biweekly 
i n t e r v a l s  from 1 5  June  t o  5 October. During p a r t  of  t h i s  t ime,  a t  
weekly i n t e r v a l s  from 11 June t o  6 August, a l a r g e  p e t r i  d i s h  wi th  10  r n l  
2.2 d ichlorovinyl  dimethyl  phosphate (Vapona*) and a napkin wick was 
placed i n  each blower cab ine t  supplying air  and C02 t o  t h e  enclosed 
p l o t s ,  a s  a gene ra l  i n s e c t  c o n t r o l  measure. 

Comparisons of  t h e  t o t a l  number of i n s e c t s  c o l l e c t e d  i n  t h e  dry and w e t  
p l o t s  of each o f  t h e  open, ambient, and two C02 t r ea tmen t s  du r ing  each 
o f  t h e  I 1  weeks, o r  10  i n  t h e  case  of t h e  t h r i p s ,  were made by a pa i red  
t - t e s t .  Di f ferences  were considered s i g n i f i c a n t  a t  t h e  P=0.01 l eve l .  
The r e s u l t s  of  t h e  counts  o f  t h e  six i n s e c t  popu la t ions  are presented i n  
Table 12. 

F lea  b e e t l e  - The d e s e r t  corn  f l e a  bee t l e ,  Chaetocnema ec typa  Horn, was 
t h e  spec ie s  co l l ec t ed .  U t e  i n  t h e  summer i t  i s  n o t  i n j u r i o u s  t o  cot- 
ton ,  although l a r g e  popula t ions  i n  s e e d l i n g  c o t t o n  might cause concern. 
I n  our  samples, t h e  t o t a l  number o f  b e e t l e s  c o l l e c t e d  du r ing  a s i n g l e  
sampling period inc reased  from 111 on 10 August t o  256 on 24 August, 
then  gradual ly  dec l ined  t o  11 b e e t l e s  on 12 October. Popula t ions  were 
s i m i l a r  i n  t h e  open and i n  t h e  ambient chambers (Table  12), bu t  were 
s i g n i f i c a n t l y  reduced i n  t h e  500 carbon d iox ide  t r ea tmen t  and s t i l l  
f u r t h e r  reduced i n  t h e  650 carbon d ioxide  t rea tment .  

Pink bollworm - The pink bollworm, Pect inophora g o s s y p i e l l a  (Saunders),  
co l l ec t ed  on t h e  t r a p s ,  iqcreased  i n  numbers from a t o t a l  of  6 on 3 
August t o  206 on 7 September and then  remained a t  from 165 t o  178 f o r  
t h e  next  few weeks. Some of  t h e  moths had r e d  dye i n  t h e i r  bodies  indi -  
c a t i n g  t h a t  they had escaped from a n e a r b y  r e a r i n g  f a c i l i t y .  The open 
chambers had s i g n i f i c a n t l y  more moths, s o  t h e  chambers appa ren t ly  tended 
t o  reduce t h e  number of  moths. The h igh  carbon d iox ide  l e v e l  t reatment  
had s i g n i f i c a n t l y  fewer moths than  ambient and 500 carbon d ioxide  t r e a t -  
ments. 

Leafhoppers - Severa l  s p e c i e s  o f  green and brown l ea fhopper s  were 
co l lec ted .  The t o t a l  leafhopper  populat ion inc reased  t o  a peak o f  418 
leafhoppers  a t  t h e  end of  August, dropped t o  99 i n  mid-September, and 
increased r ap id ly  t o  a peak of  650 i n  e a r l y  October. The enclosures  
reduced t h e  numbers i n  t h e  ambient t rea tment  by almost  one-half and t h e  
number of i n d i v i d u a l s  i n  both  of  t h e  carbon d iox ide  t r ea tmen t s  was 
s i g n i f i c a n t l y  reduced from t h e  ambient t rea tment .  

Predaceous f l y  - T h i s  f l y ,  Draepet i s  d ivergens  Loew (Empiidae) (de t .  by 
I?. J. Rogers) has  not  been a s soc ia t ed  wi th  any p a r t i c u l a r  h o s t  b u t ,  
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dur ing  1984, a d u l t s  were observed wi th  sweetpotato w h i t e f l i e s  i n  t h e i r  * beaks i n  both l abora to ry  and f i e l d  (G. D. But le r ,  unpubl. da t a ) .  
Populat ions of t h e  f l y  gene ra l ly  increased  from e a r l y  August t o  October, 
w i th  a  t o t a l  of 875 c o l l e c t e d  on 5 October. Only 14% a s  many a d u l t s  
were co l l ec t ed  i n  t h e  ambient t reatment  a s  t h e  open treatment .  
popula t ions  were f u r t h e r  reduced i n  both  t h e  carbon d ioxide  t rea tments ,  
w i th  only 6% and 3% a s  many f l i e s  i n  t h e  500 and 650 carbon d ioxide  
t rea tments ,  r e spec t ive ly ,  a s  t h e  open treatment .  

Sweetpotato wh i t e f ly ,  Be!nisia t a b a c i  (Gennadius) - Popula t ions  increased  
from e a r l y  August t o  mid October a t  a n  exponent ia l  r a t e  s i m i l a r  t o  t h a t  
observed i n  commercial c o t t o n  f i e l d s  i n  Arizona and C a l i f o r n i a  i n  pre- 
v ious  years.  There was no  d i f f e rence  i n  t h e  r a t e  of  w h i t e f l y  bui ldup i n  
any of  t h e  t reatments .  The number of i n s e c t s  i n  t h e  two carbon d iox ide  
t rea tments  was s i m i l a r  t o  t h a t  observed i n  t h e  ambient t reatment .  

Thr ips  - The most abundant i n s e c t  c o l l e c t e d  was t h r i p s .  The peak popu- 
l a t i o n  was observed on 10 August. There were no s i g n i f i c a n t  d i f f e r e n -  
ces i n  t h e  t o t a l  populat ions of  any of  t h e  t rea tments  even though t h e  
t h r e e  chamber t rea tments  received i n s e c t i c i d e  t rea tments  du r ing  p a r t  of 
t h e  sampling period. 

These d a t a  i n d i c a t e  t h a t  t h e  populat ions of  some i n s e c t s  a r e  unaf fec ted  
by C02 concentrat ion,  whereas o t h e r s  decreased wi th  inc reas ing  C02 con- 
cen t r a t ion .  None of t h e  counted s p e c i e s  were increased  i n  popula t ion  a t  
t h e  h ighe r  C02 concentrat ion.  The reason t h a t  some populat ions * decreased a t  h igher  C02 concent ra t ions  i s  unknown. It i s  a l s o  unknown 
whether t h e i r  populat ions would be  depressed a t  h i g h  CO2 i f  t h e  CO2 
concent ra t ion  had been high everywhere i n  t h e  f i e l d ,  as i t  w i l l  be  i n  
t h e  fu ture .  Nevertheless,  t h e s e  d a t a  i n d i c a t e  t h a t  i n s e c t  problems a r e  
not  l i k e l y  t o  g e t  worse and may even g e t  b e t t e r  i n  a  f u t u r e  h i g h e r 4 0 2  
world. 

SUMMARY AND CONCLUSIONS: 

The f i e l d  C02-enrichment experiment on c o t t o n  was continued dur ing  t h e  
1984 growing season from A p r i l  through October. The open-top chamber 
technique was used t o  provide C02 l e v e l s  of  ambient,  500, and 650 ~ l l  k-1 
over  3 X 3 m p lo t s .  Open f i e l d  p l o t s  were a l s o  included. There were 
two i r r i g a t i o n  schedules  - "wet" i r r i g a t e d  a t  normal 2 week i n t e r v a l s ,  
and "dry" i r r i g a t e d  a t  3  week i n t e r v a l s .  A l l  t r ea tmen t s  were r e p l i c a t e d  
twice. An automatic C02 enrichment/sampling system was used t o  c o n t r o l  
t h e  C02 concentrat ions.  The a c t u a l  achieved season-long means and s t a n -  
dard  dev ia t ions  of t h e  i n d i v i d u a l  observa t ions  were 350 5 5 ,  355 t 60, 
511 t 81, and 662 f 114 UL L-l C02 f o r  t h e  open f i e l d s ,  ambient cham- 
be r s ,  "500" chambers, and "650" chambers, r e spec t ive ly .  

The cot ton  was highly respons ive  t o  t h e  C02 treatments .  I n  t h e  wet 
p l o t s  t h e  seed cot ton  ( l i n t  and seed)  y i e l d s  were increased  46 and 92% 
by t h e  500 and 650 U L  L-l C02 t rea tments ,  r e spec t ive ly .  I n  t h e  d r y  
p l o t s  t h e  y i e l d  inc reases  were 32 and 772, r e spec t ive ly .  Leaf a r e a  and 
d ry  ma t t e r  production increased  s i m i l a r l y .  The primary component 

0 
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cont r ibut ing  t o  i t s  y i e l d  i n c r e a s e  was a l a r g e  i n c r e a s e  i n  t h e  number of  
flowers,  r a t h e r  than  t o  d i f f e r e n c e s  i n  b o l l  r e t e n t i o n .  Harvest  index, 
seed s i z e ,  and percent  l i n t  pe r  b o l l  were not  a f f e c t e d  by C02 con- 

@ 
cen t ra t ion ,  a l though h a r v e s t  index was a f f ec t ed  by t h e  i r r i g a t i o n  t r e a t -  
ment, s o  t h e  primary e f f e c t  o f  t h e  C02 was t o  simply make b igge r  p l an t s .  
There was a n  i n c r e a s e  i n  f i n e n e s s  of  t h e  f i b e r s  wi th  C02 enrichment i n  
both wet and d ry  p l o t s  b u t  a 6% decrease  i n  f i b e r  l e n g t h  w i t h  CO2 
enrichment i n  t h e  dry p l o t s ,  s o  o v e r a l l  changes i n  f i b e r  q u a l i t y  were 
minimal. 

Measurements of n e t  photosynthes is  of i nd iv idua l  l e a v e s  showed i n c r e a s e s  
i n  t h e  wet p l o t s  of  2k and 51%, and i n  t h e  d ry  p l o t s  of 32 and 39% f o r  
t h e  500 and 650 ull 9.-l C02 t rea tments ,  r e spec t ive ly .  Although these  
increases  i n  photosynthes is  a r e  indeed s u b s t a n t i a l ,  t hey  a r e  not  l a r g e  
enough t o  account f o r  a l l  o f  t h e  y i e l d  i n c r e a s e  w i t h  C02 enrichment. 

Measurements of  s toma ta l  r e s i s t a n c e  and of  l e a f  temperature were a l s o  
made. There was no  c o n s i s t e n t  p a t t e r n  of s tomata1 r e s i s t a n c e  d i f f e r e n -  
c e s  wi th  CO2 concen t ra t ion  i n  t h e  w e t  p l o t s ,  b u t  i n  t h e  d r y  p l o t s  C02 
increased s tomata l  r e s i s t a n c e ,  p a r t i c u l a r l y  dur ing  t imes o f  mild water  
' s t r e s s .  The l e a f  temperature d a t a  of  well-watered c o t t o n  showed t h a t  
under humid condi t ions  (vapor  p res su re  d e f i c i t  - 1 kPa), t h e  CO2 
a f fec t ed  l e a f  temperature by less than 1°C.  However, as t h e  a i r  became 
d r i e r ,  C02 caused a n  i n c r e a s e  i n  l e a f  temperature s o  t h a t  a t  a vapor 
pressure d e f i c i t  of  4 kPa, l e a f  temperature was increased  by about Z°C 
by a doubling of  C02 concent ra t ion .  These l e a f  temperature observa t ions  
a r e  somewhat i n  c o n f l i c t  w i t h  t h e  s toma ta l  r e s i s t a n c e  d a t a  f o r  well- 
watered cot ton,  but  t h e r e  were many more temperature d a t a  s o  these  a r e  
probably more r e l i a b l e .  

Leaf water p o t e n t i a l  and r e l a t i v e  l e a f  water  content  were determined 
seve ra l  t imes dur ing  t h e  season. These d a t a  r e q u i r e  more ana lyses ,  bu t  
preliminary i n d i c a t i o n s  are t h a t  t h e  C02 enriched p l a n t s  contained more 
water  i n  t h e i r  l e a f  t i s s u e s  a t  any g iven  l e v e l  of l e a f  wa te r  p o t e n t i a l .  

The water use from t h e  t o p  800 mm o f  t h e  s o i l  p r o f i l e  was determined 
f r o n  s o i l  water  d e p l e t i o n  measurements wi th  neutron apparatus.  The wa te r  
u s e  tended t o  i n c r e a s e  w i t h  i n c r e a s i n g  CO2 concent ra t ion  i n  t h e  Rep I 
p l o t s ,  both w e t  and dry. There was l i t t l e  e f f e c t  of C02 on t h e  Rep I1 - 
wet p l o t s ,  whereas t h e  Rep X I  - dry  p l o t s  were very  i n c o n s i s t e n t .  
Basical ly,  t h e  C02 d i d  n o t  change t h e  water  u s e  of  c o t t o n  p e r  u n i t  of  
land  area  much o r  i n  a c o n s i s t e n t  d i r e c t i o n .  I f  t h e r e  was any i n c r e a s e  
i n  stomatal r e s i s t a n c e  and commitant decrease  i n  t r a n s p i r a t i o n  pe r  u n i t  
of l e a f  a r e a ,  t h e  (1) much g r e a t e r  l e a f  a r e a  of C02-enriched p l a n t s ,  (2 )  
t h e  higher  l e a f  temperature of C02-enriched p l a n t s ,  and ( 3 )  t h e  evapora- 
t i o n  from t h e  s o i l  s u r f a c e  (which i s  unaffec ted  by C02) a l l  combine t o  
n u l l i f y  any p o t e n t i a l  r educ t ion  i n  wa te r  requirement.  Never the less ,  t h e  
77-92% inc rease  i n  c o t t o n  y i e l d  w i t h  a doubling of  C02 whi l e  changing 
water  use only a l i t t l e  r e p r e s e n t s  a huge i n c r e a s e  i n  wa te r  use 
e f f i c i ency .  

An attempt was made t o  determine t h e  e f f e c t s  o f  i n c r e a s i n g  atmospheric  

C02 concentrat ion on t h e  evo lu t ion  o f  C02 from t h e  s o i l .  Measurements 
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* of s o i l  su r face  f l u x  and of  s o i l  C02 concent ra t ions  r evea led  a n  unex- 
pected r e s u l t .  There was l i t t l e  d i f f e r e n c e  among chambers, but  a l l  of 
t h e  chambers had lower s o i l  C02 concent ra t ions  than  t h e  open f i e l d .  
A f t e r  t h e  experiment was terminated, about  a month passed before  s o i l  
C02 concent ra t ions  were aga in  t h e  same i n s i d e  and o u t s i d e  t h e  chambers. 
Apparently, t h e  blowers used i n  t h e  C02 enrichment system a c t u a l l y  f l u s h  
GO2 o u t  of  t h e  s o i l  due t o  increased abso lu te  p res su re  and p res su re  
f l u c t u a t i o n s  a t  t h e  s o i l  sur face .  

Counts were made of s i x  i n s e c t  populat ions caught on s t i c k y  t r a p s  i n  t h e  
p l o t s .  Populations o f  t h r i p s  and of  w h i t e f l i e s  were n o t  a f f e c t e d  by t h e  
C02 treatments .  However, populat ions of f l e a  b e e t l e ,  p ink  bollworm, 
l e a f  hoppers, and a predacious f l y  i n  t h e  650 v.t 2-I CO2 chamber were 
decreased t o  42%, 59%, 68%, and 22%, r e spec t ive ly ,  of  t h e  numbers i n  t h e  
ambient chamber. The reason f o r  t hese  populat ion dec reases  i s  unknown, 
bu t  t h e s e  r e s u l t s  i n d i c a t e  t h a t  i n s e c t  problems should nor  become worse 
and may even be b e t t e r  i n  a f u t u r e  high-C02 world. 

* Personnel:  B. A. Kimball, 3. 6. ~ a u n e y * ,  G. Guinn , F.*S. Nakayama, g. 
J. P i n t e r ,  Jr., K. L. Clawson, S. B. Id so ,  G. D. B u t l e r  , J. R.*Radin , 
S.  Mi tche l l ,  R. M a p n a l d * ,  P.  Johnson, T. Zarembinsky, H. P ros  , B. 
savoyX, D. Brummet , J. Hart inez ,  M. Anderson, H. Kel ly ,  A. ~ a m i l t o n * ,  
D. Herington 

* from t h e  Western Cotton Research Laboratory 
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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 84 experiment. e 
Date 

27 Mar 

30 May 

13 Jun 
2 1  Jun 
25 Jun 
27 Jun 
29 Jun 
30 Jttn 

11 J u l  
13 ' J u l  
17 J u l  
1 8  J u l  
20 J u l  
2 1  J u l  
25 J u l  
28 J u l  

8 Aug 
9 Aug 

1 4  Aug 
23 Aug 
23 Aug 
3 0  Aug 

1 Sep 
6 Sep 

10 Sep 
15 Sep 
2 1  Sep 
25 Sep 
26 Sep 

3 Oct 

Day of 
Year 

87 

151 

165 
173 
177 
179 
181 
182 

193 
195 
199 
200 
202 
203 
207 
2 10 

221 
222 
227 
236 
236 
243 

245 
250 
254 
259 
265 
269 
270 

277 

source1 

I 

I 

I 
I 
R 
I 
R 
R 

I 
R 
R 
R 
R 
R 
I 
R 

I 
R 
R 
I 
R 
I 

R 
I 
R 
R 
R 
R 
R 

R 

T o t a l s  

I = I r r i g a t i o n ,  R = Rain 
Estimated because runoff from adjacent  f i e l d  overflowed berm 
Berm broke, s l i g h t  l o s s  of water  
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e Table 2. Petiole nitrate concentrations measured during the C02-cotton 1984 
experiment. 

C W E R  C02 CONC. 
OPEN 
FIELD AMB 500 650 

Day of 
Date Year I I1 I I1 I I1 I I1 Rep: - - - - - - - - 

4 June 
11 June 
18 June 
25 June 
2 July 

' 9 July 
16 July 
1 August 
20 August 

NET PLOTS: 

4 June 156 31.4 22.0 28.5 26.8 27.4 27.1 29.4 30.2 
11 June 163 27.1 26.5 19.7 22.3 19.4 24.5 17.1 24.5 
18 June 170 
25 June 177 
2 July 184 
9 July 191 
16 July 198 
1 August 214 

20 August 233 
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Table 3. Daytime,nighttime, and whole day mean C02 concen t 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  
observa t ions  f o r  t h e  e n t i r e  season of t h e  Cog-cotton 1984 
experiment. 

NOMINAL CWBER CONC. 

Daytime: 

Wet Rep I 331 t 38 334 2 42 506 t 88 647 t 84 
Rep I1 332 t 42 340 t 48 497 t 42 646 t 106 

Dry Rep I 333 f 42 338 f 42 499 t 74 654 t 90 
Rep I1 332 t 40 326 t 39 498 t 45 640 f 116 

Nighttime: 

Wet Rep I 362 t 53 380 t 1 539 t 128 681 f 101 
Rep I1 373 2 64 394 t 81 524 t 641 682 f 157 

Dry Rep I 379 t 69 381 t 65 512 t 103 696 t 123 
Rep I1 373 t 59 367 t 55 523 t 66 657 f 115 

Whole (24 hr)  Day: 

Wet Rep I 346 +- 48 355 t 56 521 t 110 662 t 94 
Rep I1 351 k 57 365 t 71 510 t 55 663 * 133 

Dry Rep I 355 t 61 358 t 58 505 t 89 673 t 109 
Rep I1 351 t 54 345 t 51 509 .1 57 648 t 116 

Overa l l  Means Averaged Over Reps and Water Treatments: 
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e Table 4. Daytime, nighttime, and whole day mean C02 concentrations and the 
corresponding standard deviations of the individual observations from 
21  July through 26 October 1983. 

NOMINAL CHAMBER CONC. 

CONDITION OPEN FIELD AMBIENT 500 650 

Daytime: 
Rep I: 345 2 42 335 f 38 500 t 48 640 t 104 
Rep 11: 343 t 40 336 t 37 509 t 85 634 t 107 

Nighttime: 
Rep I: 
Rep 11: 

Whole ( 2 4  hr) day: 
Rep I: 371 5 5 9  357 t 49 508 t 55 646 t 103 
Rep 11: 366 t 52  355 t 46 538 2 112 641 t 99 

Overall means averaged over reps: 
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Table 6. Seed Cotton ( s e e d  + l i n t )  y i e l d  of  field-grown C02-enriched 
cotton a t  two l e v e l s  o f  i rr iga t ions .  

c02 ( u s - 1 )  
Total Water I r r i g a t i o n  AEIB 500 650 

( cm) c y c l e  ------ &/ha - - - 
166 Net-14 days 5 230 7530 10160 

(1.00) (1.44) (1.94) 
152 D r y 2 1  days 5350 7070 9460 

(1.00) (1.32) (1.77) 
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Table 7. Components o f  y i e l d  f o r  t rea tments  i n  t h e  1984 Experiment. 
"Flowers" a r e  t o t a l  blossoms formed up t o  Aug. 27. 
"Retention" i s  t h e  percentage of t hese  blossoms which r e su l t ed  
i n  ha rves t ab le  b o l l s ;  and "Lin t /bol l"  is  average weight of  
harvested l i n t  p e r  bo l l .  The i n c r e a s e  i n  "Flowers" was t h e  
major component of t h e  y i e l d  inc rease  r e s u l t i n g  from C02 
enrichment. 

1984 COMPONENTS OF YIELD 

CO2 FLOWERS RETENTION LINT/BOLL 
Treatment . (lrn2) ( X )  ( g )  

( v e  t-l) ~ r y  - wet ~ e t  ~ r y  

350 305 301 35.4 36.0 1.61 1.57 
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Table 8. Cumulative numbers o f  flowers produced by various dates during 
1984 as influenced by C02 concentration and enclosure i n  open- 
top chambers. Data are averages of 2 repl icat ions  and 2 i r r i -  
gation l e v e l s  2 SE. 

Open Ambient 500 650 

Julian date --------- Number of flowers per m2 ----- 
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Table 9. Cumulative percentage of b o l l s  r e t a i n e d  t o  t h e  end o f  t h e  
season t h a t  appeared as f lowers  by va r ious  d a t e s  dur ing  1984 
a s  inf luenced by C02 l e v e l  and enc losu re  i n  open-top chambers. 
Data a r e  averages o f  2 r e p l i c a t i o n s  and 2 i r r i g a t i o n  l e v e l s  t 
SE. 

CO? Conc. i n  chambers (u11 11-1) 

Open Ambient 500 650 

J u l i a n  d a t e  ----- Percentage of  b o l l s  r e t a i n e d  ------ 
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e Table 10. Cumulative numbers of b o l l s  set from flowers that appeared by 
various dates during 1984 as  influenced by C02 l e v e l  and 
enclosure i n  open-top chambers. Data are averages o f  2 
repl icat ions  and 2 irr igat ion l e v e l s  2 SE. 

C02 Conc. i n  chambers (118 8-1) 

Open Ambient 500 650 

Julian date 

167 

174 

181 

188 

195 

202 

209 

0 216 

223 

230 

237 

~ ~ ~ ~ ~~~~ 

Number o f  b o l l s  per m2 

0 0 

It0 221 

52 2 6 t2 

13t4 1722 

3929 49 +9 

6 1 s  75211 

75% 91212 

8626 107211 

101t5 133t6 

10726 14826 

10826 152t7 
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Table 11. Ekrcentage c h n p  in midday net photosynthesis rate of cotton in the - me- 
ton 84 expenloent. Rita were collected duriog several irrigation cycles f m  17 
July until 17 August 1984. The sample size ( b y s )  refers to  the mmber of days 

B) 
for which the inilcated canparison could be while the s q l e  s h e  (%eaves) 
i d c a t e s  the rnmber of individual leaf obse~at ions which mt into that a n -  
parison. 

O O m p ~  Change SII) Enor Ndays %eaves Qlange SPD Error - Ndays 

W e n t  vs Cpa +18.7 t 8.9 (16) (94) -I-15.3 t 6.2 (17) (1M)) 
Cbaukr Field 

5M) vil  f71 vs Ambient +23.7 + 5.2 (16) (93) +31.5 f 8.7 (17) (95) 
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Table 12. T o t a l  number of i n s e c t s  co l l ec t ed  on s t i c k y  t r a p s  
placed i n  open f i e l d ,  ambient, 500 and 650 p11 11-I 
carbon d ioxide  enr iched  chambers i n  co t ton  a t  
Phoenix, Arizona. 1984. 

co2 Conc, i n  Chambers ( p i  11-l) 

I n s e c t  Open Ambient 500 650 

F lea  b e e t l e  371 a 376 a 240 b 160 c 

Pink bollworm 497 a 238 b 199 b 141 c 

Leafhoppers 1234 a 716 b 565 c 490 c 

Predaceous f l y  2925 a 403 b 190 c 90 d 

Sweetpotato wh i t e f ly  4044 a 3905 a b  3299 b 3769 a b  

Thrips 6313 a 7818 a 6100 a 6645 a 

Tota ls  i n  a row not  followed by t h e  same l e t t e r  a r e  s i g n i f i -  
can t ly  d i f f e r e n t ;  pa i red  t-tests, P = 0.10. 
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- C02- C O T T O N  

Figure  1. P l o t  p lan  f o r  the  C02 - c o t t o n  1984 experiment. 
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1984 WET REP I 

0 650 ,U 1/1 

A 500 ,U 1/1 dU 

0 A M B .  C H A M .  
OPEN F I E L D  

0 l l l . l l l l l l , l l . , , l , , , l . , ,  

T I M E  OF D A Y  ( M S T )  
Figure 2. Diurnal p a t t e r n  of  mean CO2 concen t ra t ion  f o r  t h e  

Rep I - wet,chambers i n  1984.  The lower and upper 
p a i r s  of s o l i d  l i n e s  a r e  t h e  s t anda rd  dev ia t ion  of the  
ind iv idua 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  of do t t ed  l i n e s  a r e  t h e  s tandard  
devia 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 tandard  dev ia t ions  f o r  t h e  3 chambers 
and t h e  open f i e l d  p l o t .  
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WET REP I1 

............. 

650 p 1/1 

0 4 8 1 2  1 6  2 0  24 
T I M E  O F  D A Y  ( M S T )  

Figure 3. Diurnal p a t t e r n  o f  mean C02 concen t ra t ion  f o r  t h e  Rep I1 - 
wet chambers i n  1984. The lower and upper p a i r s  of  s o l i d  , 

l i n e s  a r e  the  s t anda rd  dev ia t ions  of  t h e  i n d i v i d u a l  
observat ions f o r  t h e  ambient and "650" chambers, respec- 
t i v e l y .  The p a i r  of  dot ted  l i n e s  a r e  the  s t anda rd  
devia t ions  of t h e  "500" chamber. On the  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  3 chambers 
and the  open f i e l d  p l o t .  
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DRY REP I 

OPEN F I E L D  
0 l , . , l , , , I , , . , , , , , , , , , ,  

T I M E  O F  D A Y  ( M S T )  
Figure 4. Diurnal  p a t t e r n  of  mean C02 concent ra t ion  f o r  the  Rep I - 

dry chambers i n  1984. The lower and upper p a i r s  of s o l i d  
l i n e s  a r e  t h e  s tandard  d e v i a t i o n s  of  the  ind iv idua l  
observa t ions  f o r  the  ambient and "650" chambers, respec- 
t i v e l y .  The p a i r  of do t t ed  l i n e s  a r e  the  s tandard  
dev ia t ions  of t h e  "500" chamber. On the  r i g h t  a r e  the  
a l l  day means and s tandard  dev ia t ions  f o r  the  3 chambers 
and t h e  open f i e l d  p lo t .  
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1984 D R Y  R E P  I1 

650 p l/l 
A 500 p l/l 
o A M B .  C H A M .  

OPEN F I E L D  
l . . . l . . . l , , t l , , . l . . .  

0 4 8 12 16 20 24 
T I M E  OF D A Y  (MST)  

Figure 5. Diurnal p a t t e r n  o f  mean GO2 concent ra t ion  f o r  t h e  Rep I1 
- dry chambers i n  1984. The lower and upper p a i r s  of  
s o l i d  l i n e s  a r e  t h e  s t anda rd  dev ia t ion  of  t h e  i n d i v i d u a l  
observat ions f o r  t h e  ambient and "650" chambers, respec- 
t i v e l y .  The p a i r  of  do t t ed  l i n e s  a r e  t h e  s t anda rd  
devia t ions  of  t h e  "500" chamber. On the  r i g h t  a r e  t h e  
a l l  day means and s t anda rd  dev ia t ions  f o r  t h e  3 chambers 
and the  open f i e l d  p l o t .  
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Figure 6. Diurna l  p a t t e r n  of  mean C02 concent ra t ion  f o r  t h e  Rep I 
chambers i n  1983. The lower and upper p a i r s  of s o l i d  
l i n e s  a r e  the 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, respec- 
t i v e l y .  The p a i r  of  dot ted  l i n e s  a r e  the s t anda rd  
dev ia t ions  of  t h e  "500" chamber. On the  r i g h t  a r e  the 
a l l  day means and s tandard  d e v i a t i o n s  f o r  the  3 chambers 
and the  open f i e l d  p l o t .  
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Figure  7. Diurnal p a t t e r n  of mean CO2 concent ra t ion  f o r  t h e  Rep I1 
chambers i n  1983. The lower and upper p a i r s  o f  s o l i d  
l i n e s  a r e  the  s t anda rd  d e v i a t i o n s  of  t h e  i n d i v i d u a l  
observat ions f o r  t h e  ambient and "650" chambers, respec- 
t i ve ly .  The p a i r  of  do t t ed  l i n e s  a r e  the s tandard  
devia t ions  of the "500" chamber. On the  r i g h t  a r e  the  
a l l  day means and s tandard  d e v i a t i o n s  f o r  the  3 chambers 
and the open f i e l d  p l o t .  
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(I) - 

Figure 9 .  Accumulation o f  dry weight of  b o l l s  per M~ of  standing crop i n  
the "350" and "650"-wet ( W f  and -dry (D) treatments. Dates of 
rain events (R) and irrigations for  the W and D treatments were 
as  indicated. Data are averages of  destructive samples of the 
three plants from each replication on each date. 
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Figure 13. Stornatal resistance of well-watered cotton at 
ambient, 500 and 650 pE 2-1 C02 concentration 
levels. 
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Figure 14. stomata1 resistance of water stressed cotton at 
ambient, 500 and 650 vf. 2-1 C02 concentration 
levels. 
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AIR V W O R  PRESSURE DEFICIT I h P d  

Figure 15. Fol iage minus s i r  temperature versus vapor prassure d e t i -  
c i t  for the  ambient (335-344 e t  rl), "500" (504 u t  t-l), 
and "650" (637 v t  t-l) COZ treatments from the  1983 
experiment. All of the data are  for non-vater-stressed 
Deltapine 70 cotton.  The l i n e s  were f i t t e d  by regress ion 
but forced through a common point ,  nnd they are  repro- 
duced £or comparison i n  the lower r ight  gmph. 

Annual Report of the U.S. Water Conservation Laboratory



AIR VAPOR PRESSURE DEFICIT IkPot 

Figure 16. Fol iage minus a i r  temperature ve r sus  vapor  p ressu re  def i -  
c i t  f o r  t h e  ambient (337-332 V L  L-1). "500" (503 V L  ~ - 1 ) ~  
and 650 (646 ul TI)  GO? t r ea tmen t s  from t h e  1984 experi-  
ment. A l l  of t h e  d a t a  i r e  f o r  n o n l t a t e r s t r e w e d  
Deltapine 62  cotton. The l i n e s  were f i t t e d  by reg ress ion  
but  forced through a common p o i n t ,  and t h e y  a r e  repro- 
duced f o r  comparison i n  t h e  lower r i g h t  gmpH. 
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0 1 I I 

0 650 pl/l 
. A 500 p1/1 

0 A M B .  C H A M .  
+ O P E N  F I E L D  

C O T T O N  
REP I 
WET 

RLWC (%) 

Figure 1 7 .  Leaf water potent ia l  versus r e l a t i v e  l e a f  water 
content for  the Rep I - wet cotton leaves sampled 
a t  13:30 on 29 August 1954, 1 week a f t e r  
i rr igat ion .  
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Figure 18 .  Leaf water potent ia l  versus r e l a t i v e  l e a f  water 
content for  the Rep I - dry cot ton leaves  sampled 
a t  13:30 on 23 August 1984, 3 weeks a f t e r  i r r i -  
gat ion .  
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0 650 p1/ 1 
A 500 pl/l 
0 A M B .  C H A M .  
+ OPEN FIELD 

C O T T O N  

R E P  II 

RLWC (%) 

Figure 19. Leaf water p o t e n t i a l  versus  r e l a t i v e  l e a f  water  
content  f o r  the Rep I1 - wet c o t t o n  leaves  
sampled a t  06:OO 30 August 1984,  1 week a f t e r  
i r r i g a t i o n .  
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+ OPEN F I E L D  
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Figure 20. Leaf water potential  versus r e l a t i v e  l e a f  water 
content for  the Rep I1 - dry cotton leaves 
sampled a t  OG:00, 30 August 1984, 3 weeks a f t e r  
i rr igat ion .  
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I n: -- -- 
Chambers o o a m  

Open Field n v A v 

Figure  21 .  T o t a l  l e a f  w a t e r  p o t e n t i a l  o f  l e a v e s  i n  t h e  f i e l d  
v e r s u s  C02 c o n c e n t r a t i o n  f o r  t h e  Rep I and 11, wet 
and d r y  p l o t s  a t  midaf te rnoon  on 29 August 1984. 
The w e t  and d r y  p l o t s  had been i r r i z a t e d  1 and 3 
weeks,  r e s p e c t i v e l y ,  p r i o r  t o  sampl ing .  
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6 5 0 ~ 1 / 1  A M B .  C H A M .  

A 5 O O p 1 / 1  + O P E N  F I E L D  

DAY OF YEAR (1984) 

Figure 22.  To ta l  water  content  i n  the  top 800 mm of s o i l  
of the  Rep I - wet p l o t s  a g a i n s t  day o f  year .  
Also shown a r e  the amounts of i r r i g a t i o n  and 
r a i n f a l l  (amounts l e s s  than 150 mm). 
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Figure 23. Total water content i n  the top 800 mm of s o i l  of  
the Rep I1 - wet p lo t s  against day of  year. Also 
shown are the amounts of i rr igat ion  and r a i n f a l l  
(amounts l e s s  than 150 mm). 
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350 

5 0 0 p 1 / 1  + O P E N  F I E L D  

C O T T O N  DRY REP I 1 

DAY OF YEAR (1984) 

Figure 24. Tota l  water  content  i n  the  top 800 mm of s o i l  of 
the  Rep I - dry p l o t s  a g a i n s t  t h e  day of year .  
Also shown a r e  the amounts of i r r i g a t i o n  and 
r a i n f a l l  (amounts l e s s  than 150 mm). 
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Figure 25. T o t a l  water  content  i n  the  top 800 mm of s o i l  of 
the  Rep I1 - dry p l o t s  a g a i n s t  t h e  day o f  year .  
Also shown a r e  the amounts of  i r r i g a t i o n  and 
r a i n E a l l  (amounts l e s s  than 150 mm). 
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D A Y  O F  YEAR (1984) 

F i g u r e  2 6 .  Cumulat ive  w a t e r  u s e  from t h e  top  800 m of  
s o i l  f o r  t h e  Rep I - wet  p l o t s .  
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Figure 27. Cumulative water use from the top 800 mm of 
soil Eor the Rep I1 - wet plots. 
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Figure  28.  Cumulat ive  water u s e  from t h e  t o p  800 mm o f  
s o i l  f o r  t h e  Rep I - d ry  p l o t s .  
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Figure 29. Cumulative water  use  from t h e  top 800 mm of  
s o i l  f o r  t h e  Rep I1 - dry p l o t s .  
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F i g u r e  30. T o t a l  w a t e r  use  from the  t o p  500 mm o f  s o i l  v e r s u s  C0" 
L 

c o n c e n t r a t i o n  f o r  Reps I and I1 o f  t h e  we t  and d r y  
p l o t s .  
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w= no chamber 

CARBON DIOXIDE CONCENTRATION, % 

Figure 31. S o i l  carbon dioxide concentration a t  various depths inside 
and outside open-top chamber a s  a function of  time. (Blower 
turned o f f  i n  cham be^ a f t e r  05 Oct.) 
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TITLE: A SIEPLE MODEL OF BORDER IRRIGATION 

NRP : 20790 CRIS WORK UNIT: 5422-20790-005 

I n  1984 we developed a model f o r  descr ib ing  t h e  complete border  i r r i g a -  
t i o n  cycle.  The model was designed f o r  blocked o r  unblocked s loping  
borders  and f o r  blocked l e v e l  borders.  The model can s imula t e  i r r i g a -  
t i o n  on borders with v a r i a b l e  s lopes  but  cannot handle negat ive  s lopes  
o r  r e v e r s a l s  i n  the  d i r e c t i o n  of water  flow. The model s o l v e s  the  c o w  
bined equat ions f o r  t h e  conservat ion of mass and momentum wi th  t h e  
a c c e l e r a t i o n  terms removed. The model d i f f e r s  from e a r l i e r  models i n  
t h a t  the  d i f f e r e n t i a l  form of t h e  combined Saint-Venant equat ions  i s  
solved. The model a l s o  s i m p l i f i e s  t h e  expression f o r  t h e  depth gradient  
by using a n  e x p l i c i t  value,  averaged over t h e  e n t i r e  wetted border. 
Resul t s  f o r  t h ree  t y p i c a l  i r r i g a t i o n s  (Table 1 )  a r e  shown i n  Figs. 1-3. 
Comparisons of r e s u l t s  obtained with t h i s  model t o  o t h e r  models and 
f i e l d  da ta  show the  model t o  be very s t a b l e  and t o  give equa l ly  accura te  
va lues  f o r  advance and r ecess ion  times and thus  t o t a l  oppor tuni ty  time 
f o r  i n f i l t r a t i o n  over a  range of condit ions inc luding  l e v e l  s lopes.  
Water depths during i r r i g a t i o n  a l s o  appear t o  be c l o s e l y  reproduced 
d e s p i t e  t h e  use of a  very simple shape f a c t o r  ( a  l i n e a r  f i t  between suc- 
cess ive  reaches).  

For any model t o  be u s e f u l  i t  must be not  only accura te  but  a l s o  cost- 
e f f i c i e n t  t o  use. Computationally e f f i c i e n t  programs a r e  requi red  when 
repeated s imulat ions a r e  needed, such a s  when t h e  e f f e c t s  of s p a t i a l l y  

@ v a r i a b l e  hydraul ic  parameters a r e  inves t iga ted .  Table 2 compares the  
computation times f o r  t h i s  model and t h e  Z. I . I .  model ( S t r e l k o f f  and 
Katapodes, 1977), on an HP-1000 computer. The models were run with t h e  
same number of reaches f o r  each s imulat ion and yielded r e s u l t s  of c o w  
parable accuracy. Although not  a r igorous  comparison of t h e  two models, 
t h e  computation times a r e  of s i m i l a r  magnitude and a r e  cons iderably  
f a s t e r  than e x i s t i n g  f u l l  dynamic models ( S t r e l k o f f  and Katopodes, 
1977). This  model i s  a l s o  conceptual ly very simple and easy  t o  program, 
r equ i r ing  approximately 450 For t ran  s ta tements  and 40K bytes  of memory, 
making it adaptable t o  many small  computing systems. 

REFERENCES : 

BASSETT, D. L. and FITZSIMEIONS, D. W. 1976. Simulat ing overland flow 
i n  border i r r i g a t i o n .  Trans. AS& 19(14):666-671. 

KATOPODES, N. D. and STRELKOFF, T. 1977. Hydrodynamics of border  irri- 
ga t ion  - complete model. Proc. Am. Soc. Civ. Engr., I r r i g .  Drain. Div. 
J. 103(IR3):309-324. 

STRELKOFF, T. and KATOPODES, N. D. 1977. B o r d e r i r r i g a t i o n  hydraul ics  
wi th  zero  i n e r t i a .  Proc. Am. Soc. Civ. Engr., I r r i g .  Drain. Div. J. 
103(IR3):325-342. 

PERSONNEL: D. B. Jaynes 
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Table 1. Parameters used in simulating the irrigations shown in Figures 
1-3. 

Border Bottom Manning Inflow Duration S* b 
Figure length slope n rate (inin) (cm s-~) 

(m) (m2 s-1 

* I stb, where I = infiltration depth, t = opportunity time, and S and 
b are empirical constants. 

Table 2. Computation times required on an HP-1000 for simulations shown 
in Figures 1-3 using model developed here (Z.I.D.), and model 
developed by Strelkoff and Katapodes (1977, 2.1.1.). 

Irrigation Shown 
in Figure: Z.I.D. 2.1.1. 

sec 

1 21 .O 31.8 

2 22.3 18.2 

3 27.5 31.4 
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X OBSERVED 

- 2.1.0. 
---- 2.1.1. 

0. 50. 75. 100. 

DISTANCE, m 

Figure 1. Calculated and observed advance and recession times for 
border V-5. Z.I.D. is model developed here; 2.1.1. is 
model developed by Strelkoff and Katapodes (1977). 
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Figure 2. Calculated and observed advance and recession times for 

border AR-15. Z.I.D. is model developed here; Z.I.I. is 
model developed by Strelkoff and Katapodes (1977). F.D.B. 
and F.D.K. are models developed by Bassett and Fitzsimmons 
(1976) and Katapodes and Strelkoff (1977). 
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x OBSERVED 

2.1.0. 

---- 2.1.1. 

DISTANCE, m 
Figure  3. Calculated and observed advance and recess ion  times 

f o r  border CRC-1. Z . I . D .  is model developed here ;  2.1.1. 
i s  model developed by S t r e l k o f f  and Katapodes (1977). 
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TITLE: BROMIDE ANALYSIS IN SOIL EXTRACTS VIA AN AUTOHATED COLORIMETRIC 
PROCEDURE 

NPS: 20790 CRIS WORK UNIT: 5510-20790-005 

INTRODUCTION: 

Due to its low cost, low toxicity, and small sorption potential on most 
geologic materials, bromide (Br-) is often the tracer of choice in 
studies of soil water or ground water flow. Given the large number of 
samples typically generated in such studies, a rapid, reliable technique 
for Br- quantitation in environmental water samples is needed. A 
variety of methods have been used for Br- analysis, including ion- 
selective electrode (Abdalla and Lear, 1975; Onken % &. , 19751, high 
performance liquid chromatography (HPLC) (Pyen and Erdmann, 1983; 
Stetzenbach and Thompson, 1983; Bowman, 1984) neutron activation analy- 
sis (Dantas and Ruf, 19751, and automated colorimetric procedures (Moxon 
and Dixon, 1980; Pyen et&., 1980). Electrode and colorimetric methods 
have been less successful for Br- analysis in soil samples as opposed to 
groundwater samples. This is due to the generally higher concentrations 
of salts and soluble organic materials in soil water extracts, which 
result in interferences of varying magnitude. HPLC methods have been 
shown to yield accurate Br- measurements, but analysis times are eypi- 
cally on the order of several minutes per sample, and many Laboratories 
do not possess the required HPLC instrumentation. Neutron activation 
analysis is the most accurate of the Br- analytical methods, but few 

0 laboratories possess in-house capability for utilizing this technique. 

A recent automated procedure by Marti and Arozarena (1981) offers pro- 
mise for rapid analysis of Br- in soil extracts. This procedure, based 
upon the reaction of hypobromous acid with with fluorescein to form the 
pink Eosin (Hahn, 1933; Oosting and Reijaders, 1980) is much less s u b  
ject to interferences from inorganic ions common in soils than are the 
other colorimetric methods. Therefore, the possibility of modifying 
this technique for analysis of Br- in soil extracts was investigated. 

NATERIALS AND METHODS: 

The principles of the analytical method are discussed in the references 
cited above. Following tfarti and Arozarena (1981), a manifold for the 
Technicon Autoanalyzer I1 system was constructed. A schematic diagram 
of the manifold is presented in Fig. 1. 

Initial validation experiments indicated that soluble components present 
in soil extracts interfered with accurate Br- quantitation. These 
interferences appeared to be primarily soluble organic compounds. 
Therefore, a procedure utilizing activated charcoal was developed in an 
attempt to remove the interfering substances from solution without 
affecting Br- levels. 

Five agricultural soils from the western United States were chosen for 

0 
validation studies. A surface sample (0-300 mm) of each soil was used 
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t o  provide a "worst case" scenar io ,  s ince  organic  mat te r  content  
gene ra l ly  i s  g r e a t e s t  near  t h e  s o i l  surface.  The s o i l s  were Avondale 
s i l t y  c lay  loam (fine-loamy, mixed, hyperthermic T o r r i f l u v e n t i c  
Hap lus to l l ) ,  Mohall sandy loam (fine-loamy, mixed, hyperthermic Typic 
Haplargid) ,  Haverson loam (fine-loamy, mixed (ca lcareous)  mesic U s t i c  
Tor r i f luven t ) ,  Palouse s i l t  loam ( f i n e - s i l t y ,  mixed, mesic Typic 
Haploxerol l) ,  and Glendale c lay  ( f i n e - s i l t y ,  mixed (ca lcareous)  thermic 
Typic Torr i f luvent ) .  The f i r s t  two s o i l s  a r e  from Arizona, wh i l e  t h e  
l a t t e r  t h r e e  a r e  from Colorado, Washington, and New Mexico, r e s p e c  
t i v e l y .  Some c h a r a c t e r i s t i c s  of t hese  s o i l s  a r e  presented  i n  Table 1. 

Twenty-five gram samples of each s o i l  ( a i r d r y ,  <2 mm) were added t o  
50-ml polypropylene cen t r i fuge  tubes. To each sample was added 25 m l  of 
KBr  s o l u t i o n  wi th  a concent ra t ion  0.0, 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, o r  
8.0 ppm. Bromide so lu t ions  were prepared i n  0.1 M KNO3 t o  minimize Br- 
so rp t ion  by a c t i v a t e d  charcoal  (Kamiuria 2., 1983). A s o i l - l e s s  
blank was a l s o  prepared. Each sample and blank was prepared i n  t r i p l i -  
ca te .  The tubes were e q u i l i b r a t e d  on a r ec ip roca t ing  shaker  f o r  10 
min., then cent r i fuged t o  y i e l d  a c l e a r  superna tent  so lu t ion .  
Supernatents  were then f i l t e r e d  through Whatman #541 f i l t e r  paper. 

An a l i q u o t  (5 ml) of each superna tent  was added t o  a c l ean  c e n t r i f u g e  
tube,  followed by t h e  a d d i t i o n  of 0.1 g of a c t i v a t e d  cahrcoal .  The mix- 
t u r e  was shaken by hand, then  f i l t e r e d  through a 0.45 Um f i l t e r  t o  
remove t h e  charcoal.  The f i l t e r e d  e x t r a c t s  were then analyzed fo l lowing 
t h e  procedure of Marti  and Arozarena (1981) us ing  t h e  manifold shown i n  
Fig. 1. Bromide concentrat ions were ca l cu la t ed  from a s t anda rd  curve 
prepared us ing  s tandards  ( i n  0.1 M KN03) which had a l s o  r ece ived  t h e  
charcoal  t reatment .  

RESULTS AN!J DISCUSSION: 

The mean Br-  recovery da ta  f o r  t h e  f i v e  s o i l s  a r e  l i s t e d  i n  Table 2 and 
presented g raph ica l ly  i n  Fig. 2. Although t h e  accuracy of  t h e  method 
was g r e a t l y  improved over t h e  procedure without  t h e  a c t i v a t e d  charcoal  
t rea tment ,  s i g n i f i c a n t  i n t e r f e r e n c e s  s t i l l  occurred. I n  t h r e e  of t h e  
s o i l s  (Avondale, Mohall, and Glendale) a p o s i t i v e  b i a s  was noted, while  
t h e  o t h e r  two s o i l s  showed negat ive  recover ies .  P r imar i ly  nega t ive  
i n t e r f e r e n c e s  were noted when no charcoal  t reatment  was used. The t rend  
i n  recover ies  i s  more o r  l e s s  t h e  oppos i te  of t h e  t rends  i n  s o i l  o rgan ic  
carbon content  and t o t a l  o rgan ic  carbon of s o i l  e x t r a c t s  (Table I ) ,  
which supports  t h e  assumption t h a t  so lub le  organics  caused much of t h e  
nega t ive  i n t e r f e r e n c e  problem. 

The impression from t h e  da ta  i s  t h a t  both p o s i t i v e l y  and nega t ive ly  
i n t e r f e r i n g  substances a r e  p resen t  i n  t h e  e x t r a c t s .  Charcoal a d d i t i o n ,  
depending upon t h e  s o i l ,  removes some o r  a l l  of t h e  nega t ive ly  i n t e r  
f e r i n g  compounds. Some i n t e r f e r e n c e s ,  which a r e n ' t  removed by t h e  c h a r  
c o a l  ( o r  a r e  poss ib ly  added by t h e  charcoal  i t s e l f ) ,  absorb  l i g h t  a t  t h e  
a n a l y t i c a l  wavelength of 520 nm and cause p o s i t i v e  i n t e r f e r e n c e .  I n  t h e  
h igh  organic  carbon s o i l s ,  perhaps i n s u f f i c i e n t  charcoal  was added, and 
t h e  negat ive  i n t e r f e r e n c e s  predominated. 
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For in-house purposes, the method as it stands may be adequate. Nith 
both the Arizona soils, accuracy at the 1.0 ppm Br- level is within 10%. 
This level of accuracy is superior to most methods of Br- analysis. 

An automated colorimetric procedure was modified for analysis of Br- in 
soil extracts. The method yields accurate Br- quantitation at the ppm 
level in Arizona soils of immediate interest to our current research 
program. The technique was less accurate for other soils examined. The 
method's charcoal pretreatment step approximately doubles the time 
required for sample analysis compared to the autoanalyzer procedure 
wirhout the pretreatment. 

PERSONNEL: 

R. S. Bowman, M. A. Milczarek, R. C. Rice, G. C. Auer 
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Table 1. Organic carbon contents  (%), t o t a l  organic  carbon con- 

c e n t r a t i o n  (mg/L) of a 1:l soi1:water e x t r a c t ,  and ca t ion  
exchange c a p a c i t i e s  (mole Na+/kg) of s o i l s  used i n  Br- va l i -  
d a t i o n  s tud ie s .  

S o i l  - Organic C - TOC - CEC 
Avondale 1.9 37 0.215 
Mohall 0.7 31 0.175 
Haverson 1.2 180 0.157 
Palouse 2.9 150 0.143 
Glendale 0.8 69 0.170 

Table 2. Mean bromide recover ies  f o r  t h e  f i v e  s o i l s .  

Br- added Recovery (%) 

( P P ~  Avondale Mohall Haverson Palouse  Glendale e 0.1 244 234 <O <O 801 
0.2 132 142 <O <O 437 
0.5 106 120 37 <O 234 
1 .O 104 108 69 46 167 
2.0 103 105 82 74 137 
5.0 107 105 98 92 120 
8.0 104 106 100 96 108 
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Figure 1 .  Bromide manifold f o r  Technicon Autoanalyzer I1 system. Shown with a 
1:10 d i l u t i o n  loop i n s t a l l e d .  For the analyses  described i n  t h i s  
report ,  the d i l u t i o n  loop and d i l u t i o n  water l i n e  were omitted, and 
a 2 .50  mL/min l i n e  was used f o r  the sample. 
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l .OO ml/min 

Waste 
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TITLE: LONG-TERM EFFECT OF IRRIGATION ON RECHARGE AND 
QUALITY OF GROUNDWATER 

NRP: 20790 CRIS WORK UNIT: 5510-20790-005 

SPATIAL VARIABILITY OF DEEP PERCOLATION RATES: 

Recharge due to deep percolation from irrigated fields must be better 
quantified to predict the effect of irrigation on groundwater quality. 
Deep percolation is frequently determined by water balance techniques 
with measurement errors accumulating in the deep percolation component. 
The object of this project is to measure point deep percolation rates 
over a field, using tracer techniques to determine the spatial distribu- 
tion and an accurate estimate of average deep percolation. The measured 
deep percolation rate was compared with the rate calculated from a water 
balance. 

PROCEDURE : 

Deep percolation of excess irrigation water was measured on a bare soil. 
Deep percolation rates were determined from the movement of bromide 
added to the soil as a tracer. The field was divided into fourteen 
plots, 24.4 m X 18.3 m. Each plot was again divided into quarters with 
one quarter of each plot randomly selected for sampling. Neutron access 
tubes were installed in the selected subplots to depths that varied from 

el) 
2.0 to 2.7 m. Potassium bromide (KBr) was uniformly sprayed onto each 
sampling plot. A 10 cm irrigation was applied to the plot in December, 
immediately after the bromide was added. Seven additional 5 cm irriga- 
tions were applied during the next 159 days. Using a 2.1 cm diameter 
King tube, soil samples were taken in 30 cm increments to 270 a. Two 
sets of samples were obtained from each plot. The first samples were 
taken 5 days after the first irrigation. Additional samples were taken 
before subsequent irrigations. Bromide concentrations were determined 
from a 1:l soil water extract. 

An additional experiment was conducted to determine the effect of sample 
size on bromide recovery. Potassium bromide was applied to one 9 X 12 m 
plot followed by a 10 cm irrigation. Twenty sub-plots were sampled on a 
1.8 X 2.4 m grid 6 days after the water application. Samples were taken 
at 15 cm intervals to a depth of 105 cm. A 10.25 cm diameter sample 
tube was pushed into the soil using a hydraulic sampling device mounted 
on a tractor. While the sample was still in the tube, a 2.18 cm 
diameter tube was centered inside the larger tube and a small concentric 
sample was obtained. The samples were then analysed for bromide. 
Statistical comparisons were made between the large and small sample 
size pairs at the different area and depth locations. The comparisons 
were for Br- concentration, water content, and mass recovery (mg Br'/kg 
soil). For each characteristic, the variances and means of the two 
populations were compared. In addition, the slope at the regression 
line was tested to see if it was significantly different from 1.0. 

* Meteorological data was routinely collected to estimate soil evapora- 
tion. Parameters measured were solar, net, and reflected radiation, air 
temperature, relative humidity, soil heat flux, and windspeed. 
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RESULTS: 

Spatial Variability Study: 
was determined for each of 
The mean, mode, and median 
equal. Thus, these values 

The depth of maximum bromide concentration 
the 28 sampling sites and sampling times. 
for a given sample time were essentially 
appeared to be normally distributed. 

Assuming the values are normally distributed, the arithmetic mean can be 
used to estimate the average tracer velocity. The mean depth of maximum 
Br- concentration for each sampling time was determined. The first 10 
cm irrigation displaced the tracer peak downward about 50 cm. If the 
tracer had moved as piston flow, the peak would be at about 40 cm after 
the initial infiltration. No upward movement of the tracer was 
observed, indicating that the tracer was always below the zero flux 
plane or the zone of upward movement due to evaporation. The rate of 
downward movement of the tracer peak was constant at 1.03 cm/day from 50 
to 120 cm and then increased to 1.61 cm/day below 120 cm. Using the 
tracer velocities and the average water content, the Darcy velocity was 
.30 and .37 cmlday for the upper and lower zones, respectively. The 
deep percolation calculated from a water balance was 8.1 cm after 126 
days for an average of 0.065 cm/day. The average Darcy velocity from 
tracer movement was 5 times faster than the water balance velocity. The 
large deviation from piston flow indicates that the tracer, and con- 
sequently the bulk of the water, was moving in preferential paths. 
Anion exclusion could account for only a small portion of the dif- 
ference. A transfer function model was used to predict the movement of 
solute to greater depths from data collected near the surface. The pre- 
dicted and measured depth-concentration relationships are shown in 
Figure 1 for the different sample times using day 5 as the calibration 
data. The measured values are the arithmetic mean of 28 samples for 
each depth. Two different values were used for the infiltration term: 
(1) deep percolation as estimated from the water balance, and (2) 
infiltration estimated from tracer velocity and water content. The pre- 
dicted curve using the tracer velocity as input for infiltration showed 
the solute peak at the approximate depth of the measured curve, but the 
maximum concentration was considerabaly smaller as the solute peak moved 
downward. When the deep percolation data from the water balance was 
used for infiltration, the predicted curve did not agree with the 
measured curve. This again suggests that water is moving in preferen- 
tial paths and bypassing a portion of the profile. 

Sample Size Study: Comparisons of the B r  concentration and water con- 
tents for the large and small sample size are shown in Figures 2 and 3 
respectively. The variances of the two populations were not signifi- 
cantly different in each of the three comparisons (Br- concentration, 
water content, and Br- recovery). The mean of the Br- concentration of 
the large sample averaged 3.08 mg/p. more than the small sample which was 
significant at < 0.01 level. The mean of the water contents were not 
significantly different. The mean of the Br- recovery for the large 
samples averaged 2.13 mg/kg more than the small samples and was signifi- 
cant at < 0.05 level. The slope of the regression line was not signifi- 
cantly different from 1.0 for both the Br- concentration and recovery. 
The regression comparing water contents of the two sample sizes had a 
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s lope  of  0.902 which was s i g n i f i c a n t l y  d i f f e r e n t  from 1.0 a t  t h e  0.001 
l e v e l .  

Although t h e r e  was a s i g n i f i c a n t  b i a s  toward t h e  l a r g e r  sample f o r  both 
Br- concent ra t ion  and Br- recovery, t h e  p o s i t i o n  of t h e  depth  of  t h e  
maximum Br-  concent ra t ion  was t h e  same f o r  a l l  20 p lo ts .  The shapes o f  
t h e  depth-concentration curves were e s s e n t i a l l y  t h e  same f o r  a l l  20 
p l o t s .  

SIJMHARY AND CONCLUSIONS: 

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 
ba re  s o i l  f i e l d .  Deep pe rco la t ion  r a t e s  were determined from bromide 
added t o  t h e  s o i l  a s  a t r ace r .  Core samples were taken a t  a depth t o  
270 cm wi th in  14 subp lo t s  a f t e r  each i r r i g a t i o n .  The dep th  of  t h e  maxi- 
mum bromide concent ra t ion  was u n i f o r d y  d i s t r i b u t e d  over  t h e  f i e l d .  The 
average deep pe rco la t ion  r a t e  was determined from t h e  a r i t h m e t i c  mean of 
t h e  t r a c e r  v e l o c i t i e s  and water  content .  The deep p e r c o l a t i o n  r a t e  
c a l c u l a t e d  from t h e  t r a c e r  v e l o c i t i e s  was about 5 times g r e a t e r  than  
determined from a wa te r  balance. The discrepancy between t h e  t r a c e r  and 
water  balance r a t e s  i n d i c a t e s  t h a t  much of t h e  water  is moving i n  
p r e f e r e n t i a l  paths.  The water  balance may underest imate t h e  t r a v e l  
t imes of  s o l u t e s  and p o l l u t a n t s  t o  t h e  groundwater. 

A comparison of  Br- concent ra t ions  between 10.2 cm and 2.2 cm sample 

Q 
diameters  showed no s i g n i f i c a n t  d i f f e r e n c e s  between t h e  var iances .  -The 
s l o p e  of t h e  r e g r e s s i o n  l i n e  r e l a t i n g  t h e  Br- concent ra t ions  of t h e  
l a r g e  and small  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  from 1.0. 

PERSONNEL: R. C. Rice ,  R. S. Bowman, D. B. Jaynes,  H. Bouwer, G. C. Auer, 
J. B. M i l l e r  
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[ B r l  (rng/L), S M A L L  S A M P L E  

F i g u r e  2 .  B r -  c o n c e n t r a t i o n  f o r  s m a l l  and l a r g e  samples .  S o l i d  l i n e  i s  t h e  
1 : l  l i n e  and dashed l i n e  i s  t h e  r e g r e s s i o n  l i n e .  
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W A T E R  C O N T E N T  ( S M A L L )  

Figure 3.  Water content f o r  small and large samples. Sol id  l i n e  i s  the 1:l 
l i n e  and dashed l i n e  i s  the regression l i n e .  
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TITLE: MEASUREMENT OF SOLUTE VELOCITIES BELOW FLOOD-IRRIGATED FIELDS 

NRP: 20790 CRIS WORK UNIT: 5510-20790-005 

INTRODUCTION: 

The a b i l i t y  t o  measure and p red ic t  downward r a t e s  of water  and s o l u t e  
movement below a g r i c u l t u r a l  f i e l d s  i s  c r i t i c a l  f o r  e v a l u a t i n g  e f f e c t s  of 
su r face  management p r a c t i c e s  on groundwater recharge and recharge water  
qua l i ty .  Under i r r i g a t e d  condi t ions ,  t h i s  reduces t o  t h e  problem of 
d e l i n e a t i n g  e f f e c t s  of  s o i l  type,  s o i l  s t r u c t u r e ,  i r r i g a t i o n  method, and 
i r r i g a t i o n  frequency on subsurface water  r e d i s t r i b u t i o n .  Much of  t h e  
experimental work done under f i e l d  condi t ions  has  concerned i t s e l f  w i th  
water  movement under  s teady s t a t e  andfor  unsa tura ted  flow condi t ions .  
For in s t ance ,  Biggar and Nielsen (1976) examined s o l u t e  v e l o c i t y  and 
d i spe r s ion  c o e f f i c i e n t  d i s t r i b u t i o n s  under continuous ponding condi- 
t i o n s .  Van de  P o l  e t  a l .  (1977) considered downward r a t e s  of  ch lo r ide  -- 
and t r i t i a t e d  water  movement under s teady-s ta te ,  t r i c k l e - i r r i g a t e d  con- 
d i t i o n s .  Ju ry  -- e t  a l .  (1982) followed t h e  l each ing  of  a  bromide t r a c e r ,  
i n i t i a l l y  appl ied  t o  t h e  s o i l  v i a  a  s p r i n k l e r  system, a s  i t  moved down- 
ward i n  response t o  n a t u r a l  r a i n f a l l .  

I n  t h e  western United S t a t e s  and i n  many o t h e r  a r e a s  of t h e  world, agr i -  
c u l t u r a l  water  a p p l i c a t i o n  i s  v i a  i n t e r m i t t a n t  f lood i r r i g a t i o n .  Under 
t h i s  system, t h e  s o i l  su r face  i s  ponded f o r  a  r e l a t i v e l y  b r i e f  period 
(on  t h e  order  of hours),  followed by a  per iod  of r e d i s t r i b u t i o n  and 

a drying ( t y p i c a l l y  on t h e  order  of s eve ra l  days t o  s e v e r a l  weeks). The 
c h a r a c t e r i s t i c s  of  subsurface water  movement i n  response t o  d i f f e r e n t  
f lood i r r i g a t i o n  regimes have received r e l a t i v e l y  l i t t l e  a t t e n t i o n  from 
s o i l  s c i e n t i s t s .  

The purpose of t h i s  s tudy was t o  eva lua te  subsurface  water  movement 
under i n t e r m i t t a n t  f lood  i r r i g a t i o n .  A s e r i e s  of conserva t ive  t r a c e r s  
were u t i l i z e d  i n  a  con t ro l l ed  f i e l d  environment f o r  t h i s  purpose. The 
following s p e c i f i c  ques t ions  were asked: i )  what i s  t h e  r e l a t i o n s h i p  
between t r a c e r m e a s u r e d  water  v e l o c i t i e s  and t h e  average pore  water  
v e l o c i t y  ca l cu la t ed  from a water  balance? i i )  how does t h e  downward 
ve loc i ty  of water  under a  uniform i r r i g a t i o n  regime change over  time? 
i i i )  what e f f e c t s  do changes i n  i r r i g a t i o n  frequency have upon measured 
water  v e l o c i t i e s ?  This  r epor t  concerns i t s e l f  p r imar i ly  w i t h  t h e  f i r s t  
of t h e s e  t h r e e  ques t ions .  

MATERIALS AND METHODS: 

Field P l o t  Design: 

The experiments were performed i n  a  bare  f i e l d  p l o t  e s t a b l i s h e d  on 
Avondale s i l t y  c l ay  loam ( f i n e  loamy, mixed, hyperthermic T o r r i f l u v e n t i c  
Hap lus to l l )  a t  t h e  U. S. Water Conservation Laboratory i n  Phoenix, AZ, 
USA. The s o i l  shows s i g n i f i c a n t  v a r i a b i l i t y  wi th  depth ,  grading  from 
t h e  su r face  s i l t y  c l ay  loam t o  a  c lay  loam which extends from t h e  0.7 m 

a t o  1.7 m depth, and t o  l a y e r s  of loam, s i l t  loam, and sandy loam between 
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1.7 m and 3.0 m. Below 3.0 m, l a r g e  rocks and boulders a r e  present  
w i th in  a sand matrix. 

The 37-m2 f i e l d  p l o t  was i s o l a t e d  from t h e  surrounding s o i l  by a 0.4- 
wide s h e e t  metal border  s e t  0.2 m i n t o  t h e  ground. S imi lar  borders  were 
used t o  d e f i n e  a 13-m2 a rea  i n  t h e  cen te r  which was f u r t h e r  d iv ided  i n t o  
f o u r  quadrants  o r  subp lo t s  of 3.2-m2 area .  A l l  measurements were made 
wi th in  t h e  f o u r  subp lo t s  although t h e  e n t i r e  37-m2 a r e a  rece ived  t h e  
same treatment  i n  terms of  water  a p p l i c a t i o n s  and t r a c e r  addi t ions .  The 
23-m2 a rea  surrounding t h e  subp lo t s  served a s  a b u f f e r  zone between t h e  
measurement a rea  and t h e  surrounding s o i l .  

Each of t h e  f o u r  subp lo t s  received a neutron probe access  tube,  
i n s t a l l e d  t o  a depth of  3 m, and seven ceramic s o i l  s o l u t i o n  samplers 
placed a t  depths  of  0.3, 0.6, 1.0, 1.4, 1.8, 2.4, and 3.0 m. 
Precaut ions  were taken t o  minimize "shor t  c i r c u i t i n g "  of  i r r i g a t i o n  
water  down t h e  access  tubes  and sampler connect ing tubing. A 0.2- X 
0.2-m aluminum p l a t e  was c u t  out  i n  t h e  c e n t e r  t o  s l i d e  over  each access  
tube. The p l a t e  was sea l ed  t o  t h e  tube  a t  a depth of 0.15 m below t h e  
s o i l  su r face ,  t o  prevent  a d i r e c t  water  p a t h  down t h e  tube  s i d e s  dur ing  
f lood i r r i g a t i o n s .  The connecting tubing  from t h e  s u c t i o n  samplers was 
v e r t i c a l  t o  a depth of 0.15 m below t h e  su r face ,  a t  which po in t  i t  was 
d i r e c t e d  a t  a shallow angle  t o  t h e  s o i l  su r face ,  aga in  minimizing any 
v e r t i c a l  flow along t h e  tubing s i d e s .  

The p l o t  was equipped w i t h  a water  d i s t r i b u t i o n  system, w i t h  s e p a r a t e  
metered supply l i n e s  t o  each subplo t  and t o  t h e  bu f fe r  reg ion ,  i n  o r d e r  
t o  minimize water  a p p l i c a t i o n  d i f f e r e n c e s  a c r o s s  t h e  p lo t .  E i t h e r  
municipal water  o r  wa te r  from a l a r g e  mixing t ank  used f o r  t r a c e r  solu- 
t i o n  prepara t ion  could se rve  a s  t h e  water  source. 

During t h e  experimentation, t h e  e n t i r e  p l o t  was covered wi th  foam insu- 
l a t i o n  followed by p l a s t i c  shee t ing  t o  minimize temperature f luc tua -  
t i o n s ,  evaporat ive l o s s e s ,  and water  i n p u t  v i a  r a i n f a l l .  

Experimental Procedure: 

A t o t a l  of 100 mm pe r  week of i r r i g a t i o n  wa te r  was added dur ing  t h e  
measurement period, but  t h e  amount and frequency of  water  a p p l i c a t i o n  
varied.  A f t e r  a new i r r i g a t i o n  regime was e s t ab l i shed ,  neutron probe 
measurements determined when t h e  wa te r  content  p r o f i l e  o s c i l l a t e d  w i t h i n  
a f i x e d  range between i r r i g a t i o n s .  At t h i s  po in t ,  one o r  more t r a c e r s  
were added wi th  50 mm of  i r r i g a t i o n  water  a t  t h e  r e g u l a r  i r r i g a t i o n  
schedule. The t r a c e r s  used included bromide (Br-), m-trifluoromethyl- 
benzoic a c i d  (WTFMBA), o-t r i f  luoromethylbenzoic ac id  (0-TFMBA), 
2,6,-dif luorobenzoic a c i d  (2,6 -DFBA), and penta  f luorobenzoic  a c i d  
(PFBA), a t  i n i t i a l  concent ra t ions  of 200, 40, 50, 50, and 50 mg L - ~ ,  
r e spec t ive ly .  The o rgan ic  t r a c e r s  were previous ly  shown t o  move w i t h  
Br- i n  t h i s  s o i l  (Bowman, 1984a). 

The f i r s t  i r r i g a t i o n  regime cons is ted  of semi-weekly 50-mm i r r i g a t i o n s .  
A f t e r  t h e  s t a b i l i z a t i o n  of  p r o f i l e  water  con ten t s ,  a dual- label led p u l s e  
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@ 
of B r -  and m-TFMBA was added. Solu t ion  samples were c o l l e c t e d  d a i l y  
during t h e  f i r s t  week fo l lowing t r a c e r  a d d i t i o n  and t h r e e  t imes per  
week the rea f t e r .  A second t r a c e r  pulse,  l a b e l l e d  wi th  2,6-DFBA, was 
added 42 days fol lowing t h e  Br-/m-TFMBA pulse. 

The second i r r i g a t i o n  regime, begun a f t e r  t h e  i n i t i a l  t r a c e r s  were no 
longer  d e t e c t a b l e  i n  t h e  s u c t i o n  samples, cons is ted  of a s i n g l e  100-mm 
i r r i g a t i o n  pe r  week. A f t e r  s t a b i l i z a t i o n  of p r o f i l e  water  contents ,  a 
dual- label led pulse  of Br- and PFBA was added, followed by pulses  of  
2,6-DFBA, o-TFMBA, and m-TFMBA a f t e r  7,  14,  and 28 days, respec t ive ly .  
Ex t rac t s  were c o l l e c t e d  f o r  100 days fol lowing m-TFMBA add i t ion ,  a t  
which poin t  t r a c e r s  were no longer  de t ec t ab le  i n  t h e  samples. 

Tracer  concent ra t ions  i n  t h e  s u c t i o n  samples were measured s imulta-  
neously by a technique described e a r l i e r  (Bowman, 1984b). 

RESULTS AND DISCUSSION: 

Figures l a  and l b  p resen t  t h e  r e l a t i v e  concent ra t ion  of t h e  Br- t r a c e r  
i n  one of t h e  f o u r  subp lo t s  under t h e  semi-weekly i r r i g a t i o n  regime. 
Rela t ive  concent ra t ion  r e f e r s  t o  t h e  concent ra t ion  i n  t h e  sample d iv ided  
by the  o r i g i n a l  i n p u t  concentrat ion.  Figure l a  shows t h e  r e l a t i o n s h i p  
a s  a funct ion  of  time. The d a t a  a r e  r ep resen ta t ive  i n  showing t h e  well- 
defined t r a c e r  peaks which were observed wi th  most of t h e  samples under 
both i r r i g a t i o n  t reatments .  I n  some cases ,  p a r t i c u l a r l y  under t h e  once- 
weekly 100 mm i r r i g a t i o n s ,  a peak was not  defined a t  t h e  0.3 m o r  0.6 m 

0 depth. Except i n  t h e  cases  of a few malfunct ioning samplers,  well- 
defined t r a c e r  maxima were observed a t  a l l  depths  g r e a t e r  t h a n  0.6 m. 

The occurrence of i r r i g a t i o n  water  add i t ions  w i t h  r e spec t  t o  sampling 
time i s  a l s o  shown i n  Fig.  la. Even a t  t h e  shal lower depths ,  t h e r e  was 
no apparent f l u c t u a t i o n  i n  t r a c e r  concent ra t ions  r e s u l t i n g  from t h e  
i n t e r m i t t e n t  water  inputs .  The t r a c e r  d i s t r i b u t i o n s  obta ined  resemble 
those  seen  under steady-flow water  condit ions.  

Fig. I b  p resen t s  t h e  same d a t a  i n  terms of r e l a t i v e  pore volume, (RPV) 
of water  leached through t h e  p r o f i l e  a t  each depth. The RPV was calcu- 
l a t e d  f o r  each sampler i as :  

RPV = 
Qi 

where q i s  t h e  known Darcy f l u x  of  100 mm wk-l, t i s  time, and Qi is  t h e  
t o t a l  average water  s t o r a g e  i n  t h e  p r o f i l e  above sampler i, a s  d e t e r  
mined from t h e  neutron probe moisture measurements. The s o l i d  l i n e s  i n  
Fig. l b  were f i t t e d ' t u . t h e  concent ra t ion  d a t a  us ing  a n  a n a l y t i c a l  solu- 
t i o n  t o  t h e  one-dimensional convection-dispersion equat ion  

a where C i s  t h e  t r a c e r  concent ra t ion ,  x i s  sampler depth, Ds i s  t h e  
apparent d i f f u s i o n  c o e f f i c i e n t  of t h e  t r a c e r  con ta in ing  wa te r ,  and vs i s  
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the  mean v e l o c i t y  of t h e  t r a c e r  conta in ing  water .  Ds and vs were 
adjusted t o  y i e l d  t h e  b e s t  f i t  t o  each s e t  of  concent ra t ion  d a t a  us ing  
t h e  leas t -squares  opt imizat ion method of van Genuchten (1981), assuming 
a semi- inf in i te  p r o f i l e  and uniform s t eady- s t a t e  water  i n p u t  a t  t h e  sur- 
face. Cassel  e t  a l .  (1975) and Wierenga (1977) have found t h a t  t h e  -- 
s teady-s ta te  s o l u t i o n  t o  equat ion ( 2 ) ,  u s ing  mean values f o r  Darcian 
f l u x  and p r o f i l e  water  content ,  g ives  a good approximation of s o l u t e  
t r anspor t  d a t a  obtained under t r a n s i e n t  condi t ions .  This approach 
y ie lded  f i t t e d  va lues  o f  vs f o r  each t r a c e r  a t  each sampler which agreed 
wel l  wi th  t h e  observed peak maxima. 

P r o b a b i l i t y  p l o t s  ( f r a c t i l e  diagrams) were prepared us ing  untransformed 
and log-transformed v e l o c i t y  d a t a  f o r  a l l  samplers  and t r a c e r s  under a 
given i r r i g a t i o n  regime (Figs. 2a and 2b). The p l o t s  show t h a t  t h e  vs 
da t a  i n  each case  i s  b e s t  described by a l o g n o r m a l  d i s t r i b u t i o n ,  
although t h e  normal d i s t r i b u t i o n  a l s o  desc r ibes  t h e  semi-weekly vs d a t a  
adequately (Fig. 2a). The reasons f o r  t h e  s t r o n g e r  log-normal c h a r a c t e r  
of t h e  v e l o c i t i e s  under t h e  once-weekly regime are not  known. For con- 
s i s t ency ,  vs d a t a  f o r  bo th  d a t a  s e t s  was considered log-normally d i s t r i -  
buted. Under t h e  semi-weekl 50  m m i r r i g a t i o n s ,  t h e  72 measured va lues  
of vS had a mean of  67 mm dqY, w i t h  a 95% confidence i n t e r v a l  of 62 t o  
72 mm d-l. Under t h e  once weekly regime, t h e  mean vs was 57 mm d-l, 
w i th  a 95% confidence i n t e r v a l  of  51 t o  64 mm d-l. The reasons  f o r  t h e  
decrease i n  mean v e l o c i t y  wi th  t h e  once-weekly i r r i g a t i o n  a r e  not  c l ea r .  

The mean moisture p r o f i l e s  observed under t h e  two i r r i g a t i o n  regimes 
were almost i d e n t i c a l .  For example, t h e  mean t o t a l  p r o f i l e  volumetr ic  
water con ten t s  from t h e  0-m t o  3-m depth  under t h e  semi-weekly and once- 
weekly i r r i g a t i o n s  were 0.329 and 0.332, r e spec t ive ly .  Usin t h e  mean 

f; p r o f i l e  water  s to rage  and t h e  mean Darcy f l u x  of  14.3 mm d- (100 mm pe r  
week), t h e  so-called average pore-water v e l o c i t y ,  vO, can be ca l cu la t ed  
from t h e  s u r f a c e  t o  each sampler depth a s  

Values of vo f o r  t h e  var ious  sampler depths  ranged from 41 t o  43 mm d-1, 
depending upon Qi f o r  a given depth. The mean va lue  of vo i s  shown a s  a 
dashed l i n e  i n  Figs.  3a and 3b, which p resen t  t h e  vs da ta  f o r  each 
sampler depth under each i r r i g a t i o n  regime. 

Figures 3a and 3b i n d i c a t e  t h a t  measured va lues  of  vs, w i th  few excep- 
t i ons ,  were considerably g r e a t e r  than  vo a s  c a l c u l a t e d  from t h e  water  
balance. Except a t  t h e  1.0 m sampling depth under  t h e  once-weekly 
regime, vo l a y  o u t s i d e  t h e  95% confidence i n t e r v a l  f o r  a l l  depths  below 
0.3 m. A t  t h e  g r e a t e r  depths, p a r t i c u l a r l y  under t h e  semi-weekly irri- 
ga t ions ,  vs is about  double vo. The low mean vs at t h e  1.0 m depth was 
caused by one sampler which c o n s i s t e n t l y  showed very  low v e l o c i t i e s  
under t h e  once-weekly regime. Omittin d a t a  from t h i s  sampler r a i s e s  
t h e  mean vs f o r  t h i s  depth t o  46 mm d-f, w i t h  vo j u s t  i n s i d e  t h e  95% 
confidence i n t e r v a l .  

I n  a homogenous porous medium, vs a s  determined us ing  a non- in terac t ing  
t r a c e r  should equa l  vo. I n  t h e  few f i e l d  s t u d i e s  which have measured 
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m both, vo has  been found t o  be equal  t o  o r  g r e a t e r  than  vs. Biggar and 
Nielsen (1976) found v e l o c i t i e s  of  C1- and 803- t o  be, on t h e  average, 
w i th in  10% of vo ca l cu la t ed  from t h e  s teady-s ta te  i n f i l t r a t i o n  r a t e  and 
water  content  under ponded condit ions.  Van de  P o l s g . ,  working under 
t r i c k l e - i r r i g a t e d  condi t ions ,  found vo t o  l i e  w i th in  t h e  95% confidence 
i n t e r v a l  of vs a s  measured by a  C1- t r ace r .  Ju ry  e t g .  (1982) found 
t r a c e r  v e l o c i t i e s  measured a t  t h e  0.3 m depth i n  tG f i e l d  t o  be less 
than  t h e  ca l cu la t ed  vo. The discrepancy was a t t r i b u t e d  t o  t h e  use  of 
appl ied  water  r a t h e r  t han  average drainage,  which could n o t  be d e t e r  
mined under t h e i r  experimental condi t ions ,  f o r  t h e  c a l c u l a t i o n s .  

I n  c o n t r a s t  t o  t h e  above f ind ings ,  our work i n d i c a t e s  a  s o l u t e  v e l o c i t y  
a t  almost a l l  depths which i s  c o n s i s t e n t l y  g r e a t e r  than  t h e  ca l cu la t ed  
average pore water  v e l o c i t y ,  vo. The r a t i o s  of  t h e  mean va lue  of vs t o  
vo were 1.6 and 1.4 f o r  t h e  semi-weekly and once-weekly i r r i g a t i o n  re- 
gimes, r e spec t ive ly .  Of t h e  184 v e l o c i t y  measurements, on ly  39 va lues  
of vs were less than o r  equal  t o  vo. I f  t h e  t r u e  mean va lue  of  vs were 
eqoal  t o  vo, most of t h e  measured vs va lues  would be l e s s  than  vo under 
a log-normal d i s t r i b u t i o n .  

There a r e  s e v e r a l  poss ib l e  reasons  which could exp la in  t h e  d i f f e r e n c e s  
between vo and vs. Since a l l  t h e  t r a c e r s  used were anions,  anion exclu- 
s i o n  by negat ive ly  charged s o i l  su r faces  could at  l e a s t  p a r t i a l l y  
exp la in  t h e  a c c e l e r a t i o n  of  s o l u t e  versus  water .  To t e s t  t h i s  poss ib i l -  
i t y ,  a  s e p a r a t e  experiment u t i l i z i n g  deu te ra t ed  water  (HDO) w a s  p e r  
formed i n  one of t h e  subplots .  A dual-labeled Brq/HDO pu l se  was applied 
under t h e  once-weekly i r r i g a t i o n  regime. The v e l o c i t i e s  of Br- and HDO 
were determined a t  t h e  f i v e  sampler l o c a t i o n s  between 1.0 and 3.0 m. 
The Br-  peak d i d  a r r i v e  e a r l i e r  t han  t h e  HDO peak a t  each sampler,  ind i -  
c a t i n g  t h a t  some exclusion of  Br- and/or  r e t a r d a t i o n  of HDO occurred i n  
t h i s  s o i l .  I n  a l l  cases,  however, t h e  vs va lue  f o r  HDO was g r e a t e r  than 
vo. The mean va lue  of vs measured wi th  HDO was more than  60% g r e a t e r  
than  vo. Thus, anion exclus ion  was r u l e d  out  and a n  explanat ion  f o r  t h e  
high vS/vO r a t i o s  observed. 

A second poss ib l e  explanat ion f o r  e leva ted  vs va lues  i s  t h a t  leakage may 
have occurred a long t h e  suc t ion  sampler connect ing tubing  dur ing  f lood 
i r r i g a t i o n .  While t h i s  p o s s i b i l i t y  cannot be completely e l iminated ,  t h e  
observed v e l o c i t y  d i s t r i b u t i o n s  wi th  depth make i t  appear un l ike ly .  I f  
leakage were occurr ing,  t h e  e f f e c t s  on vs should have been g r e a t e s t  a t  
t h e  shal lower depths. The mean vs/vo r a t i o s  was g r e a t e r  t han  one a t  
almost a l l  depths,  however, and gene ra l ly  increased  wi th  i n c r e a s i n g  
depth. For example, r e f e r r i n g  t o  Fig. 2a, t h e  mean vs/vo r a t i o  a t  t h e  
2.4 m depth a s  2.0, compared t o  a  r a t i o  of  1.4 a t  1.4 m. 

The most l i k e l y  explanat ion f o r  t h e  observed discrepency appears  t o  be 
t h a t  vo, a s  ca l cu la t ed  from t h e  mean Darcy f l u x  and s o i l  water  content ,  
was not  a n  a c c u r a t e  i n d i c a t o r  of downward pe rco la t ing  water  v e l o c i t i e s  
i n  t h i s  experiment. Downward-moving water was not  pushing s t o r e d  pro- 
f i l e  water  ahead of  i t  a s  i n  piston-displacement,  bu t  was bypassing a  
s i g n i f i c a n t  po r t ion  of t h e  s t o r e d  water. Thus, s o l u t e  appeared a t  depth 

0 more r ap id ly  than  i f  complete mixing had occurred. 
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The concept of bypass flow i s  not new. Others (e.g. McMahon and Thomas, 
1974; van Genuchten and Wierenga, 1977; White, et&., 1984; and 
references  c i t e d  the re in )  have observed t h i s  phenomenon when working 
w i t h  undisturbed o r  aggregated s o i l s .  Such s o i l s  have a  wide range i n  
pore s i z e s  and p o t e n t i a l  flow paths  f o r  pe rco la t ing  water.  Even under 
unsa tura ted  condi t ions ,  a s  were p resen t  i n  t h i s  experiment, most of t h e  
water  movement probably occurs  i n  only  a  f r a c t i o n  of  t h e  conducting 
pathways. 

SUMMARY AND CONCLUSIONS: 

A survey of t h e  l i t e r a t u r e ,  and p a r t i c u l a r l y  t h e  l i t e r a t u r e  a s s o c i a t e d  
wi th  modeling of  s o l u t e  t r a n s p o r t  under real-world condi t ions ,  shows a n  
almost un ive r sa l  assumption of t h e  i d e n t i t y  of  vo and vs. Our work 
i n d i c a t e s  t h a t  p red ic t ions  of  downward t r a v e l  t imes based on vo w i l l  
underestimate t r u e  s o l u t e  mobil i ty .  The u s e  of vo may y i e l d  p red ic t ions  
of  impacts of management p r a c t i c e s  on ground water  q u a l i t y  which a r e  not  
a s  conservat ive a s  they  should be. 
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Figure 1. Breakthrough curves for Br- a t  s i x  depths i n  subplot 1, under the 
semiweekly irrigat ion regime. ( a )  Abscissa i n  ccrrns, of elapsed 
time a f t e r  addition of the tracer pu l se .  50-mm i rr igat ion  events 
are indicated by the vercical  l i n e s .  fb)  Abscissa i n  terns o f  
pore volumes. The sol id l i n e s  nre curve-f i t ted values based on 
Equation ( 2 ) .  
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Figure 2. Froctile diagrams for v, and in vs under the (0) scni- 
weekly, and (b) once-weekly irrigation kegimes. 
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Figure 3 .  ?!can values o f  v, and 9% canf idencc  rm$c  a t  cnch sanplcr 
depth ,  c v l c u l ~ r e d  u s i n s  in-trnnsformcd vs values. ~ h c  
h o r i z o n t a l  dashed l i n e  is the mean value oi v, as c ~ l c , , i a r e d  
from Equnrian ( 3 ) .  ( 0 )  scni-weekly, and ( b f  oncc ucckly 
i r r i g a t i o n  regimes. 
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N R P  20746 GUAYULE RUBBER QUALITY AS RELATED TO AGRONOMIC 
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DEDRICK, A.R. 1984. Cotton y i e l d s  and water  
use  on improved furrow i r r i g a t i o n  systems. 
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l e v e l  basins.  Proc. I r r i g .  Assoc. Agri-Turf 
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