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TITLE: CUPHEA GERMPLASM EVALUATION, DEVELOPMENT, AND DOMESTICATION
NRP; 20160 CRIS WORK UMIT: 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
aclds. The UJ. S. 1s 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 i1s a unique, equally-
funded, 3~way effort of USDA/ARS, Oregon State AES, and member companies
of the Soap and Detergent Association. Research funded under this SCA
1s conducted under CRIS No. 5090-20163-003A, which is keyed to the
inhouse CWU 5422-20160-004 at the USWCL 1in 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 B8 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 & Techonology — Dr. Donald F. Grabe

6. Mechanical Harvesting -~ Prof. Dean E. Booster

7. Blochemistry/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 USDA/ARS 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 Statlion providing equal
support. Research on this program in 1983 was confined chiefly to
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aspects of plant breeding and weed control. Finalization of the total
3-way funding package was delayed until well into the 1984 growing
season. However, most of the planned experiments were initiated in a
timely fashion. Performance of these experiments, which were approxima-
tely 4 acres in size, was observed by around 50 scientists and industry
representatives at a field day and conference at Corvallis, OR, on
August 28-30. Detalled reports of the experiments are on file and
available on request.

A plant breeding nursery was established in Corvallis containing popula-
tions of Cuphea wrightii, C. laminuligera, C. leptopoda, C. lutea, and
the C. wrightii x C. tolucana hybrid. Small populations ‘of the
nonsticky mutants of C. lanceolata, C. procumbens, and C. tolucana were
alsg planted. A total of 96 progeny of single plant selections from 5
specles were evaluated and comparative ratings were made on emergence,
stand establishment, flowering, and seed set (Table 1). Growth and
development during the season were adequate. However, early, persistent
raing occurred in September before seed maturity, resulting 1n severe
seed shattering and a major reduction in yield. 1In most instances, the
recovery of seed was significantly less than that utilized for planting.
In general, the cowparative performance of C. wrightii was lower than
had been observed at Davis, California in 1982 and 1983 and at Corvallis
in 1983. The performance of C. lutea and C. laminuligera appears pro~
mising.

A hybrid breeding program of the cross—pollinating species—-C. laminuli-
gera, C. lanceolata, C. leptopoda, and C. procumbens was initiated by
establishing 40 isolated plots containing one plant of each species.
Due to the limited irrigation facilities in some locations, the number
from which seeds could be harvested was follows: C. lanceclata (5), C.
procumbens (17), C. laminuligera (20), and C. 1aEtop0da (23). 1t is
recommended that the program be continued only with C. laminuligera and
C. leptopoda for at least 3 more generations. The resulting inbred
lines can then be tested for combining ability by top crossing. The
other 2 species should be screened for at least one generation without
isolation for detection and selection of possible interspecific hybrids
that may have occurred.

In general, the early fall rains severely hampered the various agronomic
eXperiments since seed ylelds could not be taken. However, the herbi-
clde screening test provides some leads that may permit the development
of preliminary recommendations for weed control. Cuphea wrightiil
appeared to give a good growth response to applications of nitrogen, but
the effects on seed yleld could not be determined. Tield research stu-
dies were initiated on factors influencing seed development, maturatiom,
dormancy, and the quantification of seed production. The early rains
also hampered these studies and limited the quantity of seed that was to
be utilized for further evaluation in the laboratory.

Dr. Hirsinger coordinated a trial to evaluate the performance of C.

wrightii at 9 locations: Corvallis, Hermiston, Ontario, and Medford, OR;

C
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Ames, IA; West Lafayette, IN; Jacksonville, IL; Phoenix, AZ; and
Gottingen, W. Germany. Results were variable, and yield data were not
obtained at several locations for a variety of reasons (Table 2). 1In
general, earliest emergence and flowering were observed in the Midwest,
and good seed yleld and quality were obtained at Jacksonville, IL. The
highest seed yield was obtained at Medford in southern Oregon. Good
plant growth and potentially good seed production were also observed in
eastern Oregon. In Arizona, because of heat stress, only a few seeds
were produced.

SUMMARY AND CONCLUSIONS:

The early fall rains experienced this year in the Willamette Valley may
preclude this location as a primary production area for Cuphea. Wore
attention should be given to evaluating areas in southern and easterm
Qregon. Although the results of the Cuphea Regional Trial were variable
for the first year, the information obtained 1s useful, and the trial
should be continued and expanded if possible. A uniform format needs to
be developed so that more valid comparisons can be made among results
obtained at different locations.

The two specles--C. lutea and C. laminuligera--appeared to have as good
or perhaps better potential than C. wrightli for production in this
area. However, the quantity of seed avallable is limited (C. lutea + 3
1bs., C. laminuligera + 7 lbs. }, and must be increased before wide-
scale testing can he attempted. Approximately 260 1bs. of C. wrightii
seed are currently available as remnants of the 1983 harvests. There is
a serious need to evaluate a wider array of accessions from these spe—
cles. Most of the seed at Corvallis originated from a very limited
number of accessions tracing back to germplasm collections wade in wild
habitats in Mexico. Attention should be given to additional germplasm
collections in Mexico as well as Brazil and other South American loca-
tions.

Adequate funding 1s currently being allocated to the cooperative re-
search program at Oregon State University by both USDA/ARS and industry.
If new funds are avallable from either USDA/ARS or industry, such funds
should be allocated to other locations to support basic research and
germplasme enhancement, and for germplasm evaluation and testing in other
potential areas of adaptation and production.

Dr. Frank Hirsinger, who played a lead role in the area of plant breed-
ing and germplasm evaluation on this program, resigned and left the
program at the end of the year to accept a position with Henkel KGaA in
Dusseldorf, W. Germany. Oregon State Unlversity is actively recruiting
a tenure-track academic position in the area of plant breeding and gene-
tiecs to fill this key area. It now appears unlikely that this position
will be filled before the spring planting season. Plans must be made to
plant populations of the major Cuphea species in locations at southern
and eastern Oregon in addition to Corvallls to provide the new scientist
material to evaluate during the 1985 growing season. Dr. Thompson will
provide assistance to the new sclentist as needed during the 1985
cropplng and harvesting season.
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Since most of the program started late and the heavy fall rains disrupted
much of the planned research, plans for most of the 1985 field experi- ‘.r
ments will be essentially the same as those outlined for 1984. However,

more attention should be given to evaluation of plantings in southern

and eastern Oregon. Plans are being made to continue to cooperatively

evaluate C. wrightii at various locations throughout the country.

Plans are belng made to increase seed of several specles, with special

emphasis on C. lutea and C. laminuligera.

Positive steps have been taken to provide better administrative coor—
dination and management of the program. Dr. Wilson Foote, who retired
recently as Associate Director of the Oregon State Agricultural
Experiment Station, has assumed the role as Cuphea Research Coordinator
on a part~time basis, starting January 1, 1985.

REFERENCES::
N&ne

PERSONNEL: A.E. Thompson, ADODR; G.D. Jolliff, Principal Investigator, and
F. Hirsionger (Oregon State University, cooperators).
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TABLE 1.
SPECIES.

(PLANTED 5/15/84).

PERFORMANCE OF PROGENY OF SINGLE PLANT SELECTIONS OF CUPHEA
OREGON STATE UNIVERSITY, CORVALLIS, OREGON - 1984

Comparative ratings * (mean + S.E.)

Stand
Humber of Emergence establishment Flowering Seed set
Specles 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. wrightil =
C. tolucana 10 2.0 + 0.7 1.9 + 1.0 2.0 + 0.7 2.6 + 0.7
C. laminuligErﬂ 23 3.1 _'!; 0.9 3.8 :'_' 1-0 3-9 i 0!9 4.6 ;t 0.8
C. 1ept0p0da 37 2.0 I 1.3 2.2 ;t 1.3 1.0 ;t 0.8 1.2 i 1.0
C. 1utea 4 zlt? ;t 0'5 4!7 i 0.5 4.0 _'t 0.0 5.2 ;': 0.5

*] = lowest, 6 = highest expression of observation
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Table 2, Cuphea regional experiment 1984: Data from different experiment stations

Column 1 2 3 4 5 § 7 i 9 10 11 iz 13 14 15 16 17
tmergence Leat stage =~ Hranch- _Flowering Ripening Seed 1nformation
Pltg. st ing Znd Jrd 4th total yield/ no.of qual
Station date feqin 1st  2nd  2-1f 6-1Ff ht, time ht. time ht. ht. harv. row-m  hare, itv-f
days* no. ne, no.  days*® days* cm dayst  days*  cm days* om  <m g g/m 1
Corvallis, OR 5/15 - - - 320 31 48 [ 59 73 23 97 28 34 BBl ca. IO 1 407
Hermiston, OR 420 17 - - 400 . - - - e . . -~ 18 0 - - -
Ontario, OR 4/18 - 7 19 43 48 64 7 76 96 14-15 120 200 27 ca.Sy ca.ﬂ.&y 20
Medford, OR - - - - - - - - - - - - -~ ~ 988 ca.27 2 -
. Ames, IA 6/1 b 6 96 g5 17 26 6 48 40 12 53 18 23 50 1.4 2 40
W.Lafayette, IN 6/20 6 4 30 31 19 23 5 26 34 10 61 - 30 & - - -
Jacksonville, IL 5/213 7 (501} - - 14 18 - - 49 43 9% - 56 B&7 ca.lo 2 80
Gottingen, FRG W¥sp6 . . . - . . . . - - . - ; - -
Pheoenix, AZ 4/20 11 15 46 53 31 39 2 46 56 8 72ﬂ/ 22 - - . 0 -

*

1 Days after planting

1/ pata not yet available

3 Accarding to letter information R
1 Seeds could not be harvested due to weekly wind storms and light rains

E/Seeds not cleaned

E/Hot harvested due to {mmature seeds

7/ln % of mature seads .

—/After several seed losses due to rain from the beginning of Sept. to end of season. Immature seeds were harvested on Oct, 3.

g/(]nl_'y few seedk produced due to heat stress

& 4 Annual Report of the U.S. Water Conserﬁon L'aboratory



TITLE: GERMPLASM DEVELOPMENT AND DOMESTICATION OF CUPHEA AND OTHUER CROP

SPECIES
NRP: 20160 CRIS WORK UNIT: 5422-20160~004
INTRODUCTION:

Numerous studles have ldentified 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 lmports, 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, WHigh yields of
traditional crops in the arlid Southwest depend upon extensive irriga~
tion. New crops with low water use will be needed if agriculture is to
persist in the regiom,

The U.S. chemical industry is heavily dependent upon imported coconut
and palm kernel olls as the primary source of lauric acld for manufac-
turing soaps, detergents, lubricants, and other related products. Seed
olls from specles 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.

The U. S5, is completely dependent upon imported castor oil for its total
supply of hydroxylated fatty =mcid. Castor oll is a strategic material
of industrial importance as chemical feedstocks for the production of
lubricants, plasticlzers, protective coatings, surfactants, and phar=-
maceuticals. Productlon of castor beans in the U.S. 1s inhibited by the
high levels of allergenic reactions associated with its productien and
high levels of toxicity in the seeds. Seed oils from specles of
Lesquerella, many of which are adapted to arid lands, contain sizable
quantities of three hydroxy fatty aclids. Domestication of adapted spe-
cles of Lesquerella and development of a new domestic crop to replace
castor appears feasible.

Research on domestication of wild plant specles such as Cuphea and
Lesquerella, the evaluation and development of germplasm leading to use~
ful varieties, and concurrent development of appropriate crop production
practlces are long~term, high-risk research actilvities. Exact time-
tables are difficult to construct, and 10 years 1s 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 1s on specles of Cuphea, and secondary empha~
815 on species of Lesquerella:

o Assembling, multiplying, and maintaining working germplasm

collections., Distributing available seed stocks to bonafide
requesters,
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o Evaluation of germplasm with special emphasis on potential adap- ‘h'f
tation to semlarid and arid conditions. Identification and
selection of agronomically promising specles and accessions.

© Germplasm enhancement. Employment of conventional breeding and
genetic techniques to develop useful germplasm and breeding
lines. Employment of both intra-and interspecific crossing to
obtain new genetic recombinations to remove constraints to
domestication and productivity., Improved germplasm will be made
avallable to cooperative research and develcopmental programs for
evaluation and utilization.

o Liaison and coordination of national Cuphea research program.
o Provide coordination within USDA/ARS.

o Provide liaison and coordination with universities and state
agricultural experiment stations.

¢ Oregon State University -~ Specific Cooperative Agreement
(No. 58-9AHZ-3~744). Development of total production
system including germplasm evaluation, breeding and gene-
tics, and development of appropriate cultural and har-
vesting systems. Primary emphasis on annuals adapted to
Northwest climatic conditions. A unique 3-way, equally-
funded program involving USDA/ARS, Oregon SAES, and member
companies of the Soap and Detergent Assoclation.

* University of Arizona - Broadform Cooperative Agreement
(No. 58~9AH2-3-38). Cooperative research on interspecific
hybridization and cytogenetics of Cuphea.

» Purdue University - Broadform Cooperative Agreement (No.
12-14-3001-259). Cooperative reseatrch on development of
Cuphea tissue culture methodology.

o Provide liaison with industry. Participate in planning, deve-~
lopment and evaluation of Cuphea research program with
Technical Subcommittee~Cuphea Plant Research Committee of the
Glycerine and Dleochemical Division of the Soap and Detergent
Assoclation.

RESULTS AND DISCUSSION:
Assembling, Multiplying, Mailntaining, and Distributing Working Germplasm
Collections:

CuBhea

A working germplasm collection of Cuphea has been assembled and

currently contains 274 accessions of 59 of the 252 known specles from 9
of the 13 sections of the genus. In many instances, numbers of seeds .
received were very limited and some were of doubtful viability. ;

Attempts were made to germinate seed of 250 of the accessions to obtain \.ﬁ

plants for evaluation and seed increase. A total of 120 accessions were
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successfully germinated. However, 130 did not germinate even though
attempts were made to facilitate germination by excision of embryos from
the seeds. A total of 92 accessions and 13 species were lost due to
fallure of germination and lack of remmant seed. Results of this acti=~
vity and current status of the USDA/ARS Cuphea Working Germplasm
Collection are summarized in Table 1.

Lesquerella

The USDA/ARS Lesquerella working germplasm collection consisting of 93

accessiong of 23 species has been assembled. Approximately one~third of
these specles are native to the Southwest (Table 2). Seed viability and
germination percentage varied considerably although some germination was
obtailned from over 92% of the accessions received. Most of the seed had
been collected in 1966~1972, and seed dormancy per se was not a problem.

Evaluation of Germplasm:

Cughea

A fileld experiment was designed to determine water usage of 5 Cuphea
species under 3 rates of irrigation (wet, medium and dry) based upon
soll water depletion monitored by a neutron moisture meter., The 5 spe-
cles were C. wrightii, C. tolucana, a putative amphidiploid hybrid of C.
wrightlii x C. tolucana, C. laminuligera, and C. procumbens. The experi-
ment was conducted at the University of Arizona Maricopa Agricultural
Center on a sandy loam soil. The experiment was replicated 4 times with
the 3 rates of water application making up the main plots, which con~
tained 6 subplots of the 5 species QE. wrightlil was planted in
duplicate). Each main plot consisted of 8-40 inch beds with 6 con-
taining the tested species plus 2 beds serving as guards. Border dikes
separated each main plot in order to effectively apply and contain the 3
irrigation trearments. Each subplot consisted of 3-20 foot long beds
that contained 2 rows of plants/bed with a 10 inch interrow spacing.
Such spacing provided a planting density of approximately 31,000
plants/acre (78,000 plants/hectare). Approximately 14,000 plants were
transplanted into the field on April 12-13, 1984. Transplants were
sprinkler irrigated until established. By June lst, gated pipes were
installed to deliver the 3 application rates by furrow irrigation.

By June lst, only 2 species C. procumbens and the C. wrightii x C. tolu-
cana hybrid exhibited adequate survival rates of 80-90%. Survival
‘counts for G. wrightii, C. tolucana, and C. laminulgera were less than
10%., Factors contributing to the loss of stand were high temperatures
and poor water quality from a well with a high salt content that was
inadvertently used for the first establishment application. Another
lmportant factor was the maturity and condition of the plants at
transplanting, A delay in field preparation resulted in a delay in
planting, and many of the transplants were flowering and some were even
beginning to set seed. The advanced maturity of these plants
interacting with the environmental factors apparently inhibited develop-
ment of new vegetative growth necessary for successful plant
establishment.
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The irrigation study was still carried out with the 2 surviving specles.
Irrigation was scheduled at 50% soll moisture depletion for the wet
treatment, 65% for the medium treatment, and 80% for the dry treatment.
These percentages were calculated by using the 0 to 50 cm depth of soil,.
Two neutron access tubes were installed in each main plot to determine
water depletion. Even at these low depletion rates, plant loss con-
tinued throughout the summer months in the dry treatment.

Approximately 20 inches of water was used to establish these plants from
the planting date in mid April until June lst. From June lst until mid
August the wet treatment received 27 inches of water. The medium treat-
ment recelved 18 inches, and the dry treatment recelved a total of 14
inches for the 75 day periods The only apparent difference in amount of
water used between these 2 specles was in the "dry” treatments. More
plants of C. procumbens were lost throughout the season than for the
amphidiplde hybrid in this treatment, thus indicating that C. procum-
berns has a higher water requirement.

Throughout the experiment both species flowered. The flowers of C. pro-
cumbens appeared normal, but those of the hybrid did not develop nor—
mally. Many of the flowers failed to develop petals. Very little seed
set was observed on either species in any of the water treatments. Seed
abortion was attributed to the high temperatures experienced throughout
the growing season. The experiment was abandoned in September with no
ylelds taken, and total water requirements for production of Cuphea was
not determined.

A total of 569 plants of 50 germplasm accession of 15 species were also
transplanted to the field at Maricopa on April 1%th. By the middle of
August, plants of 48 accessions had died, leaving only 161 plants of 2
accessions of a perennial specles C. angustifolia. This species
flowered and produced a small amount of seed later in the fall after
temperatures had decreased. A total of 374 plants of 71 accessions of
15 annual specles were transplanted in April into plots at the U. S.
Water Conservation Laboratory (USWCL) in Phoenix. Only about 20% of
the plants and accessions survived the summer. In contrast, 303 plants
of 36 accesslons of 16 perennial specles were transplanted in plots at
the USWCL, and only 1 accession was lost. Approximately 77% of the
perennial plants survived the season, and many produced seed in the
fall.

Follage of all Cuphea specles appears to be susceptible to light frosts
although some differences in degree of sensitivity have been observed.
Two accessions each of the perennials C. angustifolia and C. llavea sur~
vived the winter of 1983-84 in outdoor plantings at the USWCL, and
regrew vigorously in the spring from plant crowns, underground stems and
roots. Plants of 31 accessions of 11 perennial species are planted in
outdoor plots at the USWCL to observe their capacity to over winter and
survive.

Adaptation of C. wrightii was evaluated in the Imperial Valley at the
USDA/ARS Desert Irrigation Center at Brawley, California. Approximately
3,500 seedling plants were transplanted by machine on May 8th as single

i,
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rows on 8-500 foot long, 40 inch beds. The soil was a relatively heavy
clay loam. Spacing between plants within rows was 14 1nches, giving a
planting density of approximately 11,200 plants/acre (28,000 plants/
hectare). One half of the plants were grown in speedling trays at
Brawley and were approximately 2 weeks advanced in maturity compared to
the balance of the plants grown at the USWCL in Phoenix. The latter
were seeded on April 13 and seedling plants pricked off into speedling
trays on April 20th. At the time of planting, the Phoenix plants were
transported to Brawley. These plants were in very good conditiom, well
rooted, from 2 to 3 luches in height, in the 6th leaf stage, and
starting to branch. The Brawley grown plants were from 4 to 5 inches in
height and well branched and rooted at the time of transplanting.
Sprinkler irrigation was used for establishment and water application
was later shifted to furrow irrigation. It was.originally intended that
3 levels of irrigation would be imposed and water usage and rate of sail
water depletion monitored by a neutron moisture meter.

Loss 1n plant stand at Brawley commenced early and continued as the
seagon progressed. Slnce loss in stand was 5o raplid, a decision was
made to forepo establishment of differential irrigation treatments. In
mid~June, 45 days after transplanting, the stand was estimated to be
only approximately 30%Z. The largest plants were only approximately 6 to
8 inches in height and flowering. However, most of the flowers showed
signs of heat stress, were abnormal in appearance, and failed to develop
normal petals. Very little seed set was observed. Some plants were
dwarfed and yellowing. High salinity may have been a contributing fac—
tor since obvious salt deposits were observed on top of the beds.
Continued stand depletion and poor plant growth forced the termination
of the experiment in mid-July. A few plants produced a very small
amount of seed at this time, but no yileld data were taken.

Cuphea wrightiil was direct—-seeded in replicated plots at the Maricopa
Agricultural Center on April 20th as part of the Cuphea Regional
Experiment managed by Dr. Frank Hirsinger at Qregon State University.
In addition to rows seeded with a Planet Jr. drill, plantings were also
made by fluid drilling. An additional planting was made on May 2nd
since plant stands in the £luild drilled plots were very low. Data were
taken periodically on stand counts, branching, plant height, flowering
and seed set. Plant growth and flowering were minimally adequate, but
seed set was very limited, most probably due to high seasonal tem-
peratures. As with the other plantings, flower development was somewhat
abnormal, most probably due to heat stress. WNo attempt was made to
obtain yield data or harvest the limited amount of seed produced. Data
on emergence, plant growth and stands are summarized in Table 3.

A replicated, date of planting experiment was designed to determine the
feasibility of producing Cuphea as a direct—seeded fall crop in central
Arizona. Seed of C. wrightii was planted at 10-day intervals with a
Planet Jr. drill, starting August 27th, Good germination and stands
were obtained for the first 2 plantings. A soil-borne pathogen severely
reduced stands in the last 2 plantings. Some plant losses were also
obgerved in the first 2 plantings. Infected plants and soil were taken
to the Department of Plant Pathology of the University of Arizona at
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Tucson for possible identification of the causal organism, Flowering
occurred 43, 41, 40, and 44 days after planting, but final -mean plant
heights were only 12, 8, 7, and 3 c¢m for the 4 planting dates, respec—
tively. Only a limited amount of seed was set, and the yilelds from one
harvest made on November 30th were only 0.11 and 0.08 glMZ for the first
2 planting dates, respectively. Data on emergence, plant growth and
stands are summarized in Table 3 so that performance can be readily com
pared to that of the spring planting.

On October 3rd, a 500 foot row of Cuphea wrightil and a 500 foot row of
Lesquerella fendlerl were planted at the Yuma Mesa Agricultural Center
concurrently with a direct seeded planting of guayule. Seed was planted
with a Nibex 300 precision planter. The so0il (Superstition sand) was a
coarse-textured, low water-holding capacity sand. Irrigation water was
applied with an automated, lateral-move sprinkler system. Germination
and emergence of the Cuphea was good and stand counts averaged 41 plants
per meter of row 11 days after planting. However, at this time, most of
the seedlings showed a yellowing or bleaching of the cotyledonary
leaves. Growth of seedlings were severely retarded and many of the
plants were dying. The Lesquerella plants were showing similar symptoms
and plant stand and growth appeared to be more severely affected.
Essentially, no guayule plants could be found. The difficulty was later
traced to an unexpected residual in the soll of a previously applied
herbicide.

Lesguerella

On October 1, 1984, 1,632 plants from 54 accessions of 192 specles of
Lesquerella plus one accession of a species from a closely related genus
(Physaria floribunda) were transplanted into the field at the Maricopa
Agricultural Center and at the USWCL for evaluation and selection (Table
2). An additional direct seeded planting of 74 accesslons of 18 species
was algso made at the same time at Maricopa. The plantings at Maricopa
were made on 10-270 foot 40 inch beds, with 2 rows per bed.

Transplanted plants were spaced 10 inches apart within the double rows,
which were spaced approximately 14 inches apart on the bed. Such
spacing provides a planting density of approximately 32,000 plants/acre
(80,000 plants/hectare). The direct seeded plots were drilled with a
Planet Jr. planter, two rows per bed in plots 25 feet (7.6 meters) in
length. Emergence and stand counts were made periodically, and obser—
vations were made ‘on general growth characteristics of the seedlings and
transplanted plants. Large differences were observed in germination,
emergence, and rate of survival among specles and accessions within spe-
cles. Total seedling stand counts for all accessions were 3,601 at 15
days after planting (DAP); 5,954 at 25 DAP and 2,395 at 50 DAP.
Additional attrition is anticipated during the winter and spring months
of 1985 before seed harvest in late spring. Stand count 50 DAP for
transplanted plants also dropped to approximately 54%.
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Germplasm Enhancement:

Cuphea

Seeds of putative hybrids involving Cuphea speciles within the section
Heterodon have been obtalned from crosses made at Phoenix and Tucson.
In 1984 over 500 pollinations were attempted at Phoenix involving 14
cross combinations among 7 different species. A total of 82 seeds were
obtained from 5 cross combinations (Table 4)}. This brings the total to
130 seeds obtained from 13 cross comblnations involving 7 different spe-
cles in 1983 and 1984. Germination of these seeds has been delayed
until 1985 in an attempt to overcome dormancy. At Tucson over 1000
interspecific pollinations were made by Dr. Dennis Ray and Dr. Allen
Gathman in 1984, resulting in 6 cytologically confirmed interspecific
hybrid plants (2 - C. procumbens x C. leptopoda, and 4 ~ C. procumbens x
C. lanceolata), Preserved buds from interspecific hybrida made by Dr.
ShiTriey Graham, Kent State University, were also cytologically analyzed
at 'Tucson. Three additional interspecific hybrids were confirmed from
this material (C. lophostoma x C. lanceclata, C. procumbens x C. llavea
var. hirta, and ¢ C. liavea var. hirta x C. llavea) The putative amphi-
diploid hybrid of c. . wrightil x C. " C. tolucana (A 0260 from Dr. Frank
Hirsinger) was cytologically examined and shown to have an n chromosome
number of 22. This raises an 1nteresting question as to the origin of
the hybrid since the n chromosome number of the parental species are C.
wrightii (n=22) and C. tolucana (n=12). However, the hybrid has larger
flowers and seed size and is otherwise morphologically distinct from
elther parental specles. Steps are bhelng taken to recreate this
interesting hybrid combination., A total of 170 seeds from 6 new cross
combinations made at Tucson will be grown out in 1985, and additional
crosses will be attempted.

Methods have been developed and perfected at Tucson for fixing and
staining Cuphea melotic material. Acetocarmine squash preparations of
meiotic anthers of 33 accessions of 14 specles have been cytologically
examined and characterized for chromosome number and chiasma frequency
to assess the degree of chromosome pairing. This information is
necessary to interpret cytogenetic data from current and future
interspecific hybrids,

Selections of 53 rapidly germinating seedlings of 3 specles~-C. wrightii
(33 plants from 2 accessions), C. tolucana (11 plants), and C. paucipe-
tala (9 plants from 2 accessions) were made in an attempt to y minimize
seed dormancy. Self-pollinated seed was obtained from 51 of the plants
and germinated. Thousand seed weights were also recorded (Table 5). A
surprisingly high level of germination was obtained for some selectioms,
ranging as high as 59% within 7 days after planting. A total of 590 (C.
wrightii - 557; C. tolucana ~ 29: C. paucipetalla = 4) fast—germinatfﬁg
seedlings were selected and potted up from seed production and future
testing. Data from individual plants are currently being taken on seed
yield, seed welght, plant height and dry weight. Germination tests will
be run on duplicate seed samples from each plant. In addition, oil per~
centages and fatty acid contents will be determined on individual plant
progenies to assess the extent of intraspecific variability. Appropriate
selectlons will be made and propagated for additional .testing.
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Attention has been given to locate and identify economically important
genetic characters in Cuphea that may assist in the removal of produc~
tion constraints. A compact plant growth character has been found in
the species C. leptopoda. This new characteristic may prove useful in
concentrating seed set. Research 1s in progress to determine its heri-
tability and utility. The nonsticky mutant of C. procumbens (A 0263}
obtained from Dr. Frank Hirsinger was observed to be segregating for a
wide range of flower colors ranging from solid pinks, purples to reds,
and various bicolor combinations. A clear, light pink selection has
been made for possible use as a genetic marker. Crosses among plants
with different flower color have also been initiated at Tucson to deter-
mine the inheritance of flower color in this species.

The cooperative research program at Purdue University conducted by Dr.
Jules Janick has successfully developed in vitro culture methodology for
the species C. wrightii through shoot tip and callus culture. This
involves the production of organogenic callus from shoots and leaves and
the direct proliferation of shoots. In vitro produced shoots have been
successfully induced to produce roots. Such rooted plantlets have been
succegsfully transferred to soil culture and production in the
greenhouse. Such methods may lead to the possibility of screening large
numbers of induced plantlets for somaclonal wvariation. Such variation
may prove useful in removing genetic constraints to production such as
seed shattering, dormancy, sticky plant hairs, and intermediate growth
and flowering.

The cooperative program at Purdue 1s interested in expanding studies on
the cell and tissue culture of Cuphea as an adjunct to germplasm enhan-
cement and crop improvement, and to explore in vitro production of
mediumr-chain fatty acids. These include the following techniques:

o Cell and protoplast culture and protoplast fusion technology.

o Anther culture of Cuphea to produce hapleild cells and plants.

o Embryo culture, the induction of asexual embryogenesis, and the
production of embryogenically-competent callus.

Liaison and Coordination of National Cuphea Research Program:

Liaison and coordination was provided for the natiomal Cuphea research
program, both within USDA/ARS and with universities and state agri-
cultural experiment stations and with industry. Within the year, 3 site
visits were conducted in Oregon to confer with research workers, discuss
propgress of the program, and inspect the experimental plots during the
growlng season. The dates of these visits were August 1 and 2 at
Corvallis; August 15 to visit plots in Hermiston and Ontaric in eastern
Oregon; August 27-3]1 to attend, participate and present an overview of
the USDA/ARS Cuphea Research Program at the 1984 Cuphea Research and
Development Meeting at Corvallis; and December 5-8 to debrief Dr. Frank
Hirsinger, who was leaving the program, and to discuss administrative
and program matters with Oregon State University officials. 1In addi-
tion, the annual meeting of the Western Regilonal Project {W-157
"Development of New and Improved Crops for Water Conservation in Arid
Lands") was attended on September 19-21 at Riverside, California.

4
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Research on Cuphea and Lesquerella was reported along with other related
research of the USWCL on guayule, guar, and runoff farming. On June
11~13 an invited paper entitled "New Native Crops for the Arid
Southwest"” was presented at the Soclety for Economic Botany Symposium on
the "Ethnobotany of the Greater Southwest" at Texas A&M University,
College Station, Texas. Research on Cuphea and Lesquerella was cited as
examples.

SUMMARY AND CONCLUSIONS:

Cuphea:

Good progress has been made in wany areas of research on Cuphea. The
program has generated considerable interest within USDA/ARS, state uni-
versities and agricultural experiment stations, and industry. The
cooperative aspects of the program are strongly developing, and the uni~-
que federal—-state-industry funding mechanism may well serve as a model
for future new crop R&D programs. Plans are being developed to increase
the scope of the total program, and to increase the evaluation of
germplasm for adaptation in other geographical areas. The 1984 field
results designed to evaluate Cuphea germplasm for potential production
in Arizona and the Scuthwest lead to the conclusion that few, 1f any,
specles of the genus are adapted to the high temperatures experienced
throughout the growing season, Even though some plants continued to
grow and flower, essentially no seed set was observed. Results also
indicate that fall planting does not appear to be a viable option for
production of Cuphea in this area. However, small-scale seed increase
in the greenhouses appears feasible during the fall, winter, and early
spring months.

The relatively high plant survival of the perennial specles gives an
indication that such material may be useful for production of a fall
seed crop after high temperatures have abated. However, none of the
perennial species in thelr present form appear to be directly adapted to
agronomlc culture. Conslderable research 1In the area of germplasm
enhancement and development would be needed to exploit the possible
benefits of perennial growth habit for culture in the arid Southwest.

To be useful, perennial germplasm will need to be developed that has a
high potential for early, concentrated seed set and yileld, with reduced
shattering.

Indications are that much of the Cuphea germplasm currently belng eva-
luated in the Oregon State program traces back to a limited number of
collections from wild, native habltats. Steps are now being initiated
to increase seed and distribute for evaluation all available accessions
of apronomically promising species. Seed supply of most of these
accessions 1s currently limited. These include C. wrightii (6), C.
laminuligera (2),‘9. leptopoda (8), and C. lutea (2). -

It 15 concluded that field experimentation should be limited at this
location, and a major portion of the research on Cuphea be directed to
germplasm enhancement and development of new sources of gerwmplasm.
Improved germplasm developed at this location will be made available for
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evaluation and utilization at other locations encompassed within the
national program. This project will also continue to have-the respon-
sibility for maintaining the Cuphea working germplasm collection and
provide coordination and liaison within USDA/ARS, and with states and

industry.

Lesguerella:

The prospects of successful domestication of Lesquerella specles for
production within the arid and semiarid Southwest are judged to be rela-
tively high. Continved evaluation of the USDA/ARS Lesquerella working
germplasm collection will be made within the plantings at Maricopa and
the USWCL in Phoenix. Appropriate selections and seed increase of
accessions will be made. Based upon current performance, new plantings
will be made in the late fall at Maricopa and possibly at Yuma and
Brawley for further evaluation.

REFERENCES :
None.
PERSONNEL:

A.E. Thowpson, D.A, Dierig, and W.J. Allen
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TABLE i. CURRENT STATUS OF USDA/ARS CUPHEA GERMPLASM WORKING COLLECTION
U.5. WATER CONSERVATION LABORATORY-PHOENIX, AZ (JAN 19853)

SECTIONS OF GENUS NUMBER OF SPECIES

GERMPLASH ACCESSLONS

& RECEIVED/

SPECIES KNOWN

SURVIVED/ NUMBER
RECEIVED

NUMBER NUMBER
SUCCESSFULLY WITH REMNANT NUMBER

RECELVED GERMINATED SEED LOST

SUBGENUS CUPHEA:

ARCHOCUPHEA: /1

CUPHEA:

C. fruticosa
L. racemosa

C. salicifolia

TOTAL /17

SUBGENUS EUCUPHEA:

HETERANTHUS: 0/10
MELICYATHIUM: 0/1

BRACHYANDRA:

C, aperta

C. calophylla

C, carthagenensis
C. ferrisiae

C. vesiculigera

33

bt B4 S -l

IO R o=
L=ad £
=0 QQ

TOTAL 5/26

EUANDRA:

C, diosuifolia

C. glutineosa

C. hyssopifolia

C. linariodes

C. linifolia

C. polymeorpholides
C. pseudovaccinium
C. sclerophylla

C. thymoides

[V} = = B ol e
AR e =]
Ofee 0O O

p—

TOTAL 9/74

TRISPERMUM:
C. ericoides
C. reflexifolia

N = R R R e g

PO MO WLA
i O O O et e A O
WO e 0 b e O W

=

TOTAL 2716

PSEUDOCTIACAEA:
C. luLescens

0;2

£

Q0 O
oo o
£ira N

TOTAL /9

/1
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SECTIONS OF GENUS
&
SPECLES

HUMBER OF SPECIES
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I .

GERMPLASM ACCESSIONS

RECELVED/

KNOWN RECELVED

SURVIVED/ NUHBER
RECEIVED

HUHMBER HUMBER
SUCCESSFULLY WITH REMNANT HNUMBER
GERMINATED SEED " LOST

HETERQDAN:

C. angustifolia
C. calcarata
C. crassiflora
C. glossostaoda
C. inflata

C. koehneana
C., laminuligera
C. lanceoglata
C. leptopoda
C. llavea

G+ lobophora
C. lophostoma
C, lutes

C. palustris
C. pauclipetala
C. procumbensg
G+ quaternata
C. trochilus
C. tolucana

C. wrigheil

C. wrightili x C. tolucana

C. viscosa
C. viscoslssima

e B
WO OE ke WO L LR R R R

[

[

h2
(o]

—_
—

—

TOTAL

MELYILLA:

C. caeciliae

GC. heterophylla
C. lgnea

C. jorullensls
C. melvilla

C. mlcropetala

23/31 19/23

WNr RO M0 e = DR W N

15
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ANEE B S D L bt bt Ll e etk D) et MDA R et bt () R et e e (D)

-
—
—
£

TATAL

LEPTOCALYX:
C. aequipetala
C. bustlmanta

C. calaminthifolia

C. aracliflora

6/36 5/6

L) LR W S

WO OO RO -~
R e 2O -
B0 Ot O

—

TOTAL

DIPLOPTYCHIA:
C. cynea

C. hookeriana
C. nitidula

C. painterl
C. plnetorum
C. spectabllis

4/ /4

BELs = =

-

(=} EER T N Y. )

NiQ O oM
D O -
B~ 00

TOTAL

UKENOWH 2

6f21 al6
/7 /17

Sl = B LD =
O OO O

(=]
-
(=]

GRAND TOTAL
PERCENT

59/252 46159
23.4 79.0

274

125 182 92
45.6 66.4 33.6
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TABLE 3. GROWTH PERFORMANCE OF CUPHEA WRIGHTII DIRECT SEEDED PLANTINGS - SPRING

& FALL, 1984,

MARICOPA AGRICULTURAL CENTER

FALL PLANTING

SPRING

GROWTH PARAMETERS PLANTING 1 2 3 A
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 31 14 13 14 15

NO. OF SEEDLINGS* 49 54 45 21 20
6-~LEAF STAGE:

DAYS AFTER PLANTING 39 28 27 25 28

NO. OF SEEDLINGS* - 62 40 20 12

PLANT HEIGHT (cm) 1.8 5.8 5.5 3.4 1.8
BRANCHING STAGE:

DAYS AFTER PLANTING 46 35 35 31 37

NO. OF SEEDLINGS* - 57 38 19 8
FLOWERING STAGE:

DAYS AFTER PLANTING 56 43 41 40 44

NO. OF SEEDLINGS* 39 52 36 10 5

PLANT HEIGHT (cm) 8.4 9.3 7.7 4.2 2.2
RIPENING STAGE:

DAYS AFTER PLANTING 72 58 57 61 68

NO. OF SEEDLINGS* 25 48 29 7 4

PLANT HEIGHT (cm) 21.9 12.0 7.7 7.3 2.6

* Number of seedling plants per meter of

TOW.

-
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TABLE 4, CUPHEA INTERSPECIFIC CROSSES ATTEMPTED - 1984

FLOWERS WITH

FLOWERS SEEDS
PARENTAL SPECIES POLLINATED SEED SET OBTAIRED

FEMALE PARENT x  MALE PARENT (NO.) NO. % (NO.)
C. angustifolia C. laminuligera 10 0 0 0
C. angustifolia C. leptopoda 10 0 0 0
C. lanceolata C. angustifolia 1 0 0 0
C. procumbens C. angustifolia 34 1 2.9 10
C. crassiflora C. laminuligera 35 1 2.9 2
C. cragsiflora C. leptopoda 19 0 0 0
C. laminuligera C. leptopoda 34 0 0 0
C. leptopoda C. laminuligera 277 18 645 60
C. leptopoda C. llavea 12 1 8.3 1
Cs+ leptopoda C. procumbens 25 0 0 0
C. procumbens C. leptopoda | 9 0 0 0
C. procumbens C. laminuligera 33 0 0 0
C. llavea C. laminuligera 12 0 0 0
Cs» llavea C. procumbens 5 4 80.0 9
TOTAL 516 25 4.8 82
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TABLE 5. SELECTIONH FOR RAPIDITY OF GERMINATION - EMERGENCE OF PROGENY OF

SELECTED SEEDLINGS. SEED PLANTED 9/24/84. 22
1000 SEED PLANTS
PEDIGREE NUMBER  NUMBER OF SEEDS WEIGHT GERMINATION % SELECTED
GETAINED  PLANTED {a) 7 DAP*® 11 DAP* 16 DAP* (%)
C. WRIGHTII:
0285~1"" 101 100 2.46 29.0  31.0 - - 31,0
-2 &4 64 2.35 57.8 57.8 - 57.8
-3 23 23 2.20 8.7 21.7 - 21.7
-4 96 9% 2.5% 20.8  27.1 - 27,1
-5 62 62 2.51 7.1 48.4 - 48.5
-6 34 k13 2.59 58,8  %8.8 - 58.8
- -7 47 42 2.58 S0.0 248 - 82.4
Y sB_ 8 8 2.71 37.5 37.5 - 37.5
-9 25 25 2.55 20,0  40.0 - 32.9
-10 14 14 2.33 21.4  42.9 - 8.6
-11 89 89 2.66 48 42,7 - 3.t
-12 36 k1) 2.71 464 50.0 - 50.0
-13 19 19 2.57 52.6  52.6 - 52.6
~14 135 100 2.52 44.0 45,0 - 40.0
-15 126 108 2.18 4.0 4.0 -~ 4.0
-16 1 1 2.50 0 0 - 0
-17 0 0 - - - - 0
-18 113 100 2.55 8.0 10.0 - 9.0
~19 61 51 2.64 1.0  45.9 - 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
MEAN {3) - - 2.495  31.5%9 235.76 - 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
3 125 169 263 (¥, ST, 150
-4 455 100 2,13 13.0  15.0 - 14.0
-5 a8t 106 2.01 4.0 9.0 - 5.0
-5 304 100 2.33 16.0  21.0 - 16.0
-7 359 100 2.07 25.0  27.0 - 23.0 )
-3 370 100 2.09 7.0 20.0 - 17.0 !
-9 301 100 1.97 4.0 8.0 - 4.0 %
~-10 K173 100 2.37 10.¢  10.0 - 10.0
-11 60 50 2.54 23.3  31.7 - 21.7
-12 335 100 1.89 18,0  22.9 - 15.0
TOTAL 3733 1160 - 176 225 - 178
= - - 2,204 15.17  19.40 - 15,17
C. TOLUCANA:
02621 678 100 1.10 0 0 4] ]
-2 195 100 0.90 o 0 0 0
-3 1027 100 1.17 9 1.0 2.0 2.0
wly 885 1o 1.11 1.0 1.0 1.0 1.0
-5 983 100 1.12 1.0 3.0 5.0 5.8
-5 734 100 1.07 0 0 6.0 6.0
-7 766 100 1.20 ) o ] 0
-8 173 100 0.95 0 0 o o
-9 758 106 1.06 o 1.0 5.0 6.0
-10 421 100 1.06 4.0 8.0  10.0 10.0
-11 260 100 1.06 o 0 9 0
TOTAL 6870 1100 = 5 s 79 29
MEAN (3} . - - 1.074 0.55 1.45  2.84 2.64
C. PAUCIPETALA:
6253~} 240 100 1.80 1.0 1.0 1.0 1.0
-2 468 100 1.77 0 0 ] ]
R S— 210 100 1.74 4] 0 ) ]
-4 227 100 1.90 0 0 ] 0
-5 285 oo 1.80 4] 0 0 0
-6 212 100 1277 8 0 0 0
-7 284 100 1.75 9 9 0 0
TOTAL 1974 700 - 1 1 1 1
HEAN—EEY OO O 8514
02591 481 100 1.82 0 2.0 3.0 3.0
-2 o o} - - - -~ - H
TOTAL 481 100 - o 2 3 3
MEAN (30 - - 1.817 o 2.00  3.00 3,00

* DAP = Days afrer planting.
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TITLE: TRICKLE AND LEVEL BASIN IRRIGATION OF COTTON ON A SANDY LOAM

501IL
NRE: 20160 CRIS WORK UNIT: 5510-20740-003
INTRODUCTION:

One of the greatest challenges confronting farmers in the southwestern
United States is striking a balance between limited water supplies and
obtaining higher yields. Precise information on crop water requirements
and on the effects of water deficits on crop yield and quality are
needed before irrigation efficlencies can be increased. Recently,
growers and researchers have reported cotton lint ylelds of more than
2250 kg/ha (2000 1b/ac, 4 bales/ac) using trickle irrigation (Taylor et
al., 1983)., An economic report indicated that 1f water deliveries were
at a minimum and yleld were raised by 280 kg/ha (250 lb/ac) or more,
trickle irrigation of cotton could be profitable (Wilson et al., 1984},
Because of the interest in improving water use efficlencies and achieving
maximum yields on cotton, an extensive irrigatiom study was conducted in
1984. The objective was to determine the effects of irrigation water
placement and frequency for trickle and level-basin irrigation methods
under optimum moisture conditions for conventional and narrow-row plant-
ings using the newer short-stable cotton varieties.

Fleld Procedures:

Cotton varieties of DPL~61, DPL~90, DPL~41, and Stoneville B25 were
planted on the conventional 1.0 m (40 in) row spacing on April 11, 1984
at the Maricopa Agricultural Center, University of Arizona, on a sandy
loam soil. At the same time DPL-61, DPL-90, DPL-30 and DPL~70 were
planted on the narrow-row, 0,75 m (30 in) row spacing in a mulch after a
preplant irrigation. An excellent stand was obtalned on the conven-
tional planting; however, the seed germination was inadequate for
research purposeg on the narrow-row planting because of cold tem
peratures and rapid drying on the smaller beds. The narrow-row planting
was replanted on May 2, and establishment was excellent. Each treatment
plot was 10 m {33 ft) long and consisted of 24 rows with 6 rows of each
of the four different varieties, as shown in Figure 1. The varileties
were randomized within the five irrigation treatments which were repli~
cated six times.

The five irrigation treatments 1984 were as follows: (1) a single
trickle irrigation line per two cotton rows irrigated daily; (2) a
single trickle line per two cotton rows irrigated twice weekly; (3) a
single trickle line per three cotton rows irrigated daily; (4) level-
basin irrigated weekly; and (5) level~basin irrigated biweekly (every
two weeks). Irrigation scheduling was based on historical (Erie et al.,
1982) and meteorological estimates of evapotranspiration with conven-
tional and narrow-row cotton receiving the same water applications.
Regular irrigation treatments commenced on June 4 and continued through
September 16. Soill water was measured weekly on three replicates to a
1.8 m (6 ft) depth with neutron moisture meters on treatments 1, 4, and
5 for DPL-61 and DPL~90 varieties. Treatment 1 was monltored teo show
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placement and uniformity of soil water contents, whereas treatments 4
and 5 were used for estimating the water consumed by the cotton crop.

The trickle line used was the Irridelcal/ system with in-line 2L/h (0.5
gal/h) emitters placed 1.0 m (40 1n) apart along the line, The water
supply was from two farm wells and was filtered through sand filters
followed by a screen filter with 74 micron (200 mesh) openings. The
electrical conductivities of the two wells were about 1.1 dS/M (690
mg/l) and a 3.2 dS/M (2070 mg/l) respectively. About one half of the
water applied was from each well. The irrigation water applied was
measured through household, 2 cm (0.75 in) diameter, propeller-type
water meters. The furrow plots were irrigated by delivering water
through a 15 cm (6 in) main line followed by 5 cm (2 in) lateral lines
going to the individual plots. Water applied was measured through a 10
cm (4 in) diameter, propeller-type water meter for all furrow irriga-
tions.

Fertilizer applications were made through both irrigation systems in the
form of liquid UN35. A total of 269 kg/ha (240 1lbs N/ac) was applied at
a rate of 34 kg (30#) of N per week over an eight week period beginning
on June 18 and finishing on August 10. Cotton leaf petiole samples were
taken beginning on June 8, continued every two weeks through September,
and analyzed for nitrate-nitrogen. In addition, the soil was sampled in
late November to a 120 cm (4 ft) depth and analyzed for pH, nitrates,
and total dissolved salts.

A Biloregulator compound 2-(3,4-dichlorophenoxy) -~ triethylamine [DCPTA}
was also sprayed on May 15, 22, and 29 at the 3, 5, and 8 leaf stages on
the conventional row spacing and on June 1, 8, and 15 at the same growth
stages on the narrow~row spacings for DPL~61 and 90 varieties., The
biloregulator spray formylation included 0.1% Qrtho X~77 spreader
(Chevron Chemical Co. l/), 100 mg/1 of 2~diethylaminoethanol, and 50
ml/1 isopropanol as a wetting agent. Two concentrations of bioregula-
tors at 125 mg/l and 25 mg/l plus the wetting agent alone were sprayed
with about 800 ml of solution belng applied per spraying date on single-~
row plots 4.6 m (15 ft) long located alongside buffer rows. The appli-
cation rates then totaled about 0,88 kg/ha (0.78 1lb/ac) and 0.18 kg/ha
(0.16 1b/ac) on the conventional row spacings -and 1.1 kg/ha (1.0 1b/ac)
and 0.25 kg/ha (0,22 1b/ac) on the narrow row spacings in terms of
actual bioregulator chemical applied on the high and low concentration
spraylings.

The cotton field was defoliated in early and late October; however, late
season rains delayed harvesting until November and December. From
November 12-16, cotton was handpicked from 3.0 m (10 ft) rows on DPL-51
and 90 varieties for the bloregulator, wetting agent, and check treat-
ment. On December 18, two rows 9.1 m (30 ft) long were harvested from
the 6 row plots for all varieties and row spacings on treatments 1, 2,

1/ Trade names and company names are included for the benefit of the
reader and do not imply any endorsement or preferential treatment of
the product listed by the U.S. Department of Agriculture.
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4, and 5, except three rows were harvested for treatment 3 (a single
trickle line per three cotton rows irrigated daily).

RESULTS AND DISCUSSION:

The total amount of water applied plus rainfall on trickle and level-
basin irrigation methods averaged 855 mm (34.8 in) and 860 mm (33.9 in),
respectively, as shown in Table 1, after about 150 mm (5.9 in) of water
was stored within the root zone from preplant irrigations. The number
of irrigations ranged from 90 on the daily trickle (treatment 1) to 8 on
the biweekly level-basin practice (treatment 5). The 1984 consumptive
water use for cotton averaged 830 mm (32.7 in) on treatment 4 and 725 mm
(28.5 in) on treatment 5 with semi~monthly values shown in Figure 2 and
3 for DPL~A1 and 90 varieties. These seasonal consumptive use values as
measured by the soll water depletion method were nearly the same for
conventional and narrow-row plants, but were considerably less than pre—
viously reported estimates (1045 mm, 41.2 in) for older cotton varieties
in central Arizona. Lower daytime temperatures, higher relative humid~
ity and increased cloud cover accounted for some of the reduction in the
1984 evapotranspiration rates.

Leaf petiole samples taken throughout the growing season (Table 2) indi-
cated that an adequate nitrogen supply was available to the cotton

plants and that a similar nitrogen use pattern with time resulted for

the two row spacings, different varieties, and various irrigation treat-
ments. Although nitrate-nitrogen levels may have been somewhat low in
late June, they recovered quickly in early July so that leaf petiole con-
centrations of more than 10,000 mg/l existed on all treatments by July
14, 8Soil salinity was moderate and residual seoil nitrogen was adequate
at the end of the cotton experiment (Table 3).

Hand-picked cotton yields from rows treated with bioregulator, wetting
agent only, and the control area were generally the same regardless of
the treatment on both row spacings (Table 4). Visual observations were
that the biloregulators had little effect on plant height, boll set, or
number of bolls. Although bloregulators have exhibited dramatic effects
in the greenhouse, the type of bioregulator used in this field experi-
ment was not effective at the two application rates. Average lint
yields from the hand picked plets in mid~November (Table 4) were similar
to the larger machine picked plots on December 18 (Table 5).

A maximum lint yield of 2540 kg/ha (2265 1b/ac, 4.5 bales/ac) was
achieved for the DPL-90 variety with the single trickle irrigation line
per every two rows irrigated daily (treatment 1) on the conventional row
spacing, as shown in Table 5, Cotton grown on the 1.0 m spacing pro-
duced about 15% more lint yield when a single trickle line per two cot-
ton rows was used rather than the level-basin irrigation method, and
cotton lint yields were reduced by 33%Z for a single trickle line per
three cotton rows (treatment 3, 3.0 m water placement distance) compared
with a single trickle line per two rows (treatment 1, 2.0 m distance).
On the other hand, there was little yield difference between the two
irrigation methods for the narrow-row plantings. However, the single
trickle line per three cotton rows irrigated daily (treatment 3) showed
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considerable promise where the lateral lines were 2.3 m (90 in) apart or
narrow rows rather than 3.0 m (120 in) on the conventional row spacings,
For both row spacings, the weekly level—-basin irrigation treatment
outyielded the biweekly schedule by about 170 kg/ha {150 1b/ac) on the
varlable, sandy loam soil {Table 6). Also, cotton lint yields were
about 100 kg/ha (90 1b/ac) higher on the daily versus twice weekly
trickle irrigations, particularly on the conventional row spacing, indi-~
cating that the more frequent irrigations were advantageous for the con-
ditions of this experiment. Varietal response showed that the DPL~90
was the best for the conventional row spacings, whereas DPL-70 was
adapted to the narrow-row spacing.

Field studies on cotton using trickle and level-basin irrigation methods
will be repeated in 1985 with emphasis on the effects of water place—
ment, irrigation frequency, conventional and narrow-row production, and
newer cotton varleties. Since DPL-61 was the lowest producer on both
row spaclng, we plan to replace it with the experimental DPL-775. A
manuscript will be prepared for presentation at the Third International
Drip/Trickle Irrigation Congress in 1985,

SUMMARY AND CONCLUSIONS:

Both trickle and level-basin irrigation methods, when properly managed
and operated, have a potential to achieve high cotton ylelds and water
use efficiencies on a marginal soil. A maximum lint yield of 2540 kg/ha
(4.5 bales/ac) was achieved for the DPL-90 varilety with the single
trickle irrigation line per every two rows 1lrrigated daily on the con-
ventional row spacings Narrow-row plantings may not always 1ncrease
ylelds over conventional plantings; however, light—frequent irrigations
can be beneficial where the uniformity of water applicatioms is high.
Water placement from a trickle irrigation line can be as wmuch as 2.3 m
(90 in) apart, but a 3.0 m (120 in) distance was not adequate for the
coarse-textured soll. Some of the newer cotton varieties appear to have
a lower water requirement than the varieties planted 10 years ago in the
arid Southwest and are more adaptive to frequent irrigations. WNo signi-
ficant yield increase resulted from the use of a promising bioregulator
compared to the nontreated cotton plants suggesting that additional
field studies are needed.
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Table 1. Water applied as irrigation water plus rainfall with trickle

and level-basin irrigation systems, 1984.1/ -/
Irrigation No. of Total Water Total Water
Treatment2/ Irrigations Applied (mm) Applied {mm)

1.0 m Furrows 0.75 m Furrows

1 0 881 881

2 30 887 887

3 0 885 891

4 14 887 852

5

8 go8 855

1/ Rainfall totaled 214 mm (8.4 in) throughout the growing season.
2/ Irrigation treatments are listed in procedures.

Table 2. Average cotton peti?le analyses for Nitrate~Nitrogen (mg/l)
with time in 1984.L

Sampling Dates

Spacing Varlety 6/8 6/25 7/9 7/23 8/6 8/20 9/4 9/17 10/4
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

DPFL-61 9900 6600 8800 8900 7800 4300 2000 1600 300

0.75 m DFL-90 11900 7300 9100 10000 8200 4300 2000 1800 350
DPL~30 10000 6600 10600 9700 7500 4000 2200 1900 600

DFL-70 12100 7600 9300 8800 7400 4500 2200 1900 450

1/ Each number represents mean of 5 1rrigation treatments and 3 replica-

tions.
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Table 3. Soil analysis in late November for the 1984 cotton experiment.

Soil Depths (cm)

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

pH 7.3 7.5 74 7.5 7.2

Total Dissolved 1046 1572 1633 1736 1176
Salts (g/m3)

Witrate (mg/1l) 66.1 39,9 101.3 100.6 78.0

Nitrogen

Table 4. Average cotton ylelds for DPL-61 and 90 varieties as affected
by bioregulation and/or wetting agent from handpicked plots in
mid-November 1984,

Row Seed Weight Lint Lint Welight Lint Yield
Spacing Treatment (g/plot)gf Percent2/ (g/plot)gj (kg/ha)gj
Conventional Bioregulatorl/ 1530 39.2 600 1935

1.0 m Wetting Apent 1612 39.7 640 2065
Control 1525 39.0 595 1920
Mean 1555 39.3 612 1973
Narrow Row Bioregulator 1289 40.5 522 2250
0.75 m Wetting Agent 1416 38.5 545 2310
Control 1421 39.0 554 2335
Mean 1375 39.3 540 2315
lj DCPTA plus wetting agent.
%4 Each number represents a mean of 6 replicates.

2/ 560 kg/ha = 1.0 bale/ac.
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Table 5. Average lint cotton ylelds for trickle and level-basin irriga-
tion methods from machine picked plots on December 18, 1984,

Irrigation Treatment l/

Row Cotton

Spacing Variety 1 2 3 4 5 Mean
Lint Yield (kg/ha)2/

Conventional DPL-61 2065 2115 1595 1870 1845 1898
1.0m DPL~90 2540 2365 1605 2220 2180 2182
DPL~41 2315 2285 1500 2125 1710 1984
Stoneville 825 2355 2110 1400 2165 1895 1985
Mean 2318 2218 1525 2095 1908 2013
Narrow Row 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
DEL-70 2317 2290 2380 2420 2190 2320
Mean 2033 2008 2083 2074 1916 2023

lj Irrigation treatments are listed in procedures; each number repre—
sents a mean of 6 teplicates.
2/ 560 kg/ha = 1.0 bale/ac; lint percentage averaged 39.5% on the con—

ventional and 38.4% on the narrow-row plantings.

-

i
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1984 COTTON EXPERIMENT-MARICOPA AGRICULTURAL CENTER
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* All measurements in meters
Irrigation Treatments
1. A single trickle line per two cotton rows irrigated daily. Varieties

DPL-61

2. A single trickle line per two cotton rows irripated twice weekly. 7. ppr-pl 1.
3. A single trickle line per three cotton rows irrigated daily. 2. DPL-90 2. DPL-90.
4, Every furrow with the level-basin method irrigated weekly. 1. DPL-41 3. DPL-30
5. Every furrow with the level-basin method irripated bi-weekly. 4. STONE.825 4. DPL-70
' 1.0 m rows 0.75 m rows

Figure 1. Planting diagram for 1984 cotton experiment at the Maricopa
Agricultural Center, Maricopa, AZ.
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CONSUMPTIVE USE (mm/DAY)

10.0

7.5

5.0

2.5

DPL-61 AND DPL-90
COTTON VARIETIES

TOTAL DEPLETION 830 mm

SEMIMONTHLY SOIL WATER DEPLETION

I ] 9 12443 59|78 |96 ]9 ] I3 ]108] 80153 129] 15 3 |
APRIL MAY _MUNE JULY AUGUST JSEPTEMBER]| OCTOBER [NOVEMBER |
Figure 2. Mean Soil water depletion curve for cotton irrigated weekly at the Maricopa

Agricultural Center, Maricopa, AZ, 1384.
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CONSUMPTIVE USE (mm/DAY)

DPL-6! AND DPL-90
COTTON VARIETIES
B-
6 e
4.—
2-
TOTAL DEPLETION 725mm
SEMIMONTHLY SOIL WATER DEPLETION
| | 5 THJ1e]25[53[107]133] 110 [94 |66 ]48 | 30] 16 | 3
APRIL MAY JUNE JULY AUGUST _[SEPTEMBER] OCTOBER |NOVEMBER

Figure 3. Mean So0il water depletion curve for cotton irripated biweekly at the Maricopa
Agricultural Center, Maricopa, AZ, 1984,
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TLITLE: EORDER IRRIGATION UNIFORMITY: COMBINED EFFECTS
NRP: 20740 CRIS WORK UNIT: 5422-20740-003

INTRODUCTION:

The uniformity at which water can be distributed over a fleld 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 1is practiced. Thus it 1ig 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 recesslon caused by a nonplane field surface,
variations in furrow wetted perimeter caused by flow depth variations,
varlations in inflow rate and cutoff times between 1irrigation sets, etc.
The first two of these are the dominant causes of nonuniformity in many
cases, and are the toplc of thls 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 wmeans 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
Scientists have recently increased research efforts on the gpatial
variations of infiltration. However, little has been done on how this
varliation 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 varlations in infiltration. These methods
can then be used in the design and management of irrigation systems.

Uniformitz:

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

DUjq = Average depth of lowest guarter of area (1)
“__““EKVETgEE”aﬁﬁTﬁ_ﬁf"fgfit‘ﬁféﬁ‘“'_"“

DUjq can be related to yield when the lowest U4 of the field is
underirrigated, the yield response to deficits is linear, and there is
no yield response to over irrigation. DUjq can be related to deep per-
colation losses (and thus irrigation efficiency) when the numerator is
the desired application depth, Thus DUlq 1s a useful uniformity
measure. For a normal distribution of depths, DUjq can be determined
from the coefficient of variation, CV, by

DUiq = 1 = 1.27CV (2)

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 varlations in
infiltration are also probably not normally distributed. Within close
distances, soll 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 agsumes that any trends in soil
properties have been removed. For now, trends will be ignored and will
be studied in more detall at a later date.

It will be assumed that infiltration 1s of the form
D = ktd (3)

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 i1s the
slope. It is recognized that this straight-line power function is only
valid within a limited range of infiltration. It 1is however reascnable
for this analysis.

With the above assumptions, the variations in depth can be separated
into two terms; k and t3, Variations in k are then related to soil spa-
tial variations and variations in t2 are related to variations in
infiltration opportunity time. Now 1if the varilations in these two
variables are independent, then the expected value of the total
variation in terms of the coefficient of variation CVp can be described

by

VD = TovpZ + V2 + CVR2CVE2 “

where CVp is the coefficient of variation of the resultant opportunity
time distribution in terms of t3 and CVk is the coefficient of varlation
caused by soll variation in terms of k. This equation is valid for any
two distribution types for t3 and k provided that the distributions are
independent. CVp 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 15 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 CVy and CVk, one could
find CVp from Equation (4) and DU1q from Equation (2)., However, the
distribution of t? is in general not normally distributed. In an
earlier work (Clemmens, 1985), I developed a method for estimating DU
with Equations (2) and (4) when one of the distributions is not normal%y
distributed. The method is based on finding an equivalent CV for the
non-normal distribution that would give the correct DUjq for that
distribution. The procedure would be as follows for a non-normal
distribution of t&.

e
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1. Compute the distribution of tAa,

2. Compute DUjq for t2 from Equation (1) (more precisely with D
from Equation (3) with k = 1).

3. Compute an equivalent or back calculated CVy from DU1q above
and Equation (2).

4. Determine CVy for given soil.

5. Compute CVp from Equation (4).

6. Compute DUjq from Equation (2).

For trickle irrigation simulation with variations 1in pressure and
emitter characteristics and a discharge relationship similar to Equatian
{3}, this procedure when compared to the average value from simulation
was within * 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 CVhp and large values of CV) that the opportunity time
variations in terms of t® and the soil variations in infiltration in
terms of k were independent when soll variability was assumed normally
distributed. This independence assumption needs to be further examined
for the cases where CVy is relatively large compared to CVy, where
trends exist in the soll variation, and where the soill variation has
spatial dependence. When soil variations are large, the stream advance
may be slowed or sped up from that with uniform conditions. Alsoc when
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. TFor 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 DU1q 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 ecould 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,
Then AR was adjusted to develop values of CVy 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 Cvy
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 DUj4y for the oppor-
tunity time distribution alone from Equation (1), Next a back calcu-
lated CVyp was found from Equation (2) for later analysis. These
calculations were made for each value of CVp.

Next, the infiltratioa 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 CVi. These k values were adjusted to give
the correct overall mean. This was repeated 100 times for each CVi
value and was run for CVy values from 0.05 to Q.25 by steps of 0.05.

For each combination of CVy and CVy, DUlq was computed from Equations
(2) and (4) for assumed normal distributions, DUy. A back calculated
DU1q, DUpc, was computed from Equations (2) amnd (4) with the back
calculated CVh. A simulated DUjq, DUg, was computed from Equation (2)
with the average CVp value from the 100 simulation tuns for each CVy,
CVp combination. An actual DUjq, DUp, was computed as an average from
the actual depths from the 100 simulation rums. The standard deviation
of DUp, Spy, was also computed to determine the magnitude of the
variation in DUy, from the average or expected value. Thus the results
of the simulation run include DUy, DUgg, DUg, DUp and Spy. These
results are given in Table 1.

RESULTS:

Column 3 of Table 1 shows the DUjg for assumed normal distributioms. 1In
all cases, the last term in Equatgon (4) was dropped according to the
recommendations by Bralts Eﬁuﬂi' {1981). The actual simulation results
are glven in column 6. The difference between columns 3 and 6 1s 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 CVy and small CVy, DUy predicts higher uniformities
than are actually attained (eg. CVL=85% and CVy=5% gives an error of
+4,2), For small CVy and large CVk, DUy predicts lower uniformities,
but generally the differences are much lower. Thus for small CVp, 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 CVp from the simulation. Only minor differences are noted be-
tween columns 3 and 5, usually being less than l/2%. Some of the dif-
ferences are due to the dropping of the last terms in Equation (4) in
the calculation of DUy. However, in many cases, dropping the term
actually improved the prediction of DUy. For example, at CVp=25%,
CVi=25%, DUp=55.4, DUN=55.1 while with the last term added DUy=54.4.
With DUg=54.3, the CVp from simulation 1s in correspondence with
Equation {4). At CVy=5%, CVyi=25% or vise versa, the last term in
Equation (4) changes DUj4 by less than 0.1%., Table 2 shows parts of
Table 1 broken down for airect comparison. It appears that part of the
discrepancy results from the variations in the simulation runs as evi-
denced by the differences in DUg. 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 DUg will be within %2 Spy of the value given with
a 95% level of confidence. Thus any differences in CVp from simulation
and from Equation (4) with or without the last term cannot really be
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distinguished. Thus with the range of conditions given here, CVp can be
predicted with sufficient accuracy. As in the previous study (Clemmens,
1985), the value of Spy (column 7) appears to be only affected by Cvi
and not CV{. Noting that k was chosen randomly and h8 was not, it
appears that the variation in DUjq from the expected value 1s caused by
only the random components. Trengs in parameters will change the
expected value, but will probably not affect Spy.

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

Column 4 of Table 1 gives the back calculated DU14. Column 9 gives a
comparison of the back calculated and actual DUjg. 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 Cvy <15%
and CVi <15%, neither procedure is off by more than #2%., For any CV's
shown, by using the average of DUy and DUgg, the error will be less than
$2%. It 1s interesting that for trickle pressure distributions, the
back calculating procedure worked well and the DUy values were conser-
vative. Here, the procedure didn't work well and the DUy 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-
ditlons., 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-—
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-
gsented, The difference is in the shape of the distributions. These

Annual Report of the U.S. Water Conservation Laboratory



39

results were developed from a Monte Carlo simulation model for soil ‘h,
variability and a previously developed opportunity time modél for level

basins. It was assumed that these distributions were independent, which

will require further verification. It was also assumed that no trends

existed in infiltration variation. These results should also be

verified for a wider range of infiltration and advance exponents., It

was also speculated that the variation in GV and DU;, from the expected

value is affected only by the variance components which result from ran—

dom variables.

PERSONNEL: A. J. Clemmens and D. B. Jaynes
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Table 1. Results of simulatlons of level basin low quarter distribution
uniformity. For advance exponent h=0.6, infiltration exponent ‘.’
a=0.6, field length broken into 100 segments, and 100 simula-
tion runs for a random normally distributed infiltration con-
sant k. All values shown in percent.

CVp CVy DU DU U, DU, Spu Columns Columns Sg
noTRTR RGO TS A (3)~(6) (4)-(6)
(1) (2) (3 (4) (5) (6) (7 (8) (9) (10)
5 5 91.0 90.4 91.1 90.9 0.6 +0.1 -0.5  #0.1
10 85.8 85.4 85.6 85.8 1.0 0.0 -0.4  30.1
15 79.9 79-6 7908 80-1 1-4 """0-2 ““'0-5 :tO-].
20 73.8 73.6 73.6  74.4 2.2 -0.6 -0.8  20.
25 67.6 67.4 67.5 68.0 2.6 -] o4 -0.6  *0.3
10 5 B85.8 84.3 85.9 84.8 0.6 +1.0 ~-0.5  *0.1
10 82.1 80.9 81.8 81.7 1.2 +0.4 -0.8 0.1
15 77.1 76.2 77.0  77.4 1.6 ~0.3 -1.2  #0.2
20 71.6 70.8 71.5 72.2 2.2 -0.6 -1.4  *0.2
25 65.8 65.1 65.6 6646 2.7 -0.8 ~1.4  20.3
15 5 79.9 77.5 80.0 77.9 0.6 +2.0 ~-0.4 0.1 e
10 77.1 74.9 76.9 75.9 1,2 +1.2 -1.0 #0.1 i
15 73.1  71.2 72.8 73.0 1.7 +0.1 -1.8 0.2 '\WV
20 68.2 66.6 68.4 69.2 2.1 -1.0 ~-2.6 *0.2
25 63.0 61.6 62.6 64.1 2.7 -1.1 ~2.5  #0.3
20 5 73.8 70.2 73.8 70.7 0.6 +3.1 -0.5 0.1
10 71.5 68.3 71.3  69.2 1.1 +2.3 ~0.9  #0.1
15 68.2 65.2 67.9 67.3 1.7 +0.9 -2.1  %0.2
20 64.0 6l.4 64.1 64.5 2.1 ~0.5 -3.1  #0.2
25 59.3  56.9 58.7 60.2 2.6 -0.9 -~3.3 0.3
25 5 67.6 63.0 67.6 63.4 0.6 +4.2 -0.4 0.1
10 65.8 6l.4 65.5 67.3 1.1 +3.5 -0.9  #0.1
15 63.06 58.9 67.6 60.9 1.7 +2.1 ~-2.0  10.2
20 59.3  55.6 59,2 58.7 2.1 +0.6 -3.1 0.2
25 55.1 51.7 54.3 55.4 2.4 -0.3 -3.7  *0.2

= coefficlent of variation of cpportunity time effects on depth
CVi = coefficient of variation of infiltration variation on depth

= Expected value of DUy, computed for an assumed normal distribu-
tion from Equations (g) and (4)
DUgc = Expected value of DU]_q computed for back calculated CVy from
Equations (2) and (4)
DUg = Average value of DU

computed from actual CVp from simulation
runs with Equation %3)

ﬁﬁh = Average value of DU;  computed from depth distribution from simu-

lation runs with Equation (1) L
SDU # Standard deviation of DUA from 100 simulation runs ‘.’
Spo = Standard deviation of expected mean of DU, distribution for simu-

lation
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Comparison of the effects of simulation for CVy from Equation
(4) with and without the last term.

Cvy
(1)

+25
.20

+25
.15

Vi

(2)

«25

.15
«25

DUy
without
(3)

DUN
with
(4)

———

Ug DU, Spuy

(5) (6) (7)
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TITLE: CANAI, CAPACITIES FOR DEMAND UNDER SURFACE IRRIGATION
NRP: 20740 CRIS WORK UNIT: 5422-20740-003

INTRODUCTION:

Some irrigation projects are built to supply water to farms that apply
water with surface irrigation methods. Water 1s often distributed to
farmers within the project through a network of canals. Canals are used
because they can be congtructed more ilnexpensively than other available
methods and because local labor and materlals can be used. The simplest
method of distributing water in a canal network is to supply a continu—-
ous flow of water to each farmer. The farmer 1s then responsible for
distributing this water over different parts of his farm. This contin-
uwous flow system 1s simple to operate since once flow into the canal
system 1s set, 1t does not change. However, since plants use water at
different rates over the growing season, a continuous flow system would
supply toc much water early in the season and perhaps not enough water
later in the season. Where avallable water is in short supply, this
type of inefficlency is not reasonable. Some continuous flow systems
adjust the supply flow rate periodically to try to more closely match
plant water needs.

For surface irrigation, it 1s not practical to supply water at the rate
at which the plants need water. For example, plants may use water at a
rate of 2 to 10 mm per day, whereas surface irrigation systems generally
are designed to apply from 50 to 150 mm, which will generally be applied
in a period of 1 to 24 hours. This is dictated by soil water holding
capacities, root zone depths, soll infiltration rates, and efficient
irrigation stream sizes. Thus to achleve even a reasonable efficiency,
an avallable irrigation stream must be rotated between different areas
of land. 1If a farmer's land area 15 large enough, he may be able to
handle a continuous flow, otherwlse it 1s more practical to rotate the
avallable irrigation stream among neighboring farmers. Operation of the
canal distribution system for a rotation system does not change from
that of a continuous flow system except for where water 1s actually
turned into the farms. Rotation systems may also be inefficient if
inflows are not adjusted through the season to match plant water
requirements.

If the same stream that was once split among 8 farmers, for example, is
now given to one farmer one day out of 8 days, his farm canals and the
structure which turns water out of the project canal must be able to
handle 8 times the flow rate. However, the canal which brings water to
these 8 farmers has not changed in size. Now 1f efficlencies have been
lmproved, the farm canal size could be reduced somewhat from the 8-~fold
increase. 1In addition, this increase in efficlency could potentially
reduce the size of the supply canal. Thus here we see that 1f a change
in delivery method can improve efficiency, while it may require larger
canals on the farm, it may result in smaller project canals or more pro-
ject area beilng serviced.

Surface 1rrigation systems are generally designed to be efficient within

a small range of application depths. Since plants' water use rates
vary widely over the season, the period between irrigdtions should also

Annual Report of the U.S. Water Conservation Laboratory



44

change. Thus variations in frequency rather than flow rate are
necessary to adjust a rotation schedule to match plant needs for surface
irrigation. An adjustable frequency rotation system is somewhat dif-
ficult to develop. In addition, due to variations in soll characteris-
tics and differences in crop selections, different filelds within a
rotation unit will actually need different rotation intervals during the
same part of the season, a nearly impossible task for a rotation scheme.

It has been known for several decades that in order to be efficient 1im
water use and productive in yields, a delivery system that is flexible
in rate, frequency and duration 1s required. An extreme case of this
flexibility 1s a demand system where any quantity of water is delivered
whenever desired for any duration desired. Obviously such systems must
operate within some practical bounds, eg. within a range of flow rates
and within an overall seasonal water allocation. Returning to our eight
farmers 1in rotation, if all eight wanted water at the same time, the
supply canal to those eight farmers would have to be elght times as
large as for a rotation. TIf each farmer wanted double the usual flow,
say for half the duration, the canal would have to be 16 times as large.
One alternative 1s to use farm reservoirs to accept water given in rota-
tion, and apply it when needed. Another alternative is for farmers to
arrange water deliveries in an effort to reduce the amount of overlap in
demand. Of course the prebablility that all eight farmers would want
water at the same time would be fairly low.

But how large a canal 1s necessary for a demand system, for example, if
you want to be able to supply demand say 70 or 80% of the time? How 1is
this overlap in demand mitigated by arranged schedules? And what should
canal capacities be under these circumstances? This paper will attempt
to quantify these issues and answer these questions.

Canal Capacity Relationships:

Canal capacities are based on the peak water use period and on the land
area which they service. The peak water use rate, W,, 1s defined as the
peak consumptive use divided by the irrigation efficiency. It repre-
sents the amount of water to be delivered. Now, glven a delivery flow
rate Qg which 1s established as an average (or maximum) for design of
farm turnouts, the area that can be serviced by a continuous flow system
would be

Ap = Q/¥, (1)

with appropriate units conversion. This 1s also the area serviced by a
single rotation of a rotatlion system, which approximately corresponds
to the definition of a tertiary unit (Bos, 1979). Now 1f we are given
a farm slze or quarternary unit size which 1s serviced by one turn in
the rotation, Aq, and rotation frequency, F, such that N, = 1/F farmers
take turns in rotation, then the necessary delivery flow rate is

Qd = Aq Np Wy = AC W, (2)
F

0f course, A = Aq No, or Ap = Aq/F.
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It is useful to define these varlables in relative terms. The flow rate
of a canal, Q, is referenced to the turnout design flow rate, Q4, to

glve a relative flow rate .
Qn = Q/Qd (3)

Similarly, the size of a canal service area, A, 18 referenced to both
the farm or quaternary unit size, A , and the rotation or tertiary unit

size, Ay, to give relative service areas
Ag = Aqu {4)

An = AfAy
(3)

From Equations (1), (3), and (5) for a rotation or continuous flow
system, we get '

Ay = Q (6)

Thus Aj and Q, are convenient for amalyzing the changes in canal capac~
ity required for flexible (arranged and demand) delivery over that for
the rigid (continuous flow or rotation) delivery schemes.

Clement's Demand Formulas:

Clement (1955) has developed two formulas for analyzing the demand
requirements for irrigation. These formulas were developed for an irri-
gation project which used primarily sprinkler irrigation. Thus a par—
ticular field delivery point or quaternary unit has flow either on or
off for a given day. Glven that there are R dellvery points, the first
demand formula is used to find the number of users N such that the prob—
abllity of W or fewer users will be using the system simultaneously 1s
greater than some degired probability P_,. This 1s a supplier orlented
view since 1t considers a time frequency of meeting capacity. The
second demand formula finds the system capacity N such that the prob—
abllity of the user f£inding the system at capacity or busy when he wants
water (congestion) 1s less than some desired probability, P,. This 1s a
more user oriented view since 1t considers a use or demand frequency of
over capacity. Clement's first demand formula is

N = Rp + U YRpq (7)

where N and R are.defined above p 1s the frequency of irrigation, q =
l-p and U is defined from P, = w(U) where the function w 1s the normal
cumulative distribution function. This equation was derived by ini-
tlally assuming that the probability of a particular farm unit being
operated during a given day is described by a binowmial probability
distribution. A binomlial distribution assumes that the probability of
irrigating a given field on any particular day is independent of the
past history of irrigations. This says that an irrigation would be just
as likely today 1f we irrigated yesterday or a week ago. This does not
seem reasonable for surface irrigation. Next, it was assumed that if R
was large, that the bilnomial distribution could be approximated with a
normal distribution. This approximation 1s valid only for large R.
This formula supplies continuous values of N while in general, capaci-
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ties are usually discrete multiples of the delivery rate. Clement's
second demand formula is given by

N = Rp + U'YRpq (8)
where U' 1s found from
P, YRpq = ¥u') (9)
m(u')

where ¢(U') is the normal probability density function. Some values

for Y(U')/w(U') are given in Table 1. This formula was derived from a
binomial distribution as a Poisson pure birth/death process. Again for
large R, the binomlial was replaced with a normal distribution. Clement
recommends the first formula for R < 100 and the second for R > 100. It
is also noted that no accounting is made for the condition where when
demand 1s greater than capacity this excess demand must be handled in
later periods. Clement recommends that the second formula (Equations 8
and 9) be used with P, = 0.01. This also applies to the first formula
and the Pq must be very high, say 0.99.

Clement's formulas can be written in the terﬁinology of the previous
sectlon since by definition R = Af Ag/F, N = Qp P = F, g = 1-F, where

Clement's terms are stated to the left of the equal sign. Equation (7),
(8) and (9) becone

Qp = A, + U VA (1-F) (10)

Qn = Ay + U YA {1<F) (11)
T=Fy = ¥(u') :

Py VAg ) (12)

Thus the second term in Equatilons (10) and (11) represent the excess
capacity needed for demand.

Example:
Given a canal which services 2000 ha, with 10 ha per farm turnout, an
irrigation frequency of 1 day in 12 days and a farm turnout capacity of
200 1/s, what is the canal capacity required for continuous flow and for
demand from Clement's two formula with Pq = 0.99 and P, = 0.017
Glven: A = 2000ha, Aq = 10 ha, F = 1/12, Qq = 200 1/s
Calculate: Af = A/Ag = 200, A, = AgF = 16.67

Solution: For a continuous flow Qm = A, = 16,67 from Equation (6) thus
from Equation (3)

Q = QuQq = 200 1/s* 16.67 = 3,333 1/s

For Clement's first demand formula

@
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P = 0.99 = 7(u). From the normal cumulative distribution
tables, U = 2,324, From Equation (10)

Qq = & + U YAL(1-F) = 1.667 + 2.324_#16.67(1-0.083)
= 25,75
Q = 200 1/8*25.75 = 5,151 1/s
For Clement’s second demand formula

Y(u') . P, /Kn(1~F) = 0,01(3.909) = (0.0391)

m{u')

2.16 from Table 1.

]

this gives U'

Qq = Ay + UWA(IZF) = 16.67 + 2.16 /16.67(1-0.083)
= 25.11
Q = 200 1/s -25.11 = 5,023 1/s

It is clear that this high level of aystem performance (ie., less than
1% chance of not getting flow when desired) and flexibility has caused a
large increase in the canal size. However, the change in efficiency
that would often take place has not been considered.

The binomial (and then assumed normal) distribution used in the develop=-
ment of these formula which were derived for sprinkler irrigation do not
appear to be appropriate for surface irrigation. Also, Clement's for—
mulas are meant to apply only for relatively large scale systems (Af >
100) and for large performance measures (congestion of 1%). However,
lesser performance may be more appropriate for surface irrigation
systems, particularly where arranged schedules are used. A simulation
model was developed to simulate the demand for water under surface irri-
gation in order to test Clement's formula and to determine what actual
demand capaclities are necded. .

Surface Irrigation Demand Simulation:

Irrigation dates and amounts were determined by simulation for 60 fields
for 20 years with a modified version of the CREAMS model (Reinink 1985).
Weather data for the 20 year simulation was developed with program WGEN
(Weather Generator) based on the climate at Phoenix, Arizona. An arid
climate was chosen because it 1s more typical of areas which are water
short and in need of conservatlion measures. The 60 fields consisted of
combinations of 4 crops as shown in Table 2. Five soils with varying
water holding capacities as shown in Table 3 and 3 depletion levels,
namely 45, 55 and 65% of available water, at which irrigation was ini~
tiated. CREAMS uses dally values of water use so that only the day of
irrigation and the depth to refill the root zone 1s given as ocutput.

The crops were chosen to give a wide variety of consumptive use patterns
and still be typical of crops grown in the area. The ilnput to CREAMS
(rooting depths and leaf area index) was adjusted to give consumptive
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use values in agreement with those published by Erie et al. (1981), see
Table 2 and Figure 1. Soils were chosen to represent a varlety of water ‘hy
holding capacities (Table 3). A separate simulation model-was developed
to analyze the combinations of irrigations on dates during the peak use
period of June, July and August (Julian Days 152 to 243). The average
depth applied per irrigation was 113 mm {4.45 inch) with a standard
deviation of 42 mm (1.65 inch). No adjustment was made for efficiency
since only relative numbers are of significance. The average interval
between irrigations was 16.3 days (F = 0.061), the standard deviation of
average interval for the sites of 10.7 days. For the 60 sites, there
was an average of 3.43 irrigations per day or 6311 irrigations over the
92 day interval for 20 years.

The fields were taken in groups of two, three, four etc., up to 60 in
numbers by which 60 is evenly divisible in order to simulate canals
with different downstream service areas. This was done day by day over
the 1840 total days. The order (and thus groupings) of fields was cho—
sen randomly. Two sets of output statistics were collected. The first
was based on spreading the total demand for the canal over the 24 hour
period, thus depth applied would have a significant influence. The
second was based strictly on the number of fields being irrigated on a
particular day. The statistics collected included the time based fre-
quency of demand at a serles of capacities and the demand based fre-
quency at the same series of capacities. From this, the capacity
representing a particular value of cumulative frequency could be deter—
mined for comparison with Clement's formula. i

Many of the conditions represented by this simulation may be slightly
unrealistic in that they do not represent an actual location. However,
they may be viewed as a worst case situation since the variations in
conditions 1s more than usual. On the other hand, farmer timing of
irrigations would likely vary from that assumed here and thus more
overlap could occur.

The nature of demand is influenced by specific site conditions. If
capacities are based on supplying water for 24 hour periods, 7 days a
week and irrigators will only work daylight hours, 5 day® a week, the
canals will probably not be capable of meeting the demand. More serilous
is the problem of controlling a canal system under this form of demand,
but this is beyond the scope of this paper. Such practical con-
siderations, however, make arranged delivery schedules more practical
for surface irrigation than demand schedules.

RESULTS:

The results of the simulation model for a time based service freguency
of 80% is shown in Figure 2. The simulation model with variations in
applied depth and Clement's first formula are in very close agreement
over the full range of values. This indicates that the assumptions used
to develop this formula are reasonable even for surface irrigation.

However, there 1s some gquestion about the relevance of this formula as a P
service measure. Note that below a relative service area of approxima- -
tely A, = 0.45, the relative canal capacity drops below one. In fact, ‘ﬁ’

since the smaller canals are 1dle more than B80% of the time, their capa-
city goes to zero. This formula (and service measure) were probably
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never intended for such small service areas (eg, Ap <1). A procedure
was developed to adjust the frequency of canal demand being less than or
equal to some value for canals which would be expected to be idle even
under a rotation system (ie, Ap <1). A relative frequency, Py, 1s found
by adjusting the simulation time-based frequency, Pq, by the amount of
expected busy time, Ay, with

1-P
Ap = q

1""Pr (13)

Now the time—based frequency 1s found relative to the expected busy time
rather than total time, These regults are also shown in Figure 2. This
form of time based frequency 1s more user oriented as shown by the
increased capacity. This new frequency can be computed from Clement's
first formula. Suppose in our previous example, A = 600 ha or Ay = 0,5
with F = 1/12 and, Pq = 80% and U = 0.84, This would give Q = 1.069.
From Equation (13), solving for Pp

pp =1~ _"B4 oy - 170,80 _ 4 ¢
An 0.5

Thus the computed capacity of Qg = 1.069 will be adequate only 60% of

the time that the canal 1s expected to be in service. This adjustment
procedure is only valid for Ay < 1. It is not a very convenlent proce- 4
dure since Pr is found after the fact rather than being input,

The simulation model results for discrete demand are also shown in
Figure 2, where only the number of fields being irrigated is of concern,
Note that the line for continuous variations in demand falls through the
middle of the stailr stepping pattern, Also shown In Figure 2 are the
adjusted simulation results for Pq = 95% along with Clement's first for~-
mula over part of the range for comparison, Agreement 1s not as good
here as it was at Pq = 80%.

" The results of the simulation for a demand-based service frequency are
shown in Figure 3 along with Clement's second formpula. The capacities
from the simulation model at an 80% service level are significantly
higher than Clement's formula. This 1s neot too surprising since
Clement's formula does not consider any varlations in quantity or depth
delivered to each user, This variation can be removed from the results
if the distribution of depths is known, A cumulative probabllity of 80%
for this distribution occurs at 147.3 mm (5.8 inch). Thus the capacity
for a uniform application (and the same timing distribution) would be

in direct proportion to the mean or 113/147.3*100 = 76.7% of the simula~
tion output, These values are plotted in Figure 3 and show much better
agreement with Clement's formula, particularly at high A, values, The
stair stepping pattern for discrete demand is to the left of Clement's
formula, agaln indicating the effect of variations in demand quantity,
Note also that capacities for Clement's formula drop below unity, while
for the simulation they do not.

A comparison of the demand~based results of the simulation and Clement's
formula for demand service levels of 50, BO, 90 and 95 percent are shown
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in Figure 4. The results are considerably different from Clement's
second formula throughout the entire range,

DISCUSSION:

It was noted earlier that all the simulation results lie above @, = 1
while Clement's formulas have Qg ¢ 1. A relative canal capacity of 1
would normally be used with a rotation system. In fact, for a strict
rotation system, canal capacities would be in discrete increments of the
delivery rate, Q4, or would be integer values of Qp. Thus, rather than
the straight line (ie. Q; = Ap) of a continuous flow system, a strict
rotation system would have a stair stepping pattern. In this case as A,
approaches zero, Q, approaches one. This pattern is shown in all the
simulation results, even though this was not stipulated as a require-
ment. This makes sense since even the smallest :area to which water is
delivered should receive the design delivery rate, For Clement's for-
mulae, Q, approaches zero as A, approaches zero. Thus Clement's formu-
lae are not appropriate below Ay = 1, However, 1s 1t appropriate to
design canals in noninteger multiples of Qg for arranged and demand
delivery systems? If the delivery flow rate is fixed by policy, then it
1s not appropriate, However, 1f flexibility in flow rate is allowed,
then it makes sense since the farmers can order a flow rate which is
efficient for the current conditions. In some cases it may be above Qg4,
and in others it may be below Q3 so that flow in the canal can be split,

It should be emphasized that arranged and demand schedules can often
result in higher farm irrigation efficiencies. This of course depends
upon the capabllities of the farmers. Increasing flexibllity can make
canal operations more difficult resulting in lower conveyance efficien-
cles caused by the inabllity to uniformly distribute water., Automatic
controls can greatly reduce this problem. Without automatic controls,
conveyance losses due to regulation {(not seepage) for non—automated
canal systems with arranged schedules are on the order of 10-~15%. This
is generally as good as water 1s distributed in most rotation Bystems.
In general, the increase in efficiency on farm will offset the increase
in relative canal capacity. The tendency is for larger delivery rates,
larger quaternary canals, slightly larger tertiary canals and smaller
maln canals when comparing flexible (arranged) to rigld (rotation) sche-
dules. This analysls has ignored the fact that when congestion occurs,
those waiting for service potentially can cause more congestion in later
perlods, Thus the actual congestion 1s higher. We can assume that by
selecting a capacity with a simple probability of 1% congestion,
increased congestlion by this 1% will be negligible. However, for a
capacity at a simple probability of 50%, increased congestion 1s certain
to be significant and the actual congestion higher than 50%. This makes
the true capacity required for 50% demand service higher than indicated
here, thus bringing these capacity curves farther apart., The magnitude
of this shift in capacity has not been evaluated here.

Arranged schedules are used to reduce the capaclty requirements of a
demand schedule and to allow supply oriented operation of canals.
Arranged schedules are a combilnation of supply and demand orlented
systems, Different arrangement schemes allow different types and
degrees of flexibility., Earlier, the time based service capacities were
adjusted to account for canal non~use periods, a more demand oriented
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approach. Also, demand capacities were reduced by removing the fluc~-
tuations in quantities ordered, a more supply orlented approach. The
results of these two approaches is shown in Figure 5 for 80 and 95%
service measures, These two approaches are in reasonably close
agreement on required canal capacity, being different mixtures of supply
and demand orientation. Thus it may be reasonable to use these capaci-
ties for arranged delivery systems.

1t is difficult to judge what level of performance is necessary for the
efficlent operation of a canal system, It may be useful to compare
these results with the actual capacities of existing irrigation projects
with flexible delivery schedules, Figure & shows data from two dif-
ferent canal systems; the Salt River Project (SRP) in central Arizona
and the Wellton-Mowhawk Irrigation and Drainage District (W-M) in south-
western Arizona. Data for SRP was taken from laterals off the Eastern
Canal for 1978 acreages (Clemmens, 1974), The high relative capacities
are partially due to land which has been taken out of production by
urban growth, However, SRP capacities are still significantly higher
than W-M capacitles, BSRP operates on a more flexible schedule than W-M
with 1 day rather than 3 day lead times and fewer conflicts 1in arrange-
ment, However, with 3 day lead times, delivery within % 1 day can allow
arrangements to reduce peak demand. This 1s not meant to imply that
arranged schedules require long lead times. The arranged and demand
curves shown represent the simulation results for 90% service level for
the adjusted (with depth varlations removed) and original capacities.
Capacities for 80 and 95% service levels are only slightly different.
The Wellton Mohawk Irrigation and Drailnage District appears to have been
designed with an equation of the form Q = 30 + 0.01875A as a guide
{Slocum, 1980), When translated to the notation used here, with Qg =
425 1/s (15 ft3/s), W, = 11.33 mm/day (0.446 inch/day), aad A¢ = 324 ha
(800 ac) this equation becomes Q; = A + 2. This equation is shown in
Figure & along with some actual values for canals in the project, It
appears that the equation was used only for the larger canals (say Ap >
1.3) and probably rightfully so since the equation gave increasingly
better service for very small Ap. It appears that actual capacities for
small service areas may have been a little low, or at least representing
lower service capabilities than the larger canals. Capacity problems
have arisen for canals with small service areas. Even so, this project
operates very efficiently on an arranged schedule with flexibilicy in
rate, frequency and duration.

The arranged and demand curves at a 90% service level are shown in
Figure 7., Note that the arranged schedule only requires a small
increase in canal capacities over the raotation and continuous flow sche-
dules, These differences may easlily be overcome by increases in effi-
ciency for most lateral and maln canals. A demand system, however,
requires considerably greater capacities being 2 to 3 times (for Ap >

2) greater than that required for continuous flow., It is doubtful that
the flexibility offered could alone improve efficiencies that much,

Thus arranged systems can be justified by reductions in system costs and
lmproved operations, while expanding canals to handle demand may not be
easily justified. Farm reservolrs provide an attractive alternmative
when demand operation is required. Also shown in Figure 7 are the
design curve for W-M and the results of Clement's second formula

(Clement II) for Pg = 0,10 and F = 1/16.3. Note that Clement II falla
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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 for 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 1s reasonable, Clement II is
reasonably good at this service level from 0.2 { Ay < 2, with values 10
to 15% higher than the arranged curve for Ap > 2. The W-M design curve
is relatively good for A, > 2, For A, < 2 it gives overly conservative
results, The arranged curve can be approximated for simplicity by the
following

Qn = 1.6 Ag + 1 for Ay < 1
, = Ap + 1.6 for Ap > 1

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

Qn = 4 Ag + 1 for Ap <1
Qn = 1.5 An '+' 3.5 for An ] 1

which is also of a similar form.
SUMMARY:

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, Q, 1s expressed as a multiple (fraction) of
the design farm delivery rate and service area, Ap, 1s expressed as a
multiple {fraction) of the area for which the design farm delivery rate
could meet the dally 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, solls, and irrigation management strategles 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 (Q, < 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 capaclity curve, belng generally 10~15% higher.
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Finally simple canal capaclty equations were developed for both demand
and arranged schedules which are easy to use. These equations are in a
form similar to those used in the design of an existing irrigation pro-

Ject.

PERSONNEL: Albert J. Clemmens
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Table 1., Values of Y(U')/w(U') and n(U) for use in Clement's demand
formulas where P(U') 1is the normal probability density func~
tion and w(U) is the cumulative normal distribution function.

U or U' ¢(un)/n(u") m(U)
0.0 0.798 0.500
0.1 0.735 0.540
0.2 0.635 0.579
0.3 0.617 0.618
0.4 0.562 0.655
0.5 0.509 0.692
0.6 0.459 0.726
0.7 0.412 0.758
0.8 0.367 0.788
0.9 0.326 0.816
1.0 0.287 0.841
l.1 0.252 0.864
1.2 0.219 0.885
1.3 0,190 0.903
1.4 0.163 0.919
1.5 0.139 0,933
1.6 0.117 0.945
1.7 0,0984 0.955
1.8 0.0819 0.964
1.9 0,0675 0.971
2.0 0.0553 0.977
2.1 0.0448 0.982
2,2 0.0360 0.986
2.3 0.0286 0.989
2.4 0.0226 0.992
2.5 0,0176 0.994
2.6 0.0137 0.995
2.7 0.0104 0.996
2.8 0,0079 0.997
2.9 0,0060 0.998
3.0 0.0044 0.999
3.1 0,0033 0.999
3.2 0.0024 0.999
3.3 0.0017 0.999
3.4 0.0012 1,000
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{double croppad)

Table 2. Crops used in CREAMS model with rooting depths as input and
resulting consumptive use over 92 day pericd of Jume, July and

August, :

Effective Representative Consumptive Use

Craop Rooting Depth of 92 day period

inch o inch mm
Alfalfa 78 1.98 32.1 815
Cotton 60 1.52 26.1 663
Citrus 54 1.37 19.1 485
" Sorghum 60 1.52 26.7 678

Table 3. Solls chosen and water holding capacities for input to CREAMS
model.
Available water
Soil Type % mo/m in/ftr
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

O
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Cu SIMULATION
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Figure 1. Representative consumptive use during peak use peried of
June, July and August (Julian days 152 to 243) for the Four

crops used in the simulation.
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Figure 2. Comparison of canal capabilities for time (supply) based ser—
vice levels of 80 and 957 from simulation and from Clement's
first formula (Clement I).
0 ~ simulation data for P, = 80%
A - simulation data adjusted for idle time for P, =
80%
[] - simulation data for P, = 95% with data adjusted
for Ay < L.
DISCRETE ~ simulation results for integer increments
of canal capacity
o/
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Figure 3. Comparison of canal capacities for demand based service level
of 80% from simulation and from Clement's second formula
(Clement II).

0 -~ simulation data

A — simulation data adjusted to remove variations in
quantity ordered.
DISCRETE - simulation results for integer increments of
canal capacity
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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‘apacities for service levels of 80 and 95% for supply
based service levels adjusted for demand (ADJ SUPPLY) and for
demand based service levels adjusted for supply (ADJ DEMAND)

from simulation.
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Figure 6. Canal capacities from actual irrigation projects compared to
rotation, arranged and demand schedules, the latter two at
90% service levels.
0 — sample data from the Salt River Project
SRP - curve approximately fitting Salt River Project
data
A — sample data from Wellton-Mchawk Irrigation and
Drainage District
W-M - design guilde for Wellton-Mohawk Irrigation and
Drainage District
DEMAND - simulation results for demand service level of
90% L
ARRANGED - simulation results for adjusted demand service ~IV

level of 90% 7 :
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Figure 7. Canal capacity design relations.
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TITLE: CANAL OPERATIONS

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

INTRODUCTION:

The operatlon 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 conditilons
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 1s
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 incomlng discharge.
Existing control structures for waintaining 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' standpeints, that 1s, 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 1s, what will give the best
overall results. The 1dea 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 deliverles 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 assoclated
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 uniformities,

2) 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,

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

4) We will work on developing new gate control mechanisms for
malntaining constant flow at an offtake from a canal or reser-
volir,

RESULTS AND CONCLUSIONS:

1) Canal operations monltoring — 1In 1984 contacts were made with
two 1rrigation districts (Imperial Irrigation District, IID, and the
Wellton-Mohawk Irrigation and Drailnage District, WMIDD) for the purpose
of developing a cooperative research program to study canal operations.

The IID has an ongolng conservation program in which we plan to
participate. They are currently monitoring inflows and outflows from
about 50 filelds which are spread around the district, We planned on
concentrating on four laterals that were chosen for initial study. They
were chosen because of thelr 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 theilr district. We have
chosen two canals for cur 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, ll 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,
0f interest will be the differences 1in operation for these two districts.

2) Canal monitoring iunstrumentation - We surveyed a large portion
of the commercially available flow monitoring equipment and found it far
too costly (> 51000 per head). Generally the equipment is not simple to
install, requires a stilling well in many instances, requlres excessive
power to operate by battery for extended perloeds, and does not meet our
head-detectlon accuracy requirements (% .0l 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

it
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logging system (Easy Llogger by Omnidata) coupled with a bubbler/pressure
transducer system developed at the U, 5, 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 1s too
costly. The company is interested in developing a unit that includes a
single sensor/logger 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 1s §$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 slmulation 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
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 im 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 mechanlsm was devised and
tested, which will maintain a constant downstream discharge, which 1is
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 (S5RP). The site has an 8' wide
radial gate at the entrance to a channel which has a flume. Flow is
diverted from an upstream reservolr, Excess flow (in excess of what is
set for the channel) flows over a Cipoletti welr into a bypass channel.
Some 1initial testing was dome in 1984, The system appears to control
the downstream water level to within about * 3mm (or * 2% of flow).

This system has the potential for regulating the outlet of a reservolir,
in addition to farm or lateral offtakes from canals.
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SUMMARY AND CONCLUSIONS:

A study has been initiated to monitor the operation of individual
laterals in the Imperial Irrigation District and the Wellton Mohawk
Irrigation and Drainage District. The specific laterals selected were
chosen for thelr unique location within the district delivery system
relative to maln canal control structures, Initial surveys for instru-
mentation of all delivery points were completed.

To monitor a number of water levels in the same proximity, the most
economlcal approach includes the use of a recently introduced data
logging system from QOmnidata coupled with a bubbler/pressure transducer
system developed at the U.S. Water Conservation Laboratory. Plans are
belng made to evaluate the utility of this system for our canal moni-
toring program. We have worked closely with a number of companies in
encouraging commercial development of low cost, highly accurate instru-
mentation for measuring water levels. Bartex, Inc. 1s interested in
developing a unit that includes a single sensor/logger which mounts
directly on the side of the concrete lined canal. The system would be
easy to install in the field, would exceed our accuracy requirements,
and would have an expected marketing price of $750 or less 1if develop-
ment, manufacturing, and tooling costs were defrayed by the Government
or other interested parties.

Some preliminary studies on the relationship between canal capacity
and abllity to deliver water on demand or as arranged were completed. A
silmulation model was develaped to determine canal capacity requirements
for surface irrigation,

A gate controller was devised and tested which will maintain a
constant downstream water surface elevation. The controller 1s pawered
by the head upstream from the gate, hence requiring no electricity. The
downstream head setting 1s adjustable., A prototype system was set up
and tested in the laboratory and controlled the downstream water surface
to within + ] mm when experiencing abrupt upstream head changes. A
similar system was installed in cooperation with the Salt River Project
where an elght foot wide radial gate at the entrance of a channel was
controlled, The system appeared to control the downstream water surface
to within + 3 mm,

PERSONNEL:

A.,J., Clemmens, A.R, Dedrick, J.A. Replogle, R. Kapfer, J. Padilla, R.J.
Gerard, B.J., Fry.
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TITLE: FURROVW INFILTRATION: VOLUME BALANCE EQUATIONS

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

-

INTRODUCTION:

The methods developed here apply to determining infiltration under
furrow irrigation when the following information is collected for indi-
vidual furrows: inflow hydrograph, outflow hydrograph, furrow cross-
section, and flow depth hydrographs at a number of stations. The basic
scheme 1s to compute a volume balance at discrete time intervals. At
any given instant of time, the net volume of water that has entered the
furrow (and not yet run off) must be known. The computations are broken
into two parts. The first part 1s to compute the total volume of water
on the surface. This volume is subtracted from the net volume which has
entered the furrow, resulting in the volume Infiltrated. The second
part of the computations determines how the infiltrated water 1is distri-
buted along the furrow and thus determines the infiltration function or
equation constants.

SURFACE VOLUMES:

Many furrow shapes can be adequately described by a power function of
the form

B = Cy! (1)

— where vy 1s the depth, B is the top width, and C and M are empirical
constants. Not all furrows have a uniform cross—section with either
time or distance, thus the constants C and M should be allowed to vary
with either time or distance. Since surface volumes are computed at
discrete times, changes in cross section can be accommodated by simply
changing constances. However, since the volume between stations (where
depth and cross-section are measured) must be determined, some means of
determining intermediate values of cross sectional area must be found.
The approach taken here 1s to allow the top width at a given depth to
change linearly from one station to the next. Thils can be expressed by

B(y,x) - B{y,%;) X=x (2)
B(Y:xo) - B(YSx]_) B ¥y T X1

where x, and x; are the distances to stations O and 1 respectively, x is
an intermediate location and B{y,x) 1s the top width at depth y and
location x. Note that the constant C and M are defined only at x
x; and Equation (2) is solved for B(y,x).

o and

Since the depth of water in the furrow changes with distance, a method
for estimating the flow depth between stations must be used. Two
methods are presented here. The first assumes a power function of depth
with distance of the form

y -y x-x B
) = ! | (3)
""""" Yo~ Y1 %o - % '
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where y, and y, are the depths at stations 0 and 1 respectively and § is ‘h’
the usual surface shape factor. (In actuality yj; = y;(t), however

Equation (3) implicitly assumes a constant known time). When f=1, the

change in depth y with distance x is linear. When 8=0, y=y, between Xq

and x;+ The second method assume a power function of area with

distance, where

- - a
A Al _x Xl (4)

Ao ~ A1 x5 7 X

where A 1s the cross sectional flow area for a depth y, the subscripts o
and 1 are as previously defined and a 1s the area shape factor. Two
cases are consldered for the development of general equations. The
first case represents the tip cell of an advancing water front. The
volume balance can only be determined at times when the tip cell reaches
a known station. Defining this as station 1, we get y1=0 with y, a
measured value and 8 1s some positive wvalue greater than zero {(and
generally less than one). For the other cells of an irrigation stream
(second case) where 4] and Y, are poaitive values, a linear depth (or
area) profile is assumed wherein B=1 (or a=l). These surface volumes
are derived from

y(x)
Vg = le gB(y,x)dy dx (5)

Xo - i

Under the assumption of water depth as a function of distance and a uni-
form ecross section between stations O and 1, the surface volume is for
the tip cell

M1

Vg = (xy - x) o 1 for 8>0, y; = 0 (6)
Ml 1+ B(MFL)

and for the intermediate cells

(x1 - %) G2 - 2 fere=1 @)

Vg = c
(Y] - ¥,) (H1y (W 2)

A similar palr of equatiocns for nonuniform cross sections gives for the
tip cell

vy = (X M +1 M+ 1+ 1
LY + 82 Yo -8 Yo
MFL(LHBM+1)) (M A1 (24B(MFD)) (R 2+B(M,+1))

for 8>0, y; = 0 (8) ‘
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and for the intermediate cells

M +2 M +2 M, 12
v =(x1~xo){ C1y Oy (Y - Y1y4 Coy
5
(yomyy) J(M+2)(M1+1)  (yo=yp) M3 My+2 (yg~yy) (My+3)

Yy y ¥
o - 1 } o } for g =1 (9

M3 M +2

Y1
Note that flow is from section 0 to section 1.
A slmilar gset 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

M1

Vg = (xy — x,) Cyg 1 for >0, y; = O (10)

M1 1+a

and for the intermediate cell
Ve = (x - %) _C_ 1 (v, + y M a=1 (11)

Ml 2

For the nonuniform cross section, the volume for the tip cell can be
found from Equation (8) with a =B (Mj+1). 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 1s found from

M+l M+1
Vg = (%] = xo)é_ [ C1vy I Coyoio ] for a =1 (12)

M +1 M+

Equations (6) thru (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 1s distributed. Information on the
distribution of time and wolume are necessary to develop an infiltration
equation. In a previous work (1), I developed a method for estimating
an infiltration function from a volume balance on a single border. This
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method assumed spatially uniform infiltration characteristics over the ' “’
border. Separation of spatial characteristics 1s beyond the scope of

this paper as well, although these techniquez could be expended to

include some information on spatial variations.

If infiltration into the furrow 1s not a function of flow depth, then
the procedure developed for borders could be used with minor modifica-
tions. If the infiltration 1s affected by flow depth, the equation
developed for borders are inappropriate. The general procedure however,
is still appropriate. There are two main assumptions that the border
method uses to develop an infiltration function. The first is that
infiltration functions approximately follow a power function (at least
over short ranges). The second is that the average depth infiltrated
(over a given wetted distance and irrigation time) plus the associated
infiltration opportunity time for that average depth represent the
appropriate information to be derived from the analysis (and from which
to develop an infiltration function). The border procedure basically
starts by assuming a power function of the form

z = k1@ (13)

where z 1s the infiltrated depth, T is the opportunity time and k and a
are empiracal constants. It 1is assumed that the constants k and a are
the same over the entire border. The total infiltrated volume found
from previous computations at any given time 1s represented by o

Xa Xa
Vg = B [ Z(x)dx = Bk [ T(x)3dx (14)
o} [s]

where B is the border width and x; is the advance distance (reverts to
field length after advance is completed). The only unknowns in Equation
14 are k and a. Two equations are required to solve for the two
unknowns. However, an equation exists for each time period (i.e.,
advance time to each station during advance, and any other time during
continuing phase and recession times at each station). Thus each pair
of equations can be used to find k and a values. 1In the border proce-
dure, at each time period values for k and a were determined in com
bination with all previous time periods. Rather than some numerical
average of k and a, the values of opportunity time (from each k and a)
were found from the average infiltrated depth at that time, t, being

-Z-(t) mvz (t) (15)
Bx,

The opportunity times were then averaged to determine one point on the
infiltration curve,

For the border method, a direction equation (in summation form) was {f ’
found for the integral of Equation 14. Also, noticing that the constant "’
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k 1s removed from the integral (or summation) a short cut method was
‘{ developed to iterate on k and a separately, rather than simultaneously.
(Once a value 1s assumed for a, k is found directly). This method
proved efficient since the impact of variation in the value of a is not
dramatic. HNote also, that if k is a funection of x, even 1f k was
assumed constant over each furrow (or border) reach, there are more
unknowns than equations (during advance) and no solution for k(x) 1is
available. Allowing a to vary with distance adds further difficulties.

For furrows, this simple method may not be entirely appropriate
depending upon how infiltration is described. In any case, numerical
integration can be used to develop Infiltration constants by trial and
error. It would be convenient, however, 1f direct equations were
avallable, at least for special cases.

Furrow Infiltration

A'number of formulations for the effects of infiltration with depth have
been developed (2). The most complex 1s where each new area of soil
wetted as the water rises acts as 1f the 1infiltration just started.

Thus the (cross—sectlonal) area infiltrated (depth infiltrated times
width) 1s dependent upon the wetted perimeter, W

A, = [ 2(1y) ds (16)
W
(r where s is the distance along the wetted perimeter and 1y is the oppor-

tunity time at any location s along the wetted perimeter. Since the
change in depth over time does not follow a known simple functiom, this
development becomes extremely complex and a solution must be found
numerically. Note that A, replaces Bsz(x) in Equation (l4).

The next form for A, assumes that the filtration rate over the wetted
perimeter is constant and that the total infiltration rate, dA,/d;, 1is a
product of the point infiltration rate times the wetted perimeter

dAz = dZ(T) W(t)
i It (17)

Given the top width from Equation (1), there is no simple expression for
wetted perimeter., Thus the W(t) in Equation 17 would have to be found
by numerical integration.

One option would be to have a separate function for wetted perimeter.
The analysils would follow as for infiltration as a function of top width

or
da, dz(T) B(t)
TR T (18)
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Here B(t), or actually B(x,t), can be determined directly from y(t,x) : ‘Ji
and Equation (1). Equations for this assumed infiltration relation will
be developed after a brief discussion of the remaining methods.

More precisely, Equation (18) should be stated

daz(x)  dz(t) B(t,x)
g = (19)

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 {(x=0) top width or wetted perimeter

aa (%) dz(T) W,(t)

dac T de (20)
where Wy(t) = W(t,x=0) and

daz(x) dz(1) B (t)

- =5 (21)

where B,{t) = B{(t,x=0)., Similarly, it can be assumed that infiltration
is a2 funetion of some constant fixed depth. For wetted perimeter at

normal depth for the furrow inflow rate, Wy, . 3-‘i9
da,(x)  dz(1) y
—_— s o —— N
dt dr (22)
and for top width at normal depth, By
da (x)  dz(7)
T "ar B (23)

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 VYolume Balance Eguatlons

For the surface valume 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

x] by x)
v, = [ B(x,t)i(1)dtdx = [ A dx (24)

v h | (N
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for which the infiltration i1s assumed to vary with top width and where
. i(t) = dz(t)/dt. Now for the tip cell with a uniform cross section,
linear advance and a uniform wave front with shape factor B, this becomes

M a
Cyo ka (x] - xg) (t; - t,) for 8>0, y; = 0 (25)

]

Vaz

{BM+a) (BMtatl)

i

a (x] = xg) 2(t; = £o)B(xg,t))
(BM+a) (BMta+l)

where advance is from station 0 to station 1, and t; and t, represent
advance times, B is found from Equation (3), a and k are from Equation
(12), and C and M are from Equation (1). Over short times and reach
length these assumptions are reasonable.

For a nonuniform cress section with intermediate widths represented by
Equation (2), the tip cell equation becomes

Vz=-ak( X1™~Xg ) (t l*to) alclyoMl COyOHO ClyOHI
1 + -
(8My+a) (BMy+a+l)  (BMjta)(BM +a+2)  (BMj+a)(BM)+a+2)
. for A>0, y; = 0 (26)

For the border method, plecewise linear advance was assumed in the deve~
lopment of a general equation for intermediate cells. This was deve-
loped as a recursive equation based on shape factors. For an advancing
stream with N cells, the recursive equation for furrows would be (for a
uniform cross section and for section infiltration directly related to
top width, Equation 19)

N -
V()= a y (x17%q-1)
(BMta)(BMrat+l) 1i=1 ty-ty )

[( br-ty-)B(xy 1, tp)2(trty )

-(tI—ti)B(xi,tI)z(tI”‘ti):‘ (27)

where, I represents the current time, ty 1s the advance time to station
1 and ty_; is the advance time to station i~1. In general, this
equation does not hold since it assumes a constant known surface shape
factor over the entire stream and over the entire irrigation event.
This 1s too restrictive an assumption in many cases. It may lead to
erroneous results when the measured interior depths differ too far from
those computed by a power law (8) and the furthest upstream depth. In
actuality, the equation 1s only valid when advance 1s linear (not
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plecewise linear). This may lead to additional errors in that it assu-
mes a power law depth hydrograph as well., This may cause errors in .
relative infiltration from one time period to the next. ‘Thus this

equation should only be used for the tip cell and the cell immediately

behind it or when the top width effect on infiltration 1s constant over

the irrigation (i.e., Equations 20 through 23). An alternative equation

can be developed if we agaln assume plecewise linear advance and that

the change in top width is linear over each time increment. This second

agssumption is not realistiec for the tip cell or the cell immediately

behind the tip cell. Note that if infiltration is assumed to vary

according to wetted perimeter, then under this assumption wetted peri~

meter must vary linearly with time. The 1inaccuracy of using Equation

(27) for the cell behind the tip cell is less than assuming a linear

change in top width. Thus, Equation (27) can be used for these first

two cells (N and N-1). The alternative 1s numerical integration.

An equation for other intermediate cells can be found, when the top
width {or wetted perimeter) 1s assumed to vary linearly with time at a
glven station and with distance between stations at a given time, when
infiltration varies linearly with top width (or wetted perimeter), and
when infiltration follows a power function. This equation is wvalid for
either a uniform or nonuniform cross~section. Because of the change in
assumption on the change in depth with time from the first two cells to
the latter cells, only the change in volume over a given time interval
can be found. This equation is

kax | 8B(E1-1) [4°(at2)+4l(at1)] + ~1st O at
aVz(®y~xy_y, t7=ty1 )= Atx [: . {#°(at2)+¢ (a+1)} + B(xy-1,t1-1)8™(atl)

+ 8B(x4-)) { 8%at+2) + v(atD)}

BAE(atly
+ B[ . ¢l(at2) + 6%at3) - y(a+2) + (E1=t1.p) T(a+l)£}
(a+1)AtAt (a-i—l)AtAt At At

a

(28)
(Thls has not been checked numerically)
where t, is advance time (eg, t (xi) is the advance tiwme to %y, it is
simply called ty), &t; 1s the difference in advance time between x; and
Xqy-]1+ The terms in Equation (28) are defined as
Ata = ta(xi) - ta(xi_.l) =ty ~- ti""l
At = tI - tI_l

8B(ty.1) = B(xy,tr—1) = B(xy.p,t1-g)
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8B(xg~1) = B{xy_y,tp) = B{xy.p,tpp)

AB = AB(I:I) - AB(tI._l) = AB(xi)- AB(xi""‘l)

(tI - ti"l)a - (tI - ti)a
a

Y(a) =

olay=ltr=ty_y] 1lep=ts 11 =[eg=ty] }=legoyeg g1  {Tepog =ty 3] =lep)~t417 ]
a a

forn =10, 1, 2
Note that even though Equation (28) appears complex, that only k and a are
unknown. With an assumed value for a, AV, and k are linearly related,
making a solution for different values for k falrly straight forward.

The solution procedure used to solve for k and a 1s given in (1).

SUMMARY OF TECHNIQUES

The following methods of analyzing infiltration in borders and furrows

have been proposed ovr used to analyze infiltration. This section outli-

nes how the analysis techniques suggested here can be applied to each of

these methods.

1. Borders: Use Equation (27), with M=0 and B(x,t) = constant (e.g., 1
foot or border strip width).

2. Furrows where infiltration 1s not a function of depth:

Use Equation (27) with M=0 and B(x,t) = constant (e.g.,
furrow spacing)

3. Furrows where infiltration 1s a direct function of top width at nor-
mal depth for the inflow (QU), By (Equation 23):
Use Equation (27) with M=0 and B(x,t) = By = constant

4., Furrows where infiltration is a direct function of wetted perimeter
at normal depth for the inflow (Qp), Wy (equation 22):
Use Equation (27) with M=0 and B(x,t) = Wy = constant

5. Furrows where infiltration is a direct function of top width at nor—
mal depth for one half the inflow (Qo/2), By(Qo/2):
Use Equatiom (27) with M=0 and B(x,t) = By(Qo/2) = constant

6+ Furrows where infiltration is a direct function of wetted perimeter
at normal depth for one half the inflow (Qo/2), Wy(Qo/2):
Use Equation (27) with M=0 and B(x,t) = WN(QovZ) = constant

7. Furrows where infiltration is a direct function of top width at nor—
mal depth plus an empirical ceonstant of 0.7 ft:

Use Equation (27) with M=0 and B(x,t) = By 4 0.7 £t = constant
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8. Furrows where infiltration 1s a direct functlon of wetted perimeter .
at normal depth plus an empirical constant of 0.7 £t. (3):
Use Equation (27) with ¥=0 and B(x,t) = Wy + 0.7 ft = constant

For these first eight functions, the effective width 1s fixed for the
entire irrigation (both time and distance). Thus the cummulative
infiltration and infiltration rate functions are still in direct rela-
tion to one another. That is, this constant width can be multiplied to
either functional form. Now when the effective width changes with time
and distance, the situation is not as simple. Equation (27) applies to
the case of a rising water depth where the entire water surface profile
follow the same power function (Equation 3) for the entire irrigation.
Here the width can be multiplied by the cummulative infiltration func-
tion. However, as the depths drop durlng recession, not only does
Equation {27) not apply, but multiplying the cummulative function by the
top width is not reasonable, since at the end of the irrigation the
depth (and thus area infiltrated) would be zero. As such, Equation (27)
is only reasonable when B{x,t) is constant or for very short reaches and
time intervals durlng advance. In the latter case, B(x,t) must be
determined from the surface shape factor. Thus, when infiltration is
truely effected by width {and flow depth), some function of the width
must be multiplied by the infiltration rate rather than the cummulative
infiltration function. The remaining methods are based on the integra-
tion of width times infiltration rates as shown in Equation (24).

9. Furrows where infiltration is a direct function of top width at the .
head end of the field, B(x,t) = B olt):

Use Equation (27) for first two advancing cells. Thereafter,

Use Equation (28) with AB(t) = Q0 and AB

10. Furrows where infiltration is a direct function
at the head end of the field, B(x,t) = W (t):

Use Equation (27) for firat two advancing

Use Equation (28) with 3B(t) = 0 and 4B =

11, Furrows where infiltration is a direct funection
B(x,t) = B(x,t):
Use Equation (27) for first two advancing
Use Equation (28)

12. Furrows where infiltration is a direct function
perimeter, B(x,t) = W(x,t):
Use Equation (27) for first two advancing
Use Equation (28)

= 0.
of wetted perimeter

cells. Thereafter,
0.

of local top width,

cells. Thereafter,

of local wetted

cells. Thereafter,

13. Furrows where infiltration starts at time zero for each wetted

segment of furrow cross section:

Use numerical integration, since infiltration rate {over
cross-sectlion) depends upon entire history of cross—section
wetting (i.e. perimeter over depth hydrograph).
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While Equation (28) is based on a power function, similar equations can
be developed for other functilons. The additlon of a constant to the
cummulative infiltration function (as in Soil Conservation Service
Infiltration Families(3)) does not change Equation (2B) since it is
applied to the advancing tip where Equation (27) applies. The addition
of a constant term to the Infiltration rate equation adds only one addi-
tional term to Equation {28). For the cummulative infiltratiom function

7 = C + Ktd + bt (29)
Eugation (28) becomes

AV (tpmty_)=baxAt {B(xy, ty)+B(xy, t1  I4B(xy_ 1, t1)+B(xyy,tmy) }/4

+ terms on right hand side of Equation (28) (30)

For the case where the effective width changes with time but not
distance, {(i.e., methods § and 10), Equation (30) becomes

AV Ctr=ty_1)=kax[ B (ty.1)9%Ca+1)+{Bo(ty)=B (t1_1) H$%Cat2)+v(a+1)
w(Fr e gl Boler-)¢%(e {BoCer)-Bolt1) Siatnv(a }

+ baxat{Bo(ty)+ By(ty.1)}/2 ] (31)
Equation (27) can be applied to any infiltration functiom.
DISCUSSION:

In the development of equations and solutlon procedures for borders, k and
a were assumed constant over the whole field. This is not generally the
case. However, 1f k and a are assumed to be unknown for each distant
increment, then we have 2 times N unknowns, requiring 2 times W equations.
It may be reasonable to assume that k varies with location, while a is
relatively constant. In thils case, there are N+l unknowns and N equations.
Thus, a solution for the ky and a cannot be found during the advance phase,
but can be found after the start of the contlnuing phase. If a 1s assumed
beforehand, k can be computed during advance. However, this procedure 1s
subject to significant errors in the early part of the irrigation since the
surface volume at the tip cell is only roughly approximated.

SUMMARY 3

Equations for subsurface volume have been developed for infiltration under
furrow irrigation for a variety of infiltration/flow depth relation~-
ships. Also, developed are equations for the surface storage in the
furrow during an irrigation from measured water depths and cross-section
shapes. From this and measurements of inflow and outflow, the subsur—
face volumes over time can be determined and used with the subsurface
volume equation to determine infiltration equation constants. These
equations allow for variable furrow cross-section with distance and
several schemes for varying infiltration with flow depth. The potential
exists for determining the variation in infiltration constants with
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distance, but probably not to a high degree of accuracy. Thils work is
an extension of prior work in borders.
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TITLE: PROGRAM FOR COMPUTING FLUME RATING TABLES
NRP: 20740 CRIS WORK UNIT: 5422-20740-003
INTRODUCTION

Most struetures bullt for the purpose of measuring or regulating the
rate of flow (Q) in irrigation canals and natural streams consist of a
converging transition which guides the accelerating water into a throat
where it further accelerates to supercritical flow, and a downstream
transition where the flow veloeity is reduced to an acceptable subcriti-
cal veloeity (see Figure 1).

Upstream of the structure 1s an approach channel in which the water sur-
face must be sufficlently stable to enable a good reading of its eleva-
tion. Downstream Irom the structure is a tail-water channel, which is
fundamentally important to the design of the structure because the range
of tailwater levels that will result from varying flow rates determines
the elevation of the crest of the throat with respect to the tailwater
channel bottom, P2, ‘

The difference in elevation between the crest of the throat and the
water level in the approach channel is called the upstream sill-
referenced head {SH1). That part of the approach channel where this
water surface elevation is measured 1s called the head measurement sec—
tion or gauging station. The hydraulic theory of critical flow asso~
clated with long-throated flumes has been known for more than a century.
However, wost flumes require an empirical discharge coefficient or a
laboratory calibration in order to determine the stage—-discharge rela-
tion. A mathematical model was recently developed which allows the pre~
diction of thls stage-dlscharge relation and the related head loss
requirement, which 1s valild 1f the length of the flume throat, TL, is
long with respect to the upstream sill-reference energy head, Hl. The
model is accurate to +2% within the range 0.075 < H1/TL < 0.75. Such
measuring devices often are named "long-throated flume" and
"broad-crested weir”, which from a hydraulic point of view are very
glmilar. These loung-throated devices have a number of advantages over
other devices in terms of predictability, adaptability, low head loss
requirement, and relatively low cost. The purpose of thils article is to

provide a BASIC computer program useful for the design and calibration
of these devices.

The Model

For an ideal frictlonless fluild, there 1is a unique relationship between
the sill-referenced energy head at the head measurement section (Hl) and
the ideal rate of flow (QI) through a control section of known shape
where critical flow exists. A trial and error solution 1s necessary to
obtain a relationship between the slll~referenced head (SHl) and QI,
since the relationship between SH1 and Hl varies with the shape of the
approach channel. This trial and error solution is relatively simple
and converges quickly (convergence 1s actually performed on the critical
depth, YC, provided that the flow area in the threoat, AC, 1s less than
that in the approach section, Al). A flow chart of the procedure is
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shown in Figure 2, where Yl = flow depth in approach channel and TC = 0
top width of flow at the control section. .

For real fluilds, the discharge varles from that computed above due to
frictional energy losses, non-unlform velocity profiles and streamline
curvature, A mathematic model has been developed which will account for
most of these effects. This model i1s presented in a recent book which
also includes rating tables for standard flumes, design procedures and
construction methods (l1). This model is presented here in BASIC.

Other limitations are that the Froude number 1in the approach section
(FR1) be less than (.45 and that the ratio of convergence to the flume
throat (EN) be approximately 3 to 1 (horizontal to vertical). (For
variations on these limits, see Reference 1).

The model also calculates the energy loss across the structure required
for maintaining critical flow in the flume throat. This energy loss 1is
expressed in terms of the modular limit which 1s the ratlio of the
downstream to upstream energy head (H2/H1l) at which the tailwater level
begins to affect the stage discharge relationship. Modular flow exists
when the stage~discharge relationship is not affected by the tailwater
level. We recommend the use of either a sudden rapid expansion (EM = Q)
or a gradual expansion at between 4 and 6 to 1.

The Compubter Program

The program input is given in Table 1. The flume dimensional variables .
are defined in Figure 3. The data entered in line 90 define the cross-
sectional shapes at the three cross sections of Figure 3. Different
shapes can be used by modifying the functions for area, top width, and
wetted perimeter (lines 20 through 70). The second data line defines
the flume profile and the material roughness k (see Table 2). An
approximate roughness value 1s sufficient (e.g., within one order or
magnitude)} unless the roughness is relatively large {say 1%) with
regpect to the flow depth.’ The last data line (120) gives the initial
value of SH1 for which a calibration is desired, the increment for suc~
cessive values of SHl and the highest value of SHIL.

The input variable names were used to provide consistency between this
program, expanded program in the FORTRAN language and with the theory pre=~
sented in Reference (1). The program has been written to follow the com-
putational procedure presented in Chapter 9 of Reference (l1). The routines
used converge very rapldly for flumes which operate as intended. Thus the
relative error used to check convergence has been set very low. Typically
5 to 10 iterations are sufficient. When there 1s not encugh of a contrac-—
tion in flow area from the approach channel to the flume throat or not
enough expansion in flow area from the throat to the tallwater channel, the
routines used will not converge. A counter was added to these routines to
terminate execution after 100 iterations.

The output from the computer program includes a number of items of
interest., The input data on flume cross sections and profile 1is .
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repeated, along with additional calculated profile information. The
output table consists of; the head versus discharge relationship, SHIL
and Q; the Froude number in the approach channel, Frj; the ratio of
H}/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 alsa.)

SUMMARY:

A computer program has been written in the BASIC language which can be
ugsed to develop rating tables and asslst 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 1n that convergence routines
are improved and headloss and modular limit calculations were added.

The program listing with instructions for use are included.

B0OS, M.G., REPLOGLE, J.A. and CLEMMENS, A.J. 1984. TFlow Measuring Flumes
for Open Channel Systems. John Wiley & Sons, NY. 321 pp. (published)

Personnel: A.J. Clemmens and J.A. Replogle

Figure 1. General layout of a flow measuring welr or flume.
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START -

read
input

Y

initialize
Y1 and Al

Y

estimate . :
YC = 0,7 HY

Y

calculate
AC and BC

Y

compute

Qi

Y PaY

compute
H1

Y

£

compute
YC

save last
YC -value

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

SECTION 3 CONTAOL SECTION SECTION 2
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1
ie a2 i
LONGITUDINAL SECTION
SECTION ¢ CONTROL SECTION SECTION 2
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gauge  ramp length segtion 2

Definition of terms used as input data for computer program.
(* Not specified by user).
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Table 1. Input data for computer program. Refer to Figure 3 for defini- ‘
tion of terms. All dimensions in meters. .
Line :
90 Bl, Zl, BC, AC, B2, Z2
105 Al,, BL, TL, Pl, P2, EM, K
120 Start, increment, limit on value of 5il

Table 2. Absolute roughness of materials used in flume construction.

Range of K
Material Absolute Roughness Height in m
Glass 0.000001 - 0.000010 .
Metal ~ painted or smooth 0.000020 ~ 0.000100
- rough 0.000100 - 0.001000
Wood 0.000200 - 0.001000
Concrete - smooth troweled 0.000100 - 0.002000
-~ tough 0.000500 - 0.005000
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TITLE: EFFECTS OF NON-LEVEL PLACEMENT QN THE CALIBRATION OF LONG~-
THROATED FLUMES

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

INTRODUCTION:

Several flow measuring flumes have been developed by Bos, Replogle, and
Clemmens (1984) for use in irrigation canals and natural streams.
Smaller portable versions have also been developed for use in single
irrigation furrows for flow survey work (Clemmens, et al., 1984),
Rating tables showing stage-discharge relationships can be generated for
these flumes with a computer model described in Bos, et al., 1984.
Although rating tables have been generated for several standard-sized
flumes, any appropriately proportioned shape and size can be calibrated
using the computer model. The flexibility of this model allows irregu-
larities in field construction to be accommodated in the flume calibra-
tion by using post-construction field dimensions. The resulting rating
tables are accurate to within + 2 percent of the actual discharge
{Replogle, 1978).

A field condition not directly considered in the modeling procedure is
that of a sill crest which is not level in the direction of flow. All
modeling computations assume a level crest. However, field construction
and placement procedures frequently result in non-level crests that
affect the flume calibration. These effects were studied and guidelines
developed to minimize the net error that results from such non-level

. construction or flume placement,

Laboratory Procedure

To study the effects of a non-level s5ill crest on the flume calibration,
a small portable RBC flume (Figure 1) with a crest width b, = 100 mm
{Clemmens, et al., 1984) was tested on eight different slopes with four
discharges at each slope.

The energy relationship that allows cowmputation of discharge from the
flume dimensions requires knowledge of the sill referenced head hp,
which 1s the water surface elevation above the sill crest at a location
far enough upstream not to be in the major drawdown portion of the water-
surface profile over the sill (Figure 2A). For the RBC flume used, this
distance 1s 0.5b, = 50 mm upstream from the start of the ramp. A
sidewall gauge 1s placed at this location that is wmarked in discharge
unlts to allow direct discharge reading by observing where the water
surface crosses the gauge. Exilsting theory an effects of non~level
flume placement suggests that a translocated stilling well for the hy
measurement be placed as close as practical to the control section on
the s8il]l with tubing connecting it to a pressure tap at the sidewall
gauge location. Thils translocating of the stilling well ig expected to
minimize the error from non~level flume placement.

Downward slopes in the direction of water flow are defined as positive

and upward slopes are defined as negative. Negative slopes are also
. called adverse slopes. Eight slopes were selected at + 1%, +1.6%,

+2.6%, and + 3.6%4. Four discharge rates were uged that represented the
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middle range of discharges normally measured with this style and size of
flume. The flow range for this flume is 0.2 to 8.7 1/s. The flows
tested ranged from 2.04 to 4.03 1/s. This represented an H/L range of
0.31 to 0.45 (H is the total upstream head and L is the crest length in
the direction of flow). This relatively narrow test range was somewhat
dictated by laboratory limits on detectlon sensitivity at low flow
rates, and on flow gurface instabilities at the higher ranges that
significantly masked the effects we were trying to observe. Each
discharge rate was established using a welgh tank and a stop watch and
with the flume in a level position., 8§11l referenced head readings hy
were then taken from the translocated stilling well and the flume
adjusted to each of the eight slopes before the discharge was changed.
The h; readings were used with the stage~discharge rating table to get
the "apparent” discharge for each slope for comparison to the laboratory
calibration as measured by the weigh-tank procedure. The laboratory
measurements for all slopes are listed in Table 1, where h; is the sill
referenced head as measured in the traunslocated stilling well that was
mounted at the outlet of the flume, Figure 2. The apparent discharge Qg
obtained from the stage—~discharge rating table as 1f the flume were
level 15 listed with each h; reading. For example, i1f the flume were
arbitrarily placed in the field to measure discharge and was unknowingly
placed at a slope of +2.6%, and the user read 54.3 mm at the translo~
cated stilling well, assuming the flume to be level, he would determine
from the rating table that the flow was 2.79 1/s. This is the apparent
digcharge, Q,. The laboratory data in Table 1 show that for a slope of
+ 2.6%, and Q; of 2.79 1/s, the weight-determined discharge Qy is 2.62
1l/s. Had the flume actually been placed level, the user would have been
expected to closely approximate Qy. This error in the reading was
calculated in the usual manner, that is,

E= Oy-0y x100=_2.791/s - 2.62 1/s x 100 = 6.5%
— 2.62 1/s

The discharge~reading error, E, as a function of Qy for the eight slopes
tested are shown in Figure 3.

The error in discharge measurement from a non-level flume is magnified
and reversed in sign if the discharge is read from a wall-mounted gauge
placed near the stilling well tap location (Figure 1}. If our hypothe-
tical user from the previous example had simply read this gauge instead
of uwsing the stilling well h; reading, he would have read a Q, of 1.99
1/s which is 23.9% less than Qy. (This reading for Q, is geometrically
conslstent with the translocated stilling~well reading using the direct
geometric relation between the stilling well and the gauge location due
to the slope). This error that would result from reading the sidewall
gauge in a non~level position is shown in Figure 4 for the slopes and
discharges tested. A4lso shown in Figure 4 are the computer model pre-
dictions of the deviations from the level-flume readings after certain
geometric adjustments, described below, were luncorporated to account for
changes in the approach channel area and for the shift in the zero-
reference for the wall gauge. This will be mentioned in more detail
later. Note that the predictions are better for the adverse slopes.
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Comparison of Figures 3 and 4 shows the relative advantage of using the
translocated stilling well to determine the discharge rate-through these
portable flumes.

ANALYSIS

When the flume i1s placed in a non-level position, several changes occur
in the calibration that are not fully accounted for in the computer
model. There are two strictly geometric changes that directly alter the
flume calibration. Both the h; measurement as read from the translo-
cated stllling well and the upstream approach channel area are changed.
If the slope of the flume is known, these geometric changes can be
accounted for mathematically. Another change that alters the flume
calibration is an apparent movement of the control section on the sill
crest. The control section as used here is defined as the section
across the flow through which downstream disturbances are not transmitted
upstream and usually appears to occur at about one-fourth of the crest
length from the downstream end of the s1ll on a level flume. However,
it 18 suggested that the control section changes position when the flume
is sloped (Bos, et al., 1984). This was investigated by using the
laboratory calibration data at the known slopes and comparing these with
calibrations produced by the computer model with the geometric adjust—
ments for slope lncorporated.

A profile of a level flume crest is shown in Figure 2A where hjy 1s the
sill-referenced head at the gauging station that is also reproduced in
the translocated stilling well when the flume 1s level, and P 1s the
s1ll height., Figures 2B and 2C illustrate approximate profiles of
sloping flumes. Figure 2B shows the relationship between the measure-
ment error 4h; (that results when h; 1s read directly from the stilling
well), the apparent head reading h,, and the sill referenced head hy, or

hy = hy = 8hy
Expanding this simple expression in terms of the slope angle ¢,

hy = hy cog $ + Dp sin ¢ for the adverse slopes,
and
hy = hy; cos ¢ = Dg sin ¢ for the positive slopes,

where Dp 1s the distance from the stilling well centerline to the
control section, Figure 2A.

The stilling well head readings, h,, were adjusted for the slope
regsulting in the h; values which were used with the stage~discharge
rating table to determine the discharges. The remaining deviation from
the laboratory calibration is shown in Figure 5. Comparing Figure 5
with Figure 3 shows the reduction in error of the indicated discharge
rate due to simply making the geometric adjustments for a known
installed slope. The errors plotted in Figure 5 appear to be random and
within + 2% for small positive slopes and for all of the adverse slopes
for the higher flow rates shown. This same trend is expected to con-~
tinue to yet higher flow rates,
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Figure 2C shows the increase in the upstream approach channel area for .
an adverse sloping flume. The sill height, p;, is increased relative to

the gauging station. Conversely, this area and the s8ill height decrease

for positive slopes. Since the sill height for the flume tested was 50

mm, the adjusted sill height, p;, is

p; = 50 mm+ D, sin ¢ for the adverse slopes,

and &

P = 50 om - D, sin ¢ for the positive slopes,

g
where Dy 1s the distance from the gauging station to the control sec~
tion, and ¢ is the slope in degrees.

Having applied the mathematical adjustments for the geometric changes in
the flume, the remalning deviation from laboratory calibration was
accredited to movement of the control section along the sloping sill.
When the flume 1s placed at an adverse slope the control section is
thought to move downstream, and conversely, for positive slope, it is
believed to move upstream (Bos, et al., 1984).

The suggested geometric adjustments for h; and p; were made assuming
that the control section was at one-fourth of the crest length from the
downstream end of the sill. 1In Figure 2C, which shows a flume on an
adverse slope, visualize the control section sliding up and down the
5111 from the originally assumed quarter—point location. As it moves
toward the upstream end of the sill, h; increases and p; decreases in .
magnitude. In order to evaluate this possible control section movement,
the h; and p; adjustments were computed for four locations on the sill
and these values then used in the computer model for further comparison
with the laboratory calibration. Locations, A, B, C, and D are indi-
cated in Figure 6. The discharge deviations from laboratory calibration
are shown for an example slope of + 3.6% 1in Figure 7.

In Figure 7, note that the curve corresponding to a control section
location at point B crosses the zero—error line at a discharge rate of
approximately 2.6 1/s. This means that the computer—-model prediction
would closely match the laboratory calibration at this discharge and
control section location. Curves A through D in Figure 7 represent a
family of curves, each corresponding to a point on the sill. For
example, at the weighed-discharge rate of 2.04 1/s, there is a point on
the s11l, in this -case between points A and B, that 1f used in the com
puter model would produce a zero-difference calibration value. This
curve 1s shown as a dashed line in Figure 7. Similarly, following the
zero-error line from the weight-discharge rates of 2.04 1/s through 2.62
1/s to 4/0 1/s, the point on the sloping sill Tequired to match the
laboratory calibration can be determined. In this way the assumed
control section movement can be traced on the sill for the range of
flows tested. For example, at the illustrated slope of + 3.6%, the
control section appears to move from a point approximately midway bet-
ween points A and B at the lowest tested flow of 2.04 1/s to a point
approximately midway between points B and ¢ at the highest tested flow
of 4.0 1/8. The control section thus appears to move downstream with .
increasing discharge at any fixed positive slope as shown schematically
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in Figure 6. The apparent movements for five other slopes, determined
in a simllar manner, are shown in Figure 8. -

Notice in Figure 8 that for an adverse slope the control section moves
upstream with increasing discharge and for a positive slope the control
sectlion moves downstream with increasing discharge., Also, the movement
of the control section is less pronounced for adverse slopes than for
positive slopes as indicated by the smaller range between the control-
section locations for the low and high test-flow rates.

The concept of control-section movement appears to explain the
deviations between level-flume calibrations and those with only simple
geometric adjustments for sloping flumes. Although the control section
seems to move with changing discharge, the effects are much less sig-
nificant on level flumes because py; and h; do not change with control-
section movement. It should be pointed out that the apparent locations
of the control sections shown in Figure 8 should be regarded as approxi-
mate because the procedure necessary for thelr locations is not precise.
For example, for the narrow range of flows tested, the location for the
level flume seems to deviate substantially from the assumed downstream
quarter—point. It is because of these imprecise procedures, however,
that no great significance is placed on the exact control section loca-
tion as shown, but rather on the relative locations throughout the range
of slopes and discharges. Thus, the original quarter-point assumption
1s retained,

DISCUSSION:

The laboratory data show that a non-level flume crest can cause large
errors in discharge measurement, particularly when the sidewall gauge is
read on the portable RBC flume (see Figures 3 and 4). Mathematical or
calibration corrections can only be applied when the slope is known. In
practice, slopes are a result of construction or placement errors that
may not be known to the user. Therefore, user guidelines or techniques
need to be employed to reduce the chances for non-level flume placement,

For proper employment, the sill-referenced head hy must be measured with
reference to the control section on the sill crest. As mentioned pre-
viously, this control section is generally assumed to occur at about the
quarter~point from the end of the 5ill crest. This is a reasonable
agsumption for level flumes. However, as shown in Figure 8, the contrel
section appears to move considerable when the crest 1s not level 1in the
direction of flow. 1In the case of a positive slope, the control section
can appear to move to the extreme upstream end of the si1l crest at low
discharge rates. Methods of head detection that minimize these slope
effects are desirable., If a stilling well could be placed directly on
the 8111 at the control section, and could move with the changes in the
controll~section location, the h; readings would be correct for all slo-
pes and flows., Thils was essentially the mathematical adjustment process
that was applied to the h; and p; values. Obviously, placing the
stilling well at the control section would disrupt the straight line flow
required for proper flume functioning, although, suspending a vertically
movable cup above the flow has been successfully employed on larger spe-
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clal purpose portable flumes (Replogle, and Clemmens, 1979). Attempting
to move such a suspended cup in a horizontal direction to follow the
assumed control section movement would appear tc be impractical. For
these reasons the stilling well in the portable RBC flumes 1s placed as
close to the assumed control section as practical. When the stilling
well is placed on the centerline of the flume near the downstream end of
the sill crest, the effects of non~level placement are reduced and the
stilling well is far enough beyond the control point to cause no detec~
table back pressure effects, 1f its diameter is less than about 25% of
the crest width (Clemmens, et al., 1984). Figure 3 indicates that even
with a translocated stilling well, discharge measurement errors are
still in excess of the desired 2% accuracy with only a 1% slope, which
i5 about 6.1 mm rise over the 610 wm length of the flume. To assure the
possibility of 2% to 3% accuracy it 1s recommended that the flume be
leveled with a carpenter's level in both directions, i.e., parallel and
perpendicular to the f£low direction, and that the translocated stilling
well be used to determine the h; readings. Only when larger errors can
be tolerated should the flumes be leveled by eye and the discharge read
from the wall gauge in the usual wall-gauge location. Refer to Figure &
to gain an appreclation of the probably magnitude of error obtainable by
iwproper placement. WNote that adverse slopes cauge larger deviations
than equivalent positive slopes when read from the sidewall gauge, but
that the reverse situation exists when read from the stilling well,
Figure 3.

Some of the effects of longitudinal slope can be averted by placing the
translocated stilling well on either side of the flume, but at the
assumed control-section location at the quarter—-point ian the longitudi-
nal direction. This would eliminate the Ah adjustment (Figure 2B, 2C),
provided that cross slope were carefully controlled.

In an irrigation canal with a permanent flume 1t is desirable to read
the discharge directly from the sidewall gauge. Because of the per—
manency of the structure, slight sidewall construction irregularities can
be compensated for in the wall gauge placement. To minimize these
errors the wall gauge should be zeroed to the flume crest by use of a
surveyor's level. Additionally, the rod reading should be calculated
for the most commonly expected discharge. The wall gauge may then be
readjusted slightly at that discharge reading level. This will assure
highest accuracy at common flows and relegate the larger discrepancies
to lesser used ranges of the gauge. Crest levelness and wall gauge pla-
cement are the two most critical considerations in flume construction
{Bos, et al., 1984).

SUMMARY AND CONCLUSIONS:

Tests were conducted to study the effects on the calibration of long~
throated flumes caused by non-level placement or construction, and
guldelines were developed to-minimize these effects. Mathematical
adjustment for the non-level, sill-referenced head h; and apparent sill
height p;, were used as input into a computer model for recomputing
flume calibrations. Deviations from the original level calibration
could be accounted for by reasonable shifts in the location of the
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control section on the sloplng crest that in turn resulted in adjusted
sill~height, p;, and head, h}, values. The procedure for these adjust-
ments produces an approximate mapplng of the control section movement
for positive and adverse longitudinal slopes for various discharges. 1In
general, the control sectlon apparently moves upstream with 1ncreasing
discharge for adverse slopes which causes less deviation from the level-
flume calibration than positive slopes.

This study provides quantitative support to previously qualitative
recommendations, tending to confirm the assumptions and construction
recommendations suggested by Bos, et al., 1984, for long-throated flumes
in general, and for portable flumes in particular. These guidelines for
flume placement to minimize the chance of discharge~reading errors
caused by a non-level sill crest are:

A. Portable RBC flumes:

l. VUse translocated stilling well for head, h;, measurements,
whenever practical.

2. Level the flume with a carpenters level in the directions
perpendicular and parallel to the flow.

B. Permanent cast-in-place flumes:

1. Zero the sidewall gauge to the flume crest using a sur— -
veyor's level, or equlvalent means.

2. Take speclal care during constructlon to assure a level sil1l
crest.
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TABLE 1. Laboratory calibration, Qy, end apparent discharge, Qa, at various slopes.

(Head Readings and Corresponding Discharges)

SIODBE et e ettt e e e e e e e e e
+3.6% hy (mm)=  49.8 95.5 61.0 68.0
Oa( i/s)= 239 2.90 3.45 4.20
+2 6% h,(mm) = 48.8 24.3 60.3 £68.0
Qa( I/8)= 231 279 3.37 420
+16% h[(mm) T e 23.8 59.5 67.0
Oa( 1/8) = ====m 2.74 3.29 4.09
Oa( I/s)= 214 270 3.27 403
0.0% h 1 (mm) = 46.0 525 58.5 £6.0
Qa( I/s)= 2.08 2.63 3.17 3.98
-10% hi(mm) = 450 S51.3 78.0 66.0
Qa( I/s)= 200 2.54 312 3.98
-16% hitmm) = 445 91.5 57.8 65.5
Oa( I/s)= 1,96 2.54 312 3.92
-9 6% h,(mm) = 443 51.0 57.3 63.5
Qa( 1/s)= 1.94 2.00 3.07 3.92
-3.6% hy (mm) = 44.0 50.8 57.0 65.3
Qa( 1/s)= 192 2.48 3.05 3.90
0% Lab. n](mm) = 460 2.9 58.5 66.0
Calibration q (1/5)= 204 2.62 403

321
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Figure 7:

DISCHARGE, 1/s

Discharge deviations from laboretory catibretion for an
example slope of +3.6% after geometric adjustments

for the slope. Note that for a selected discharge of

21/s (Qw/Qmax = 0.235), zero deviation lies between @®

A and B (Figure 6).
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Figure B: Relative locations of control section for high flow
rates (H) and for 1ow flow rate (L) for various slopes.
The most usual apparent location of the contral section
is indicated by the black square dot.
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TITLE: SURFACE WATER DRAINAGE FROM LEVEL FURROWS
NRP: 20740 CRIS WORK UNIT: 5422-20740--004

INTRODUCTION :

Level~basin irrigation involves applying water to a level ground area of
any shape, which 1s surrounded by a dike or other control barrier. In-
herently, irrigations on basins are uniform and efficient when the basin
system has been properly designed and leveled and the soil is uniform
throughout the basin. Traditionally, basins are irrigated by turning a
desired water volume 1into the basin where it is confined until infil-
trated. By configuring the supply channel properly in relation to the
basin surface, water can be drained from the basin to effect lighter
applications per irrigation. In many instances light applications are
desirable to maintain high efficiencies (limited water holding capacity
of sandy soils) and optimum soll, water, and air conditioms for plant
growth (low final intake rates on heavy clay solls can cause serious
aeration problems).

The purpose of the project is to quantify the surface drainage phenome~
non by a series of fileld studies., The studies will provide a data base
for hydraulic modeling verification and guldelines for designing and
managing such systems.

FIELD OPERATION:

The mwain difference between the surface-drained level basins and conven-
tional level basins 1s the way in which the water 1is conveyed and dis-
tributed to the basins. With conventional level basins, the water 1s
turned into the basins from a canal or pilpeline controlled with gates.
With row or bed crops, secondary (temporary) ditches or channels are
used to spread and divert water into the furrows. Once the required
volume of water is applied to a basin, the gate 1s closed and the irri-
gation 1s complete,

In the surface-drained level-basin system, the canal not only conveys
the water to the basin but 1s also ugsed to spread and divert the water
directly to the basin surface. The canal can be either 1lined or
unlined, depending on the specific requirements of the user. The system
consists of a series of level basins, each irrigated separately by
checking the water in the channel or canal reach bordering the basin to
be irrigated, Fig. 1. The channel 1s used only for conveyance when the
water 1s not checked. When not checked, the water surface is below the
basin surface or bottom of the furrow, Fig. 2. The hydraulics of the
water control within the channel or canal i1s similar to that described
by Garton, et al. (1964) and Taylor, et al, (1982), where spiles (pipes .
through the side of the canal) and side weirs were respectively used to
turn water out of the canal. The unique difference between those
systems and the one described herein 1s that the outlet from the channel
is the furrow itself. Laser—controlled leveling (Dedrick, et al., 1982)
provides the precision needed to use the furrows in this manner.

The irrigation of the separate basins can proceed either in an upstream
(basin 4 to basin 1, Fig. 1) or downstream (basin 1 to basin 4) direc~
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basin until infiltrated. This 1s similar to the traditional way in
which basins are ilrrigated in that all water Iintroduced to a basin stays
in that basin. If, however, the irrigation progresses in a downstream
direction, some of the water applied is drained back into the supply
canal when the irrigation is changed to a lower-lying basin. This
results in net irrigation application depths that are less (by the
amount drained from the basin or furrow) than when done in the conven-
tional manner. For more detail, see Dedrick (1983) and Dedrick (1984).

tion. If upstream, then the water applied to a basin remains on the .

EVALUATION OF AN ACTUAL SURFACE DRAINING SYSTEM:

In September 1983, an irrigation was evaluated on a farm where the sur-
face water drainage scheme was being used. Water surface elevations,
shown in Fig. 2, were actual elevations measured while irrigating a
basin. Specific field statistics and measurements made were:

Basin Size: length 180 m (590 ft), width 150 m (490 ft), area 2.7
ha (6.6 acres)

Crop: Potatoes ‘

Number of Furrows: 173

Row Spacing: 86 cm (34 1in)

Irrigation Time (Time between when water first entered the furrows
and when the check gate was opened): 36 min.

Flow Rate: 650 L/s (23 £ft3/s)

Flow Rate per Furrow: 3.76 L/s (0.13 ft3/s, 60 gal/min)

Water Applied, depth (gross until cut—off): 53mm (2.1 in) .

Furrow Surface: Smooth

Water Advance Time: 35-45 min depending on furrow

Maximum Furrow Depth: 21 cm (8.2 in)

Maximum Water Depth in Furrow: 15.2 em (6 in)

Four furrows were studied in detail during the irrigation to estimate
the proportion of water drained once the water was changed to a lower
basin. Quantity of water infiltrated along the furrows was estimated

by opportunity time and infiltration characteristics determined from
blocked furrow infiltrometer studies conducted just prior to the irriga~
tion. The volume of water in the test furrows was estimated from the
furrow cross-section and the water surface readings taken at various
locations along the furrow throughout the irrigation. The volume of
water drained from the furrows was determined by the difference between
the volume stored in the furrows at the time of change and the infil-
trated water from the time of change until recession was complete. The
average volume of water in the four furrows ranged from 4.25 to 4.80 o
which was equivalent to water depths of 27.5 and 31 mm. The portion
that infiltrated ranged from 2.40 to 2.85 m. Thus, by subtraction, be-
tween 40 and 45 percent of the water in the furrow at the time of change
drained back into the supply channel.

Looking at two furrows in more detall, Fig. 3, the amount of water
stored in a furrow at the time of switch, ranged from nearly 40 omm
equivalent depth at the inlet of the furrow to about one—-half that
amount at the far end of the furrow. As expected, the amount of water .
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drained from the furrows decreased with distance from the inlet, ranging
from about 707% at the inlet to about 30 to 50% at the far end of the
furrow, The equivalent depth of water drained was 12 and 13 mm for the
two furrows. TFor these individual furrows, the net depth applied was
about 40 or 41 mm (53 mm [gross applied] less amount drained), which is
about 25% less than if the drainage had not occurred.

The exact proportion of water golng to infiltration and drainage will
depend on the intake characteristics of the soll, length and cross-
section of the furrow, volume and distribution of water in the furrow at
the time of cutoff, and surface roughness. The information presented in
Fig. 3 illustrates only the surface drainage aspect of this irrigation
scheme which can lead to light applications. As with any irrigation
method, light applications must be uniformly applied. WManagement guilde-
lines will need to be perfected to assure the desired unifermity of
application for specific field conditions. Eventually, the entire irri-
gation, both inflow and outflow, will be modeled.

ADDITIONAL, STUDIES *

Equipment has been developed to more accurately study the irrigation/
drainage process for level furrows. The key difference in these studies
and those reported in the previous section 1s that the inflow and
outflow are recorded for individual furrows.

The inflow to each furrow can be regulated to a desired flow rate by the
use of an inlet box consisting of a globe valve, stilling baffle, and
small modified broad-crested welr (Clemmens, et al., 1984). A submer-
sible pump 1s used to supply the water to each inlet box and furrow. By
carefully measuring inflow and holding it constant, a volume-~balance can
be performed as the water advances along the furrow., This information
can then be used to develop an intake function for the furrow directly
rather than inferring it from infiltrometer studies.

A speclally designed portable broad-crested welr was constructed to mea-
sure the water as 1t drailns out of the furrow. Measuring dralnage
directly provides a volume balance check on the furrow during the drain-
age stage. The flume used to measure the drainage was designed to
approximate the furrow cross-—section so that the flume was nonrestric-
ting to the drainage process, e.g., outlet of furrow free~draining.

Water depth along the furrows 1s recorded automatically by adapting the
bubbler/pressure transducer system reported by Dedrick and Clemmens
(1984) and Clemmens and Dedrick (1984). Bubblers are located at
selected stations along the furrow (furrow inlet, 5, 10, 20, 30 m, and
at every 30 m thereafter) to adequately define the water surface profile
during a test. Compressed air, at about 70 kPa (10 psi), 1is supplied by
an alr tube common to all bubblers, Fig. 4. Alr flow rate to each
bubbler is controlled to about three to five bubbles per second by a
flow control valve. A sensor tube was teed to the bubbler tube near the
flow control valve. The sensor tube leads back to a data logging center
lecated at the end of the furrow. Data logging was accomplished by
using an expanded version of the HP41CV controlled system described by
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valve are used to calibrate the pressure transducer. The other stations
are used to sense the furrow bubblers via the sengor tubes. The sta-
tions are repeatedly scanned, taking about five seconds per station,
with the transducer voltages recorded on a cassette tape.

Clemmens and Dedrick (1984). Three stations of a 24-station scanning .

The furrow bubblers are mounted permanently in furrow stilling well
assemblies {cups constructed from 7.5 em [3 in] diawmeter PVC pipe capped
on one end.) The bubblers are constructed of copper tubing. The bubbler/
stilling well assembly 1s buried slightly below the furrow bottom at the
various sites to be sensed along the furrow. Plastic tublng is used
from the flow control valve to the copper tubing. Water depth in the
furrow is calculated from the head sensed by the HP4ICV system in con-
tunction with field~surveying the furrow bottom and top of the burled
stilling well. -

Equipment has been developed to study three furrows simultaneously. The
equipment 1s adaptable to any furrow evaluation, e.g., draining or not
draining, surge, etc.

RESULTS :

The equipment and fleld procedures for studying surface drainage from a
level furrow were developed during 1984. A field crew of three or four
_persons 1s needed to prepare and conduct tests on a set of three
furrows. Data reductlon programs are being developed to provide i
infiltration functions, water surface profiles, advance, recession, .
water drained from the furrow, distribution of the amount drained along
- the furrow, and final irrigation uniformities.

Twelve level furrows, 180 m long, were studied at the Maricopa Agricul-~
tural Center during 1984. The tests were used mainly to develop field
procedures. A serles of tests on three furrows should provide useful
data for future analysis. These data have not been analyzed for inclu~-
sion 1n this report.

The bubbler/pressure transducer concept for sensing water depth along
the furrows has application whenever multiple water level recordings are
needed. Two additional applications being used here at the U. 5. Water
Conservation Laboratory include monitoring open channel water delivery
systems and ring infiltrometers.

SUMMARY AND CONCLUSIONS:

A project has been initiated to study surface drainage of level furrows
lmmediately following an irrigation {water advance). The main purposes
of the study are to quantify this surface drainage phenomenon by pro-
viding a data base for hydraulic modeling verification and guidelines
for design and management.

An operational surface-draining level-furrow system was studied in 1983.
In an evaluation of the system as it was operating in the field, about
12 mm {equivalent depth related to 86cm [34 1in] row width) of a gross 53 .
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mm water applied was drained back out of the furrows. This amounted to
a net application nearly 25% less than 1f no drainage had occurred. The
relatlve amount of dralnage will, however, depend on many factors such
as intake, furrow length, furrow cross-section, and water volume and its
distribution in the furrow at the time drainage starts.

Equipment has been developed to accurately evaluate furrows on an indiv-
1dual basis. TInflow to each furrow 1s accurately regulated, and drain-
age from the furrow is measured. Both measurements are made with
portable broad-crested weirs. Water surface profiles throughout a
furrow are developed from a data logging scheme using an HP41CYV con~
trolled bubbler system. Preliminary studies have been completed on a
few Eurrows,
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parentheses. Equivalent depths are based on 86 cm
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Fig. 4. Sketch of the water depth sensing scheme used to
experimentally define the water surface profile
along a furrow. A bubbler and stilling well assem-
bly is installed at each location within a furrow
where a near continuous record of the water depth
is required. Although not shown, other sensor
tubes from other stations along the furrow would be
hooked to the scanning valve., The stations are
repeatedly scanned with the corresponding voltage
‘output from the pressure transducer being stored on
a cassette., The system is controlled by an HP41CV.
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TITLE: TIRRIGATION WATER MANAGEMENT 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 wmoisture 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 yleld 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:
I) — three irrigations, 20, 60, and B0 days after establishment; Ip -~ two
irrigations, 35 and 60 days after establishment; I3 ~ three irrigations,
35, 60, and BO days after establishment; I -~ three irrigatioms, 20, 35,
" 80 days after establishment; 1Is — three irrigations, 20, 35, and 60
days after establishment; and Ig -~ 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 (C;) is being commercially
planted for both vegetative and reproductive growth, The C) cultivar
has moderate branching throughout the height of the plant and full
season maturity. Ty 78-3695 (Cy) 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 cutlicle. Ty 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, Ty
76—3695 has been reported to outyield Kinman and T, 79-2741.
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The three plant populations were based on two rows placed on a conven .
tional bed, 1 m (40 in) on center, with spacings along the row of 2.34

em {1 in), 7.62 cm (3 in), and 15.24 cm (6 inches) for populations of

775,900 plants/ha, (314,000 plants/ac), 259,500 plants/ha, (105,000

plants/ac), and 128,000 plants/ha (52,000 plants/ac), (Py, Py, and P3),
respectively.

Before planting, the field was plowed, leveled, applied with trifluf?lin
(a, a, a~Trifluoro~2,6 dinitro-N, N~dipropyl-p-toluldine or Treflan— )
herblcide at 0.84 kg/ha (0.75 lbs/ac) for weed control, and standard
beds constructed No preplant irrigations or fertilizer applications were
glven. Guar was planted on June 15 with a precision, belt planter to
the highest plant population. Three irrigations were applied over a
one-week period from June 15 to 22 for germinatlion and plant establish-
ment. The fleld was cultivated thereafter, andlfwo applications of
MS5MA (monoscdium methanearsonate or Weed-E-Rad )}~ herbicide were given
for weed control. The plots were then thinned to the three plant popu—
lations 1in early July, and differential irrigations started on July 13.
Water applications were measured by a propeller-type water meter, and
aluminum gated pilpe was used to deliver the water to the iundiwidual
plots surrounded by earthen border dikes. The irrigation water con-
tained about 1.1 dS/m (690 ppm) of total dissolved salts.

Volumetric water contents were determined by neutron molsture meters
with 18 neutron access tubes located in the C; (Kinman)} cultivar and
medium P» (259,500 plants/ha) population, to a 1.8-m (6 ft) soil depth.
Fleld capacity for the medium water-holding capacity Mohall sandy loam .
soil (Typic Haplargid, fine-loamy, mixed, hyperthermic) was estimated
at 25.0% by volume, whereas wilting point was estimated at about 15.0%
for 1983, The neutron meters were field calibrated at the site, and
consumptive water use or estimated evapotranspiration was calculated
from the soll water depletions to a 1.8 m (6 ft) depth. Deep per-
colatlon losses were assumed to be minimal for the deep-rooted guar
crop. Meteorological factors affecting plant water use were monitored
by a portable weather station equipped with a micrologger. The weather
data was measured on the I, irrigation treatment and included solar
radiation and wind speed at a 2-m (6.6 ft) height; net radiatiom, air
temperature, and relative humidity, at the 1.5-m (4.9 ft) height; and
soll temperature at the l-cm (0.8 in) depth.

Prior to harvesting the guar in late November, three plants per sub-plot
or irrigation-cultivar-population treatment in all three replicates were
sampled at maturity to determine the number of pods/plant, number of
seeds/pod, and dry weight/plant. Harvest areas of 61 m (20 ft) x 2.0 m
(6.7 ft, two beds wide) were established by removal of adjacent plant
rows. The plants were mowed in the morning when wolsture was on the
pods, and were threghed in the afterncon when the material was dry.

This procedure minimized shattering losses.

1/ Trade names and company names are included for the benefit of reader
and do not imply any endorsement or preferential treatment of the pro- .
duct listed by either the authors or the US Department of Agriculture.
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RESULTS AND DISCUSSION:

. Three irrigations were given by gravity flow (siphon tubes) for ger—
mination and establishment for an approximate total of 200 mm (8 in).
This amount was required within a one week period for adequate germina-
tion of the Cy(T, 78-3695) and Cq(T, 79~2741) cultivars. There was a
high population of groundcherry (Physalis wrightil Gray). To overcome
thig problem, the two applications of MSMA were given. Although recom
mended for groundcherry elimination, some reduction in the overall
growth and yield of guar can be expected {(Hamllton 1983).

Table 2 lists the amounts of water applied and calculated seasonal
consumptive use or soil water depletion for the six irrigation treat—
ments. After applying approximately 200 mm (B in) for establishment,
the water applications by irrigation treatment were as follows: I,
received three irrigations (July 13, August 24, and September 14)
totaling 300 mm (12.0 in); I, received two irrigations (July 27 and
August 24) totaling 200 mm (B.0 in); Iy received three irrigations (July
27, August 24 and September 14) totaling 300 mm (12.0 in); I, received
three irrigations (July 13, July 27 and September 14) totaling 300 mm
{12.0 1in); Is5 received three irrigations (July 13, July 27 and August
24) totaling 300 mm (12,0 in); and Iy received four irrigations (July
13, July 27, August 24 and September 14) totaling 400 mm {16.0 in).

The calculated seasonal consumptive water use (Table 2) and peak water
use 1n early August for the respective irrigation treatments were as
follows: 1I; was 475 mm (16.4 in) with 5 mm (0.2 in)/day; I, was 460 mm
(18.1 in) with 6.25 wm (.25 in)/day; I3 was 480 mm (18.8 in) with 6.3 mm
(.25 in)/day; I, was 510 mm (20.1 in) with 8.25 mm (0.32 in)/day; Ig was
550 mm (21.8 in) with 8.5 mm (0.33 in)/day; and Ig was 440 mm (17.2 in)
with 5.75 mm (0.23 in)/day. Indications from the 1984 season are that
the consumptive water use 1s less for guar seed production, regardless
of the irrigation treatment, than for forage production with a reported
seasonal use of 587 mm (23.1 in) and a peak use rate of 7 mm (0.28
in)/day (Erie et al. 1982). However, all the soil water content
measurements were taken on the C; (Kinman) cultivar and the medium P,
(259,500 plants/ha) population which could have lower water use than the
other two cultivars (T, 38-3695, C,, T, 79-2741, C3) that had larger dry
welghts. Seasonal consumptive water use curves for the two highest seed
yielding I; and Iy irrigation treatwents are shown in Figures 2 and 3.

Mean seed ylelds for the six irrigation treatments, three cultivars, and
three plant populations are listed in Table 3. The highest seed produc—
tion amounting to 2096 kg/ha (1870 lbs/ac) occurred on the Ig irrigation
treatment (four irrigations), the C3 (Ty 79-2741) cultivar, and the P
(775,900 plants/ha) population. Generally, the higher plant populations
of the C3 (T, 79-2741) cultivar produce more seed yield. This cultivar
has very little lateral branching with most reproductive growth occuring
on the main stem; in this case the plant needs only enough space for the
main stem, and it is assumed that higher spacing for this cultivar can
amount to high yields, whereas the low populations do not yield as high
because the inter-plant space is unused. The Py (775,900 plants/ha) and
P, (259,500 plants/ha) populations of C3 (T, 79-2741) have a signifi-
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cantly higher yield than the P5 (128,000 plants/ha) population. For the
1 (Rinman) cultivar, which has high lateral branching throughout the
plant, the high population (P ) tends to decrease yield as the plants
become crowded, and the 1ower populations (P, and P,) tend to favor
higher yilelds as the plant has room for branching. For this cultivar Pp
(259,500 plants /ha) and P3 (128,000 plants/ha) have a significantly
higher yield than P; (775, 900 plants/ha) For the C (T, 78-3695)
cultivar, with medlum branching, Plant population had no significant
effect on yleld. Under irrigated agriculture in central Arizona, C3 (T,
79-2741) has a significantly higher 117 yield increases over Cp (T,
78-3695); and Cp (T, 78-3695) had a significantly higher 12% yield
increase over C; (Kinman) under the same set of given conditioms.

The I, treatment (three, critical irrigations) had the highest overall
seed ylelds, whereas the I, treatment (two, mid-season irrigations)
obtained the lowest yields. The increase in seed production for the I,
compared with I treatment amounted to 17%. The 1| 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
establishment (during mid-pod filling). The I, treatment (mean seed
yield of 1451 kg/ha) 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
I3 treatment (mean seed yield of 1380 kg/ha) with three irrigations
during the season (35, 60, and 80 days after establishment) produced
slightly lower seed yields than the I, treatment suggesting that an
irrigation was needed before flower initilation; however, the B% yield
reduction was not significant at the 5% level. The I, treatment {mean
seed yleld 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 Ig treatment (mean seed yield
of 1564 kg/ha) with three irrigations (20, 35 and 60 days) produced
nearly the same yield as the I treatment supporting the concept that an
early plant water stress period was advantageous. The Ig treatment (mean
seed ylelds of 1693 kg/ha) with four post—establishment irrigations (20,
35, 60, and 80 days) attalned as high a yield as I] but with excessive
vegetative growth. The water use efficiency (seed production per unit
of water use) was lower for the 16 than the I, and I3 treatments. The
Iy treatments indicate that a fourth irrigation 1s unnecessary under
most field conditions.

S5ize or welght per 500 seeds was primarlly 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 Cjy
(T 79-2741) cultivar had a slightly smaller seed size than the C;
(Kinman) or Gy (T 78-3695) cultivars. The optimum I, and I3 dirriga-
tion treatments as well as the Iy treatment had a larger seed size than
the other treatments.
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Reproductive growth (seed plus pod welght) was generally higher for the
higher ylelding irrigation treatments, with the Cy (T 79~2741) cultivar
exhibiting the highest reproductive growth averages. The effect of
population is a tendency for overall growth {both reproductive and vege-
tative) to be higher with the low plant population. Vegetative growth
(leaves, branches, and roots) was more on the C; (T, 78-3695) than the
C3 (Tx 79~2741) and ¢ (Kinman) cultivars as listed in Table 6. Both
reproductive and vegetative growth stayed nearly constant for the C, and
3 cultivars within the various irrigation treatments and plant popula-
tions; whereas, the C) cultivar had reduced growth for the higher P
(775,900 plants/ha) compared with the Py (259,500 plants/ha) and Py
(128,000 plants/ha) plant populations. The higher seed yield for the C3
over Cy and C; cultivars was again because of a greater number of
pods/plant. The guar pods on the C3 (Ty 79~2741) cultivar occurred
mainly on the main stem compared with the pods being more dispersed on
the lateral branches for the other two cultivars.

SUMMARY AND CONCLUSIONS:

Guar for seed production has the potential of belng an economical crop
for the semiarid Southwest as well as a low water use crop. QCurrent
prices of guar seed have been depressed; however, future markets will
depend largely on an increased demand for guar gum as a drilling fluid
additive in the oil-well drilling industry. The highest yields resulted
from the Ty 79-2741 cultivar (scon to be released as Lewis), the high
plant population of 775,900 plants/ha, and three or four key irrigations
after establishments. This new cultivar should increase guar seed pro-
duction by nearly 25 percent over older varieties. Proper timing of
irrigations is extremely important since only three, small gravity irri-
gations are needed, and late watering or a fourth irrigation can lead to
delayed maturity. The three irrigations are as follows: one before
flowering, followed by another during flowering and initial pod develop~
ment, and one at about mid-ped filling. Consumptive water use on the
optimum treatment was about 380 mm in 1983 and 415 mm in 1984 for seed
production, which was considerably less than the previously reported
seasonal use of about 590 mwm for guar forage production in central
Arizona.
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Table 1. Six irrigation treatments used for guar seed production at

. the Maricopa Agricultural Center, Maricopa, Arizona, 1984.
2/
Days after Irrigation Treatment ~
Establishment —
20 Days (Jul 13) X X X X
35 Days (Jul 27) 3/ X X X X X
60 Days (Aug 24) 4/ X 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. '

Ej Each irrigation about 100 mm of water
Ll Flowering estimated at about 30~40 days after establishment
. -[f-/ 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 Total Water Seasonal Consumptive
Treatment — Applied -~ Water Use
4 (mm) (mm)
I 500 415
In 400 460
I3 500 480
I, 500 510
Ig 500 550
Ig 600 440
. -]-'-, Irrigation treatments deseribed in Table 1.

=~  Includes 200 mm of water for establishment.
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Table 3.

Guar seed production for eix irrigation treatmenta, three culcivars, and three plant
populacions at HMaricopa, Arizona, 1984,

Cy Cultivar P

C3 Cultivar

C3 Cultivar

Irrigation
Treatment
Irrigation 3/] Mean
Treatment & P P2 Py ~ P) Pa P3 P) ) P3
Sead Yields in Kg/ha
18] 1531 1547 1531 1862 1846 1693 . 1B46 1757 1693 1700 a*
Iz _1177 o 1394 _ 1314 1354 1322 1435 1636 1717 1685 1451 ¢
15 1394 1330 1370 1644 1548 1548 1822 1757 1870 1580 abe
Iy 1306 1378 1290 1644 1636 1348 1467 1757 1435 1499 bc
Is 1402 1499 1451 1491 1547 1475 1709 __1830 1685 1564 abe
Ig 1394 1564 1572 1507 1709 1604 2096 1902 1870 1693 ab
Flant
Population 1798 1759 1613 1766 1791 l6la 1935 1946 1852
Heans
Cyltivar
Heans 1411 ¢ 1580 b 1749 a*

2w I

Irrigation treatments deseribed in Table 1.

C] = Kinman, Cp = Ty 78~3695, Cy = Ty 79~274l.

P} = 775,900 planta/ha, Pz = 259,500 plants/ha, and P3 = 128,000 plants/ha.

*  gtatistical significance .05 {Duncan's New Mulctiple Range Test) a,b, etc.

o9TT
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Table 4. Guar seed weights for gix irrigation treatments, three cultivars, and three plant
papulations at Maricopa, Arizona, 1984.

Cy Cultivar Y Ca Cultivar Cq Cultivar Irrigation
Irrigation. —— 3/ — Treatment
Treatment < 151 ] Py = Py | %] P Py P2 B3 Mean
Seed Welghts in g/500 seeds
L 15.13 14.5 15.1 16.3 14.2 15.3 16.3 15.7 14.6 15.3
Iy 16.6 13.9 15.5 15.3 15 15.4 13 13.8  14.9 14.8
I, 15.7 15.4 15.5 15 13.9 16,2 15.2 13,5 14.8 15
14 15.3 14.6 13.9 13.6 14.8 15.3 13.6 14.8 12.4 14.3
I5 4.4 17.6 14 14.6 14.2 13.8 12,9 13.1 15.2 14.4
Ig 14.9 15.4 16.1 14.3 14,6 15.4 16.1 13.3 14.7 15
Plant
Population 15.4 15.2 15 14,8 14,5 15.2 14.5 14 14.4
Means -
Cultivar
Means 15.2 14.8 14.3
if

2 yrrigation treatmenta described in Table 1.

Cy = Kinman, C3 = Ty 78-3695, C3 = Iy 79-2741.

= p) = 775,900 planca/ha, P2 =« 257,500 planta/ha, and Py = 128,000 plante/ha.

LTT
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Table 5. Guar reproductive dry weights for six lrrigation treatments, three cultivars, and three plant
populations at Maricopa, Arlizona, 1984.

2/
C; Cultivar ~ €y Cultivar Cq Cultivar Irrigation
Irrigation 3/ Treatment
Treatment — | Py 3] Py = Py Py Pq Py Py Pq Hean
Seed and pod dry weights
in g/3 plants
I; _ 40.9 101.9 92.3 6.7 87,2 226.3 124.4 168.8 173.8 119.7
Iz _ 57.8 83.9 77.4 65.4 123.9 101.2 94.7 145.4  223.8 108.1
I3 78.8 72.5 129 87.4 105,2 191.6 105.1 194.1 202.9 129.6
I 5648 65.8 104.5 122.2 125 7 66 57.9 87.5 165.9 94,7
Is 51.5 B4.6 119.9 109.4 132.6 104.7 72,5 150 187.1 112.5
1 57 78.7 74.9 141.9 97 193.7 60 8l1.5 175.4 106.7
Plant
Population 57.1 8.2 99.7 98 111.8 147.3 B85.8  199.1 188,2
Hean
Culrivar :
Heans 79.3 119 157.7

/

«! Trrigation treatments described in Table 1.

i

C; = Rinman, Cp = T, 78-3695, Cy = T, 79-2741.

tew

/ p; = 775,900 plants/ha, P, = 259,500 plantg/ha, and P3 = 128,000 plants/ha.

8TT
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Table 6, Guar vegetative dry welights for six irrigation treatments, three cultivars, and three plant
populations at Harlcopa, Arizona, 1984.

2/
C; Cultivar ~ Ca Cul;lvar Cy Gultivar Irctgation
Irrigatioa 1/ Treatment
Treatment - By Pg Py = By Py Bq P Ba Pq Hean
Branches, stems, and leaves
in g/3 plants
I 36.9 S54.6 66.8 58.8 Bl.1 169.3 54.6 78.4 _ 50.4 72.3
I 60.4 68.3 83.1 48.2 Be.9 68.6 49,0 76,1 100.6 7L.3
I, 63,5 61.6 101.5 79.5 97.8 78.5 62,1 90.4 88.8 39.1
T4 34.2 52.6 58 104 90.1 5.6 36.2 7.5 123.1 40.2
I 55.7 84.7 95.5 97.8 102.56 57.6- 46,7 84.5 85.1 78.9
Is 57 88 101.8 102.2 77 153.6 52,1 _ §1,9 8B.4 B83.5
Plant
Population 51.3 68.3 B4.4 8l1.8 89.4 96.5 4B.6 68.2 _B9.4
Meanp
Cultivar
Heans 68 89.2 68.7
1/

= Irrigation treatments described in Table 1.
2/ ¢, = Kinman, Cp = T, 783695, Cy = T, 79-2741.

2! Py = 775,900 plsnts/ha, Py = 259;500 plants/ha, and Py = 128,000 plants/ha.

6TT
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1984 GUAR EXPERIMENT
MARICOPA AGRICULTURAL CENTER

P2C1[P3C 1 {PaCi [PaCaiP CalPsCa |PaCaiPiCa|PaC3|PiC 3[PC3 |PaCa|PoC 3 [PaCaiPiCalPiC 3[Rt s Pacy

REP |  [P2CaiPaC3iPaCalPaCi IPiC) P3C1iPaC) [P1C) [P3C) {P) Cp [PeC) [Py [PoCy [PaC1 Py € [P1CalmCs |Paca
P2C2|P3C21PeC21PaC3|P1 C3iPaC3lPaCa |P) Ca Pala|P G2 1PaCo PaCoIPoCa PaCa P ColP €y [PoC) PaC
X I Ig l Ié Ia Ié I

PiCa 9332 FiC2iPs 11P1C1 PoCy {PaCa|PiColPaCa PaCaiPiCo PaCalPaCa P C o PaCo P Ca F’ﬁs PaCa
REP 2  [P1%373C3 P1C3 P03 PiCa|PaCa [P 1 |PiC | [PaCi [PaCy [P1Cy1RaC{PaCi [P1 €4 [PaCy{Pi €4 P |Paty

PG [PaCy 1P Cy F3CalP) Cz Paca 9303 P\Cs Py Coy 1P Cy i:,ch P Cx[PyCo PiCs P303'P|02 PaCo Paca

}<-18.3m->

T3m

I% _ Ig .I% IE, Ly I IE
P1C1{PaC) IP3C) (P1C2|PalaiPaCalPaCy IP3C) PaCy |P) CaPaCa PaCa]muC ) [Pty 7y €1 1Py CalPaCalPats
REP 3 [P102[P2C2|PsCo|PiCy [PaCy IPoC) PoCa[PaCaPaCalPy €y PoC ) [PaC) [PaCylPsCy Pecslpgcl PaCy [Paty
P;°3"°ac:5 F303|P1C31PaCs |PaCaPaCalPaCa IPaCa 1 Ca [PoC3 P3Ca PaCa P3Ca P ColP) ColPa CalPaCa
15 Is Iy Ta Iy Te
2|P1C21P5C) 1BC) [P5Cy |Pr C3lPaCaiPaCa|PaCy 1P C) IPaC) 1PoCalP) €5 [P Cx [Py CalP) Byl s
REP 4  [PC1[P3%) P} |PIC3iPC3PaCa P Cy{PaC | jPaCy PaCa[Pi C3{PaCaiPalalP CoiPaCs |PaCy PG| [P4C

PaC3|PoC3P1 €3 P CaPaCa PaCy P Co1RoC;o [PaCo PC o P Ca
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(]

PaCaPaC1 [P ©1 P2C1 [P2C2 P CafFs o

< HOm -
LEGEND

IRRIGATION TREATMENTS PLANT POPULATIONS
I,-TLg SEE TABLE P| = 775,900 plants/HA
CULTIVARS Py = 259,500 plants /HA
KINMAN Py = 128,000 plants/HA

13

I3

F
Cz
Cs3

SANTA CRUZ (Tx78-3695)
LEWIS (Tx79~274l)

Figure 1. Planting diagram for guar seed production experiment at I-Iar:Lr:opa,
Arizona, 1984, ‘
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LN o .“‘....‘
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Figure 2. Consumptive water use of Kinman Guar for seed production on the Ij irrigation treatment using the
medium plant population at Maricopa, Arizona, 1984,
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KINMAN GUAR I TREATMENT

T SEED PRODUCTION | , THREE IRRGATIONS AFTER ESTABLISHMENT
8.0 | - | " ' |
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4.0r -
2 0k SEASONAL USE 480 mm i

(18.9in.)
SEMIMONTHLY USE in mm

)

36 80 | 95 73 ] 65 69 38 6 | 6 2 |
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Figure 3. Consumptive water use of Kinman Guar for seed production on Ij irrigation treatment using the
medium plant population at Maricopa, Arizona, 1984.
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TITLE: VARIATION IN THE MOLECULAR WEIGHT DISTRIBUTION OF RUBBER
FROM CULTIVATED GUAYULE

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

INTRODUCTION:

The molecular weight (MW) and the molecular weight distribution (WD)
of natural rubber are directly related to rubber quality (3,6,9). Al-
though over 2000 species of plants are capable of producing rubber,
only about a dozen are recognized as producing sufficient quantites of
high guality, high MW rubber necessary for commercial use (6,9). Gua-
yule (Parthenium argentatum Gray) is capable of synthesizing high MW
rubber similar to Hevea (1,5,6,7) and 1s actively being developed as a
new source of natural rubber for the arid regions of the world especi-
ally in the United States.

The MW of rubber varies from 109 to 103. Rubber of M{ 103 or less is
considered unsuitable for commercial use, Unfortunately, most of the
2000 rubber synthesizing specles are believed to produce rubber with a
MW of ca. 5 x 10% and a unimodal MWD (6), The MWD of Hevea, however,
has a bimodal distribution and shows two MW peaks. The major peak
exists at a MW of ca. 7 x 105 and extends out to the 100 MW range. A
minor peak or shoulder is also usually present which corres—ponds to a
MW of ca. 5 x 104 (3,6,10,11)., This bimodal MWD nearly exists for
Hevea, but the amplitude of the two peaks may vary for different Hevea
varleties, and is also affected hy plant age and frequency of tapping
(6,10), Such variation in the MWD can lead to an over-all difference in
the MW average. In rubber obtained from native stands, only a high MW
peak exists leading to a unimodal MWD of a high M« (1,4). Little is
known about the the environmental or genetlc factors influeneing rubber
MW in the cultivated guayule stands which would be the most likely
potential source for industry. Since general husbandry and genetic
variation seems to affect Hevea rubber (10), it is not unreasonable to
suggest that such differences may also appear in guayule, as earlier
work implied (2).

The objective of this study was to examine the MW and MWD of guayule
rubber obtained from cultivated plants to see whether agronomic manage-
ment can affect rubber quality. Analyses will be made on different
varleties of guayule grown under different irrigation regimes and har-
vested at different times of the year. In addition, plants treated with
biloregulators shown previously by others to lncrease rubber production
(12) will be tested for their effects on rubber MW and MWD.

PROCEDURE:

Plant Materials. Guayule, Parthenlum argentatum Gray, cultivars 593

and 11591 were planted on April 1981 in replicated plots 12,2 x 8.5 m at
a planting density of 51 x 36 cm (54000 plants per ha) in Mesa, Arizona.
Detalls on plant establishment and other related cultural practices 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.
Soll water contents 1n the profile were monitored with the neutron
moisture equipment to schedule irrigation to attain the various levels
of water stress in the plants. Two biloregualators, 2-{2,4~dichloro-
phenoxy)-triethylamine and 2-(3,4-dichlorophenoxy)~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 welght.

Rubber extraction and analysig, 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 ml was extracted in 10 ml 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 ml 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 Assoclate 104 A
y 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 107.
The MWD had a peak at about 8 x 102 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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into zylem 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
107 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 welght fraction,
Similar results were observable in the November harvested plants where
the MH 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. 5ince 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, alnce 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.

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-

Bloregulator 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 MW molecules;
however, the data did not show thls under our environmental and treat—
ment conditions (Figure 35).

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-
medliate between the parent species, but direct evidence for such a cross
to produce AZ-101 has not been established, The fast-growing and larger
biomass of AZ-101 compared to existing varietles 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
the MWD was skewed in the direction of low MW rubber compared to that of
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the true guayule line such as 5%93. The unusual MWD of AZ-10l could mean
that it contains rubber of low quality especially at this stage of dev-
elopment. The two varieties were harvested and analyzed in late May and
both have distinct bimodal MWD. This may reflect an active stage of
growth and rubber synthesis at this time of the year. Comparison of the
MWD at this sampling time to that in late March (Figure 4 versus Figure
6) indicates a definite increase in the low MW rubber fraction in late
May.

Lack of previous investigators (1,5,6) in describing the presence of
bimodal MWD in their samples may have been due to the fact that their
plant materials used were collected from wild stands growing under high
" water stress conditions so that relatively little low MW rubber would
exlst. Our results are probably the first reported GPC analysis of

MWD and MW showing the presence of the bimodal type in cultivated
stands. Also the results indicate that the MWD can vary considerably
in rubber harvested at different times of the year and in plants of
different genetic comstitution. The bimodal MWD reported here appears
to be related to plants in their active growth stage and may correspond
to the initlation and synthesis of low molecular weight rubber which
accumulates with new growth. If this is so, the results would support
the hypotheis that elongation of rubber molecules follows a two step
process first suggested by Hager et al.(5).

The synthesis and accumulation of high MW rubber are known in only a
relatively few plants such as Hevea and guayule so that the question
arises as to whether these specles synthesize this high MW rubber by a
two-step process, i.e., by the initiation and synthesis of a low MW .
rubber of ca. 5 x 104 and, a second through the elongation of these
molecules by a second enzyme, which 1s responsible for the synthesis of
the high MW rubber molecule of 106. In guayule, the seasonal appear-
ance and disapperance of the bimodal MWD suggest that such a two-step
process could be likely operating. One is then left with the specula-
tion on whether the other 2000 or so rubber porducing species, which

do not produce high MW rubber, may be lacking the second enzymatic step.
In future work, it may be useful to study the inheritance of rubber MW
and MWD in interspecific hybrids of guayule and its non—rubber producing
relatives to get a better picture of the rubber synthesis process in
plants.

SUMMARY AND CONCLUSIONS:

The molecular weight (MW) and the molecular weight distribution (MWD)
were determined for three different guayule varieties under cultivation.
The MW of guayule rubber varied between 106 to 103. Guayule showed a
pronounced bimodal MWD in plants under active growth, but a unimodal
distribution in quiesent or stressed plants. Irrigation frequency
affected the MW and the MWD, with the MW decreasing as irrigation fre-
quency increased, which was related to the appearance of a bimodal MWD
under irrigation. The MW and MWD probably has a gentic origin, because
rubber from different guayule lines grown under identical conditions
show subtle differences. The recently developed interspecific hybrid
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line, AZ-101, showed an unusual, bimodal MWD of predominantly low MW
rubber, while the existing guayule cpltivar had primarily high MW
rubber, Bloregulators did not appear te change MW or MWD significantly.
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Figure 2.

Molecular Weight

Molecular weight distribution of rubber extracted from the xylem
and bark of cultivar 593 harvested in May 1984.
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Figure 3. Molecular weight distribution of rubber for cultivars 11593

grown under three irrigation levels and harvested in
November 1983 and March 1984,
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Figure 4. Comparison of molecular distribution of cultivars
593 and 11591 harvested in March 1984,
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Figure 5. Molecular weight distribution Qf rubber from guayule plants treated :
- with bloregulators. (A = 2-(2,4 dichlorophenoxy)-triethylamine;
B = 2-(3,4 dichlorophenoxy)~triethylamine).
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Molecular weight distribution of rubber from stems of cultivars

593 and AZ-101 harvested in May 1984.
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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 serles 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
(5-1in.) deep to accommodate the sandy soll condition and to possibly
reduce damage by sandstorms. Row lengths were 152-m (500-ft) long, and
irrigation water was applied by an overhead mist using an automated,
lateral-move sprinkler system. Soil temperatures were taken hourly at a
l«-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. Soll fumigation was not deemed
necessary in the new site, Twelve rows spaced 56 ¢m (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 seeds/ft), 40 seeds/m
(12 seeds/ft) and 80 seeds/m (24 seeds/ft). Three seed varietiles 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 em (0.1 in) soll 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 fluild driller on the soll 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 declded to use only the conditioned
seed 1n 1984, All the sceeds were conditioned by the U, S. Seed Research
Lahoratory, 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)p, 0.5 mg/ml KNO3 (an oxidant), and
10-4M 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 becomling consistent, the
plant counts were almost constant after emergence on all treatments.
Both the pelleted and fluild drilled seeds began to emerge about 6 to 7
days after planting. A total of 362 mm (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
varletiegs 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 seeds/m (6 and 12 seeds/ft)
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 assoclated with seedling vigor, salt
tolerance, seedling diseases, weed control, and other environmental con-
ditions (wind, soil and ailr 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 herblcide

was applied for weed control, Since temperatures were cool, the her-

bicide persisted in the sandy soil for at least 3 to & weeks. Several

greenhouse investigations and laboratory analyses were conducted to

verify that seedling germination was limited by the herblcide; and a

gecond, smaller direct seeding experiment was conducted on November 15

to demonstrate that the puayule seeds would germinate properly in the .
gandy soil.
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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 seeds/m (6 and 12 seeds/ft) were adequate to
obtain moderate plant populations when the guayule seeds have an initial
germination rate of more than 70 percemt. Although satisfactory stands
were achleved with the conditioned seeds, guayule seedling vigor and
salt tolerance are possibly the two maln problems that need to be solved
before direct seeding can be recommended for the establishment of this
crop under semlarid conditions. Direct seeding studies on guayule 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 fluild drilling.
Five irrigation treatments will be included if & uniform stand is
attached, and weed control procedures will be improved.

PERSONNEL: D. A, Bucks and 0. F, French (U, 5, 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. Field germination rates after 3 months based on the total number
of seeds planted on April 5, 1984.

Planting Seeding Seed Variety 1/
Methods: Rate bulk 11591 N565 Average
(seeds/m) (percent germination)gf
pelleted seeding 20 7 27 14 16
filuid drilled 20 12 39 38 30
seeding 40 8 42 34 28
8o 8 37 33 26
average (percent germination) - 9 36 30

1/ Laboratory germination: bulk = 40 percent, 11591 = 95 percent, and N565
= 71 percent
2/ Average of 3 replicates
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T) CONDITIONED,WITH 6A  PELLET N5&5 20 seeds/m
T, CONDITIONEDWITH GA PELLET 11591 20seeds/m
T4 CONDITIONEDWITH GA PELLET  MIXED BULK  20seeds/m
T4 CONDITIONEDWITH GA FLUID DRILL  N565 20 seeds/m
Ts CONDITIONED,WITH GA FLUID DRILL  N565 40 seeds/m
T CONDITIONEDWITH GA FLUID DRILL ~ N585 80 seeds/m
T;CONDITIONEDWITH GA FLUID DRILL 11591 20 seeds/m
Ty CONDITIONEDWITH GA FLUID DRILL 11591 40 seeds/m
TgCONDITIONEDWITH GA FLUID DRILL (159} 80 seeds/m
TCONDITIONEDWITH GA FLUID DRILL MIXED BULK 20 seeds/m
Tncomnmomzn,wnH GA FLUID DRILL MIXED BULK 40 seeds/m
T.,CONDITIONEDWITH GA FLUID DRILL MIXED BULK 80seeds/m

2

Figure 1. Field diagram for direct seedin
guayule seeds in the spring 198

g

exper iment of
at Yuma, AZ.
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Figure 2., Percent seed germination and field seedling survival by seed

cultivar, planting method, and planting rate in the Spring

1984 at Yuma, Arizona.
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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
gshrub 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 brasiliengis (Ray, 1983). Guayule is a
highly~branched, symmetrically-shaped perennial shrub of the Compositae
Family (Lloyd, 1911). 1In 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 ylelds are too low to
attract commercial production. It is estimated that guayule rubber
yields must double to make the crop economically feasible at current
rubber prices (Wright et al., 1984). This situation may change, how-
ever, with changes in the price and availability of sources of Hevea
and synthetic rubber,

Guayule breeding efforts are currently underway to increase rubber
ylelds, but it may be five or more years before significant progress is
realized (Rubis, 1984). The anticlpated 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 ploldy levels and may produce seed either by amphimixis or
apomixis (Ray, 1983).

Another means of increasing guayule rubber ylelds may be through the
application of plant bioregulating substances. S5Studies by Hayman et al.,
(1974), 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—terpenold pathway through a
process of gene derepression. These studies led to the hypothesils 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 bloregulator for increasing polyisopre-
noild rubber production of guayule, The initial studies by Yokoyama et
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 acld kinage, isopentenyl pyrophosphate 1somerase,
and rubber transferase, all of which are involved in the synthesis of
clp-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 blomass, 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 apply a volume of 2875
1 ha~l for a planting density of 28,750 plants ha~l, 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 1s 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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conditions and subsequent differences in cuticle thickness preceding
application of bloregulators may restrict the entry of the biloregulators
into the leaves, and may account for the differences reported for DCPTA
effects.

The results of DCPTA applications to guayule, while inconsisteat, indi-
cate a potentlal 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 ylelds, 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-
syanthesls, plant water balance, and other selected physiclogical pro-
cesses.

PROCEDURES :

Three separate studies were initiated to investigate the effects

of DCPTA on rubber and resin production and selected physlological
characteristics of guayule. All guayule material used in these
studies was cv. N 565 IL. The DCPTA used in these studies was synthe-
sized and provided by Dr. Heary Yokoyama, U.S. Fruit aand Vegetable
Chemistry Laboratory, USDA~ARS, Pasadena, CA 91106.

Maricopa AZ, Field Studies:

A total of 960 guayule seedlings (cv. N 565 II) were transplanted from
the greephouge into the field at the Unilversity of Arizona Maricopa
Agricultural Center on November 15, 1984. The soll type 1s Gasa 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 plaants 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~
merclally available surfactaat at the recommended concentration.

Plants will be sprayed with a volume that thoroughly wets the adaxial
side of all leaves. This volume will necessarlily 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 beilng pro-
cessed for rubber and resin analysis. Three subsamples, each consisting
of two plants, will be harvested from each plot on both harvest dates,
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 twlce weekly from April through
October with a Licor 1600 steady state porometer, Two fully expanded
leaves near the top of two plaots 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 1o each plot will be measured
weekly between January 1985 and February 1987.

Volumetric soll water content will be measured weekly begining in March
1985 with a Campbell Pacific Nuclear model 503 neutron moisture meter.
Access tubeg are located in the middle of one of the inner two beds in
each plot in blocks I and II to a depth of approximately 260 cm.
Measurements will be taken between 20 and 220 cm at 20 cm intervals.,
S0l1l water content data will be used to determine 1f 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, Fleld Study:

A total of 720 two~month-old guayule seedling (cv N 565 I1) 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 1b per acre N as ammonium phosphate on October 11, 1984. The
soll 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 treatmeats
will take place during April 1985,

Each block contains one centrally located 260 cm deep access tube for
measurements of volumetric soll water content with the neutron moisture
probe, Soill 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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of two plants, will be harvested from each plot oan 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 welght and dry
welght 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 II) 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
6.6 1 pots containing a peat-vermiculite mix (3:1 viv}). The plants were
fertilized with full strength Hoagland's solution (Hoagland 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 % dimethylsulfoxide {DMS0) and a commercial
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 of 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 subsamples)
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 followlng treatment application. Plants will be
harvested two months after treatment. Materlal from each plant will be
separated into leaf, stem, and root and crown tissue for fresh and dry
welght measurement prior to rubber and resin analysis as previously
described.
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Table 1. Biloregulator 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

7 Spring, Summer, Fall,
Winter 1986

8 Spring, Summer, Fall, 8

Winter 1985, 1986

W
SN N N O

£

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

Treatment DCPTA DMSO

Number (ppm) (%) Surfactant
1 0 0 no
2. 0 0 yes
3 Q 0 yes
4 375 0 yes
5 750 ¥ 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 1%* yes

* 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 WATER
CONSERVATION AND CROF PRODUCTION

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

INTRODUCTION

Another banner year for our research group. In order to comply with the
Paperwork Reduction Act, only our most significant publications will be
presented in this report. We had 60 papers published, 41 are in press
and 3 are in the journal review process. Many papers were of the book
review type. There are numerous manuscripts 1n varlous stages of
completion, which you will read about next year.

Two papers describe the use of remotely sensed parameters to evaluate
components of the surface energy balance. One discusses the use of
reflected and emitted radiation as inputs to calculate net radiatioen,
and the other incorporates surface temperature to evaluate actual evapo-
transpiration. The potentlal use of remote sensing in farm management
decision making is the subject of three papers. The first deals with
the relationships between spectral data and crop and soil properties.
Irrigation scheduling using crop temperature is detailed in the other
two papers. Using spectral reflectance to describe crop and soil con-
ditions is5 the subject of 6 papers. One paper degcribes how information
from a multiband sensor can be used to calculate total reflected solar
radlation. A second paper evaluates the temperature stability of such a
radiometer. Discriminating soll and vegetation under partial canopy
conditions 1s the subject of two papers, and one paper describes how
various vegetation indices are correlated with various plant parameters
for winter wheat. Another paper addresses the combined effect of sun
angle and canopy architecture on the reflectance of wheat cultivars.

Three papers deal with the use of canopy temperature to describe plant
behavior. The first discusses the stability of non-water—stressed base-
lines for two types of plants, wheat and water hyaclnths. A second
hyacinth study examined the stomatal conductance and net photosynthesis
responses to a suddenly—-induced stress, Canopy temperature of sunflower
was simulated from weather station data from which root—zone soll water
potential was inferred.

The effect of COp on plants and climate is examined in four papers. One
deals with how water hyacinth responds to increased atmospheric COp, and
the other three address the issue of how world climate many respond to
COy Increases, and what the potential effect on streamflow will be. A
single paper reports the findings of how aquatic vegetation influences
evaporative losses from ponds and reservoirs. Four reports are included
in this year's annual publication. The first describes work in progress
on the effects of COp enrichment of agave, fresh~water algae and water
hyacinths. A study was initiated and completed to evaluate the stabi-
lity of the calibration coefficients of net radiometers over vegetated
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and bare soil surfaces. A brief description of a recently acquired
remote image processing system is also included in this report. And,
finally, we describe the most recent experiment in our backyard where we
use remote sensing techniques to characterize the growth and behavior of
alfalfa.

ENERGY BALANCE

Reginato, R. J., Jackson, R. D., and Pinter, P. J., Jr. Evapotranspira-
tion calculated from remote multispectral and ground station meteorolo-
gical data. Remote Sensing of Environment. (In press)

Evapotranspiration was evaluated by combining remotely sensed reflected
solar radiation and surface temperatures with ground station meteorola—
glcal data (incoming solar radiation, air temperature, wind speed, and
vapor pregsure) to calculate net radiation and sensible heat flux. Soil
heat flux was estimated as a fractlon of the net radiation. Instanta-
negus values of ET were calculated for 18 wheat plots for 44 cloudless
days over a growing season. Three of the 18 plots contained lysimeters
which provided data to compare against the instantaneous values. For
the remaining plots, daily ET was estimated from the instantaneous data
and compared with values calculated from soil water contents measured
with a neutron molsture meter. For generally clear sky conditioms, the
comparisons indicated that ET could be adequately evaluated using a com
bination of remotely sensed and ground-based meteorological data. The
results suggest that ET maps of relatively large areas could be made
using this method with data from airborne sensors. The extent of the
area covered appears to be limited by the distance that air temperature
and windspeed data can be extrapolated.

Jackson, R. D., Pinter, P. J., Jr., and Reginato, R. J. Net radiation
calculated from remote multispectral and ground station meteorological
data. Agricultural and Forest Meteorology. (In press),

Of the four terms that comprise net radiation, the incomlng solar and
the longwave radiation from the atmosphere are essentially independent
of surface conditions (e.g., bare soil, vegetation). These terms can be
measured at a single location using ground-based instruments and extrap-
olated over relatively large areas. The reflected solar and the emitted
. longwave terms are surface dependent, but are amenable to measurement by
remote means. A method is described whereby net radiation is evaluated
by combining ground-based meteorological and remote multispectral
measurements. WNet radiation values obtained using the remote method
were compared to values obtained using miniature net radiometers. The
net radiometers were positioned near the center of 18 wheat plots and
the multispectral measurements were made over a 6 m transect on each
plot. Although the two methods used instruments having different
fields-of-view, good agreement was obtained. The results imply that, by
combining ground-based and remote measurements, net radiation maps of
relatively large areas can be constructed at the level of detall deter—
mined by the resolution element of the multispectral radiometer.
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FARM MANAGEMENT

Jackson, R. D. Remote Sensing of Vegetation Characteristics for Farm
Management. SPIE Vol. 475, Remote Sensing. pp. 81-96.

The potential for remotely sensed data being used by farmers in making
day-to-day management decisions has not been fully realized because the
data have generally not been avallable in real~time. Furthermore, the
relationships between spectral data and crop and soll properties have
yet to be incorporated into the expert systems necessary for rapid data
analysis and interpretation. This review details some major require-
ments for a farm orlented remote sensing system, and evaluates the
state~of-the-art coacerning relationships between spectral data aund crop
and soll properties. Current and proposed remote sensing systems geared
toward farm management are discussed.

Reginato, R. J., and Howe, J. Irrigation scheduling using crop indica-
tors. J. Irrig. and Drainage Engin. (In press).

Petiole water content and canopy temperature of cotton were used as
indicators of stregss in cotton. A crop water stress index (CWSI) using
remotely sensed canopy temperature was a better indicator of plant
stress then was petlole water content. This point was most evident when
using these parameters as a potential tool for scheduling irrigations
and for estimating lint cotton yield. From these results we conclude
that a CWSI, using canopy tenmperature, is a sensitive indicator of crop
stress. Both CWSI indices evaluated, give similar results, and a user
should choose the one which sults his conditions best. The CWSI may be
used for scheduling irrigations and for estimating lint cotton yield
prior to harvest. Petlole water content, on the other hand, does not
appear to possess the sensitivity of a CWSI for assessing crop stress.
Additionally, PWC involves a labor intensive destructive plant sampling
procedure which ylelds data for a single plant part, whereas a CWSI is
derived from a meagsurement that surveys many plants. For a rapid
assessment of crop stress to schedule irrigations and to estimate yield,
it seems approprlate to use the CWSI.

Reginato, R. J. Plant stress and irrigation scheduling. Proc. Conf. on
the Application of Remote Sensing to Agriculture. Univ. of Arizona,
College of Agriculture, Casa Grande, AZ. pp. 37-44.

Scheduling irrigations using traditional soil and atmospheric techniques
1s contrasted with a relatively new method using remotely sensed crop
temperature. A hand~held infrared thermometer was used to assess plant
stress for both wheat and cotton in two field experiments. It was shown
that plant stress decreased to a minimum value about 3 to 5 days
following an irrigation and then inereased until the next irrigation.
The applicability of the remote sensing technique to schedule irriga-
tions was demonstrated.

Annual Report of the U.S. Water Conservation Laboratory



152

SPECTRAL REFLECTANCE

Jackson, R. D. Total reflected solar radiation calculated from multi-
band sensor data. Agric & Forest Meteorol., 33:163-174.

Reflected solar radilation is a significant term in the net radiation
equation and 1s the one most strongly affected by surface conditions.
The evaluation of net radiation over a heterogeneous area requires a
detalled knowledge of the areal distribution of the reflected solar
radiation. Remote sensing offers a means to obtain this areal distribu-
tion, provided that the total reflected solar spectrum can be estimated
from discrete band multispectral radiometric data. A radiative transfer
model was used to calculate the irradiance at the earth's surface for a
number of atmospheric scattering and absorption conditions. Response
functions of two multiband radiometers were used to obtain the partial
spectrum/spectrum (P/T) ratio for each radiometer at each atmospheric
condition. It was found that the P/T ratio was essentially independent
of atmospheric scattering and only mildly dependent on water vapor
absorption. Reflectance spectral distributions for 14 different surface
conditions (bare soil to full green canopy) were used along with the
irradiance data to determine the P/T ratio for reflected solar
radiation. Multispectral data, with the appropriate P/T ratio, were
used to calculate the total incoming radiation and the total reflected
radiation from a wheat canopy. The calculated data differed from wide
band pyranometer data by about 5%. It was concluded that both total
incoming and reflected solar radiation can be evaluated from multi-~
spectral radiometric data. This development 1s a step towards regional
net radiation maps, and possibly regional evapotransplration maps.

Jackson, R. D., and Robinscon, B. F. Fleld evaluation of the temperature
stabllity of a multigpectral radiometer. Remote Sensing of Environ.,
17:103-108.

Measurements of radiance from a calibrated barium sulfate painted
reflectance panel, made during the course of routine field experiments,
were used to evaluate the effect of detector temperature on the voltage
output from silicon (S1) and lead sulfide {PbS) detectors of a multiband
spectral radiometer. The four S5i detectors were found to be nearly
independent of temperature changes. However, the voltage output from
the three PbS detectors decreased linearly with increasing detector tem-
perature at a rate of 4 to 5%“0"1, which is considerably more than
expected from manufacturer's specifications for the instrument. The
error in reflectance values caused by a detector temperature change of
1°C was less than 0.25% of value for the S1 detectors, but was about
2.5% of value for the PhS detectors. A correction factor was derived to
adjust measured voltages to a reference temperature and to compute
corrected reflectances. The correction factor can be derived from ana-
lysis of fleld instruments of radiance from a calibrated reflectance
panel, if the detector temperature 1s known at the time of measurement.
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Pinter, P. J., Jr., Jackson, R. D,, Ezra, C. E., and Gausman, H. Sun
angle and canopy architecture effects on the spectral reflectance of six
wheat cultivars. International Journal of Remote Sensing. (In press).

Canopy spectral reflectances were measured over six cultivars of spring
wheat (Triticum aestivum L.) grown at Phoenix, AZ. Data were collected
at 30 to 45 minute intervals on 9 March 83 using two ground-based radio-
meters with bandpass characteristics similar to those of the multi~
gpectral scanner and thematic mapper on Landsat 4 and 5. Major
differences 1n reflectance were observed among cultivars at every time
period despite thelr apparent similarities in green leaf area and green
biomass. Single-leaf spectra measured in the laboratory with a
spectrophotometer revealed no cultivar-related differences and supported
the contention that the reflectances were strongly influenced by canopy
architectural features. The diurnal patterns of reflectance reinforced
this conclusion with planophile canoples exhibiting the least amount of
variability due to changes in sun angle and erectophile canoples showing
the most. These data underscore the complexities of interpreting
remotely sensed multispectral data and suggest that multiple sun angle
data acquisitions may be required to extract desired information.

Huete, A, R., Jackson, R, D., and Post, D. F. Spectral response of a
plant canopy with different soll backgrounds. Remote Sensing of
Environ., 17:37-53.

The spectral behavior of a cotton canopy with four soil types alter—
nately inserted underneath was examined at various levels of vegetation
density. Measured composite spectra, representing various mixtures of
vegetation with different soll backgrounds were compared with existing
measures of greenness, including the NIR-Red band ratios, the perpen-
dicular vegetation index (PVI) aand the greenness vegetation index (GVI).
Observed spectral patterns iavolving constant vegetation amounts with
different soil backgrounds could not be explained nor predicted by
either the ratio or the orthogonal greenness measures. All greenness
measures were found to be strongly dependent on soll brightness.
Furthermore, soll-induced greenness changes became greater with
increasing amounts of vegetation up to 60% green cover. The results
presented suggests that soill and plant spectra interactively mix in a
nonadditive, partly correlated manner to produce composite canopy
spectra.

Ezra, C. E., Tinney, L. T., and Jackson, R. D. Effect of soil
background on discrimination of vegetation using Landsat data. Remote
Sensing of Environ., 16:233-242.

Landsat satellite digital count values were extracted from a 512 by 512
subscene for wet and dry bare soil poilnts over three spectrally dif-
ferent soil types. These values were used to calculate brightness and
greenness values for the three site specific solls using a set of global
coefficlents. A comparison was made between the use of global coef~-
ficlents and those derived for individual soil types. Results showed
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that the effect of soil background noilse in the discrimination of vege-
tation can be more effectively minimized using site specific soil lines.
This technique enhances the potential for remotely sensed data to be
used for smaller area assessments such as individual fields.

Dusek, D. A., Jackson, R. D., and Musick, J. T. Linear correlations
between winter wheat parameters and various combinations of seven
spectral bands. Remote Sensing of Environment, (Not yet accepted).

Reflectance data were taken for a full growing season on six varileties
of winter wheat grown over a range of water deficit treatments
(controlled by irrigation) in the Southern High Plains. Spectral data
were collected with a multiband modular radiometer having seven bands
within the reflected region of the spectrum. A total of 660 vegetation
indices were formed and linearly related to five parameters of winter
wheat. Indices derived were of two types, ratios and linear com-
binations (n-space). Ratlo vegetation indices produced higher r values
for four wheat parameters; leaf area index, green ground cover, total
wet and total dry phytomass, whereas, n-space greeuness indices were
more highly correlated to leaf phytomass. Highest correlation coef~
ficients were .83 to .85 for ratio indices and equations indicate good
prediction for a range of data involving water deficits and varieties of
winter wheat,

CANOPY TEMPERATURE

Idso, S. B., Reginato, R. J., Clawson, K. L., and Anderson, M. G. On
the stabllity of non—water-stressed baselines. Agric. for Meteorol.
32:177-182.

Non—water—stressed baselines—--plots of foliage—alr temperature differen-
tial vs. air vapor pressure deficlit-—-were obtained for seven different
varieties of wheat and one varlety of water hyacinth having three dif-
ferent characteristic leaf sizes in experiments conducted at Phoenix,
Arizona. A single baseline was found to describe adequately the data
for all seven wheat varileties; while three different baselines were
required for the three different leaf-sized canopies of water hyacinth.
The slopes of the three water hyacinth baselines were all identical;
however, their intercepts differed by as much as 6°C.

Idso, S. B., Pinter, P. J., Jr., Reginato, R. J., and Clawson, K. L.
Stomatal conductance and photosynthesls In water hyacinth: Effects of
removing water from roots as quantified by a foliage~based plant water
stress lndex. Agric. for Meteorol., 32:249-256.

Stomatal conductance and net photosynthesls measurements were made over
a period of a week in wmid-October on two stands of water hyacinths
floating in sunken metal stock tanks at Phoenix, AZ. On the second day
of the experiment, all free water in one of the tanks was removed.
Follage temperature measurements were subsequently used to quantify the
water stress experienced by the water-robbed plants; and a plant water
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stress 1ndex derived from the follage temperature and air vapor pressure
deficit data was used to study the effects of developing water stress on
the plant physiological parameters being measured. The results obtained
were practically identical to those derived from two independent season-
long studies of water stress effects in cotton: net photosynthesis
"decreased linearly to become negative at a plant water stress index of
0.9 {(where 1.0 represents the maximum possible stress), while a para-
meter related to plant water use efficlency first increased with
increasing stress to reach a maximum at a plant water stress index of
0.6, after which it dropped off rapidly to zero with additional stress.

Choudhury, B, J., and Idso, S. B. Simulating sunflower canopy tem-
peratures .to infer root-zone soll water potential. Agric. for
Meteorol., 31:69-78.

A soll-plant~atmosphere model for sunflower {(Helianthus annuus L.)
together with clear sky weather data for several days, was used to study
the relationship between canopy temperature and root-zone soll water
potential. Considering the empirical dependence of stomatal resistance
on insolation, ailr temperature and leaf water potential, a continuity
equation for water flux in the soll-plant-atmosphere system was solved
for the leaf water potential. The transpiration flux was calculated
using Monteith's combination equation, while the canopy temperature was
calculated from the energy balance equation. The simulation showed
that, at high soll water potentials, canopy temperature 1s determined
primarily by air and dew point temperatures. These results agree with
an emplrically derived linear regression equation relating canopy-air
temperature differential to alr vapor pressure deficit. The model pre-
dictions of leaf water potential were alsc in agreement with obser—
vations, indicating that measurements of canopy temperature together
with a knowledge of ailr and dew point temperatures can provide a
reliable estimate of the root-zone soll water potential.

€0y, AGRICULTURE AND CLIMATE

Idso, S. B., Kimball, B, A., and Clawson, K. L. Quantifying effects of
atmospheric COs enrichment on stomatal conductance and evapotransplra-

tion of water hyacinth via infrared thermometry. Agric. of Meteorol.,

33:15~-22.

Measurements of stomatal conductance and evaporative water loss from two
tanks of water hyacinths growing at Phoenix, AZ, one under ambient con-
ditions and one considerably enriched in atmospheric C0,, are reported.
Stomatal conductances of plants in the COp~enriched treatment were
reduced to values half as great as thoge of plants in the ambient treat-
ment at a mean mid-day CO, concentration of 550 ppm, which resulted in a
22% decrease 1n total evaporative water loss; while in going from an
amblent CO; concentration of 310 ppm to a doubled concentration of 620
ppm there was a 277 decrease 1n evaporative water loss. Both of these
physiological responses were characterized by the Idso—Jackson plant
water stress index. Additionally, it was found that the stomatal
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response to lncreasing atmospheric COy was 1ldentical to those induced by
removing water from the plant roots, and that the reduction in evapora-
tive water loss with increasing atmospheric COy was an inverse linear
function of the plant water stress index—-both of which phenomena had
previously been theorized but never before experimentally verified.

Idso, S. B. An empirical evaluation of Earth's surface air temperature
response to radiative forcing, including feedback, as applied to the
COp—climate problem. Arch. Meteorol. Geophys. Bioclim., Ser. B, 34:1-19.

Several natural experiments were analyzed to yileld equilibrium values of
a surface ailr temperature response function and a feedback factor for
Earth's atmosphere. The former parameter, the change in surface air
temperature induced by a change 1n radiant energy absorbed at the sur—
face was demonstrated to have a value of about 0.1 K (Wmfz)mlg while the
latter parameter, the ratioc of feedback-induced change in radiant energy
to the surface of the Earth divided by an initial or primary change in
radlant energy to the Earth's surface was demonstrated to have a value
of about 1.25. These two numbers imply that the maximum warming to be
expected from a doubling of Earth's atmospheric CO; concentration from
300 to 600 ppm is only about 0.1 ¥,:a result so small as to possibly be
completely counter—balanced by the C02—induced reduction of solar
radiation transmission to the Earth's surface.

Idso, S. B. What if increases in atmospheric COp have an inverse green-
house effect? TI. Energy balance considerations related to surface
albedo- Je Climatolo 4:399""409.

An analysis of northern, low and southern latitude temperature trends of
the past century, along with avallable atmospheric COs concentration and
industrial carbon production data, suggests that the true climatic
effect of increasing the COp content of the atmosphere may be to cool
the Earth and not warm 1t, contrary to most past analyses of this pheno-
menon. A physical mechanism 1s thus proposed to explain how C0, may act
as an inverse greenhouse gas in Earth's atmosphere. However, a negative
feedback mechanism related to a lowering of the planet's mean surface
albedo, due to the migration of more mesic-adapted vegetatiop onto arid
and semi~arild lands as a result of the increased water use efficiency
which most plants experience under high levels of atmospheric C0p, acts
to counter this inverse greenhouse effect. Quantitative estimates of
the magnitudes of both phenomena are made, and it is shown that they are
probably compensatory. This finding suggests that we will not suffer
any great climatlec catastrophe but will instead reap great agricultural
benefits from the rapid increase in atmospheric COj which we are
currently experlencing and which 1s projected to continue for perhaps
another century or two into the future.

Idso, S. B. Atmospheric COy variability: A cause for concern in the
reconstruction of past climates. Spec. Sci. Tech. 7:37~40,

Well documented effects of atmospheric CO; on plant water use efficiency
were shown to have the capacity to significantly influence the florilsgtic
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composition of natural plant communities, as well as their distributions
in space and time. This phenomenon, previously overlooked in the
reconstruction of past climates, may be Introducing large errors into
our interpretation of several paleoclimatic indicators. Indeed, it is
very possible that much of our understanding of Earth’s climatic history
ig distorted, due to previously ignored direct and iadirect effects of
atmospherie CO; varlability.

Idso, S. B. and Brazel, A. J. Rising atmospheric carbon dioxide con-
centrations may lncrease streamflow. Nature 312:51-53.

Historically, studies of the greemhouse effect on carbon dioxide (CO2)
have dealt primarily with temperature and secondarily with precipita-
tion. In the latest report on this topic produced by the U.S5. National
Research Council, however, the subject of streamflow is broached with an
analysis which suggests that watershed in the western United States will
suffer 40 to 75% reductions in streamflow for a doubling of the
atmospheric €Oy content which leads to a 2°C rise in air temperature and
a 10% drop in precipitation. A shortcoming of this study is that it
does not include the direct antitranspirant effect of atmespheric COj
enrichment, whereby increasing the CO; content of the air tends to
induce partial stomatal closure which reduces plant transpiration and
thereby conserves soll moisture and increases runoff to streams.
Inclusion of this latter effect in a simple model of watershed runoff
applied to 12 drainage basins in Arizona indicates that 40 to 60%
increages in streamflow will be the likely consequences of a COy con-
centration doubling, even in the fact of adverse changes in temperature
and precipitation.

TRANSPIRATION BY AQUATIC VEGETATION

Anderson, M. G. and Idso, S. B. Evaporative rates of floating and
emergent aquatic vegetation: Water hyacinthe, water ferns, water lilies
and cattalls. Proc. Amer. Meteorol. Soc. Seventh Conf. Bliometecrol. and
Aerobiol. and 17th Conf. Agric. and Forest Meteorol. (In press)

The posgibility of reducing evaporative water losses from ponds and
reservolrs was Iinvestigated using several different-sized ponds of water
hyacinths, water ferns, water lilies and cattails. Similar—-sized ponds
devoid of vegetation provided the basis of comparison for isolating the
effects of the different types of vegetation, while daily water level
measurements provided the basis of water loss assessment. The flat,
floating specles--water ferns and water lilies--always reduced evapora-
tion below that of identical open water surfaces, as did short water
hyacinths on large ponds. TFor cattails and tall water hyacinths,
however, there was generally a modest increase 1n evaporative water
loss. Nevertheless, for large ponds the enhancement of evaporation rate
was so small that removal programs to rid reservolrs of these plants
based on water conservation arguments are probably not cost effective.
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€Oy AND PLANTS

An experimental program was initiated this year to study the effects of
atmospheric COy enrichment on growth and transpiration of water
hyacinths and desert agaves, as well as to look for possible growth
effects in populations of freshrwater algae. Analyses of this first
year's data are still in progress and will thus have thelr discussion
deferred until next year's report. Consequently, we will here only
describe the basls of the experimentation.

Four clear-plastic—wall, open—top, field, COj-enrichment chambers were
constructed as shown in Fig. 1. One of these chambers was enriched to
approximately 900 ppm COy, one to 650 ppm, one to 500 ppm and one used
as an amblent control. One tank in each chamber had water hyacinths
growing in it, while the other was filled with a mixture of fresh-water
algae selected for potential high protein production. Individually
potted agave plants were positioned around the inner peripheries of
each chamber. ‘

Dally evaporative water losses from each chamber were obtained by means
of stilling wells connected to each sunken metal stock tank. Weekly
fresh weight production by the water hyacinths was determined by physi~
cally lifting the plants out of the water and weighing them. For this
purpose, each tank had submerged within it an epoxy-coated wire-mesh
basket of the design shown 1n Fig. 2 which was l1ifted out of the water
by the technique depicted in Fig. 3. Optical denslty measurements were
used to study the productivity of the algae; while initial dry weights
of the agave transplants provided a basis for later determinations of
their growth response to the CO, treatments.

Experlments of this nature with thils setup are expected teo continue for
at least two more years.

NET RADIOMETERS

Net radiometer calibration is a frequent duty faced by many micro-
meteorologists. Accurate calibration of these instruments 1s vital to
the calculation of energy balance equations. Of all of the various
calibration technigques available, the ccculting technique is the easiest
and least expensive to use. The effect of the underlying surface
(whether vegetated or not) on the calibration coefficient using the
occulting calibration technique has not been previously reported. The
purpose of this study was to determine if such an effect exigts and how
large that affect might be.

The experiment was conducted on 16 and 17 May 1984 1in the lysimeter
field of the U.S. Water Conservation Lahoratory. On the two study days,
nine Fritschen net radiometers were mounted on a rack a2t a height of 1 m
as shown in Fig. l. A Eppley Model 15 pyranometer calibrated as a
laboratory standard against the National Oceanic and Atmospheric
Administration standard, was also mounted on the stang. The occulting
calibration technique was employed by placing a 25 cm occulting square
at a helght of 50 cm above each radiometer. The radiometers were alter-
nately shaded or unshaded, with the voltage output of each sensor
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recorded after 3 minutes of equilibration with a Omnidata Model 516-B
polycorder. Measurements began at 1100 and ended at 1430 MST, thereby
providing a bracket about solar noon, which occurred at 1225 MST.
Calibrations were performed over a bare soil surface on the first day
and over an alfalfa canopy on the second day. The alfalfa canopy was
about 50 cm tall and ground cover was 100%Z complete. A paired t~test
was employed to compare the two data sets.

Weather conditions for both days were nearly identical and are given in
Table 1. Direct comparison of the calibration coefficients obtained on
the two days should not, therefore, be affected by different weather
conditions.

The calibration coefficient together with the standard deviation of

the coefficient for each net radiometer is listed in Table 2. The dif-
ference between the two calibrations, using bare soil as the reference
surface, is also given. The difference in coefficients indicated that
89% of the net radiometers showed a higher coefficient (greater sen—
sitivity) when calibrated over the bare soil surface. The overall
average difference for all net radiometers was, however, only 0.99 W m—2
wol, A paired t-test of this difference indicated that the average
difference in coefficients was not large encugh to be significant sta-
tistically at o = 0.05. The difference of 0.99 W m~2 mv~l 15 also much
less than the average standard deviation for each coefficient (3.40 W
n2 wv~l) further indicating the lack of surface affects on the calibra-
tion coefficients.

The conclusion to be drawn from these data is that net radiometer
calibration coefficients, calculated using the occulting technique, are
not affected by the surface over which the calibration is conducted.
Care should nevertheless be exercised during calibration to ensure that
terrestrial radiation from the surface remains constant. If this com
ponent of the net radiation is not constant from shaded to unshaded con-
ditions, the coefficients may be seriously affected.

REMOTE IMAGE PROCESSING SYSTEM

The Remote Image Processing System (RIPS) is a recent acquisition of
our laboratory and consists of the following components:

1) Cromemco 64K, 8~bit processor;

2) Black and white printer;

3) Color and black and white monitors;
4) Joystick, and

5) Image processing software.

The system is currently belng used for digital image display, enhan-
cement and classification. Development 1s currently underway to enhance
the RIPS to perform binary and ASCII file transfer with the HP-1000
mainframe computer. With this down loading capability, the RIPS will be
used for image-based agricultural modeling, such as spatially continuous
evapotranspiration calculation, biomass estimation and change detection
over time and space.
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ALFALFA B84

In 1984, we planted an Arizona adapted, non-winter hardy cultivar of
alfalfa (Medicago sativa L. cv. Lew) in the backyard lysimeter field at
the U,.S, Water Conservation Laboratory in Phoenix. 1In addition to pro—
viding a perennial crop on which we could conduct our remote sensing
research, a long term alfalfa rotation was intended to improve soil
structure, fertility and organic matter as well as reduce potential
disease problems which were beginning to surface after 6 contipuous
years of small grain cultivation.

OBJECTIVES

Our primary objectives for this experiment continue to focus on deve-
loping and refining remote sensing approaches for the early detection
and quantification of various plant stresses. Alfalfa is an ideal crop
to study because of 1ts year round growth in central Arizona, up to B
harvest events per year and the fact that much time 1s spent under par-
tial canopy cover conditions. The latter 1s of speclal interest because
we saw an urgent need to address the partial canopy problem as 1t
influences various remote sensing measurements. A specific goal within
this experiment is to evaluate a combination remote sensing technique
for estimating evapotransplration of alfalfa in situations wherein
varylng amounts of plant cover and seasonal differences in plant
transpiration might complicate the procedure.

Additional objectives are to further develop thermal and reflective .
solar remote sensing measurements as techniques which could be used by
researchers and growers to assess physioclogical stresses and blomass
levels in the field. Such tools would have a tremendous impact on the
ability to quantify stress with time and estimate its effect on final
yield. Our intent is to establish the non-destructive remote sensing
methods as reliable surrogates for many of the conventional sampling
methods which are labor intensive, difficult, destructive and more sub~
Ject to sampling errors because they are point measurements. Within
this objective we expect to better define weather conditions under which
measurements yleld acceptable results and establish the effect of
viewing angle on the response of portable infrared thermometers.

Vegetation indices derived from the reflectance of light from plant
canoples can be used to infer the history of stresses to which a crop has
been exposed as reflected in varylng amounts of biomass accumulation or
senescence, In this experiment we also wished to establish whether
reflectance measurements could be used unambiguously to identify stress
as it i1s developing in the field and to provide an early warning signal
much in the same way the thermal IR is used in the Crop Water Stress
Index.
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CULTURAL PRACTICES

Experimental plots were fertilized with treble super phosphate (0-=45-0)
at a rate of 100 kg/ha. This was then incorporated into the soill by
rototilling to a depth of 10-15 cm. One week later on 14 Feb 85 we
planted the alfalfa seed in 18 separate borders at a recommended rate of
about 46 kg/ha. The field was dragged lightly to settle the seed in the
upper layers of the soil. An initial irrigation was given on 14~-17
February and first germination occurred on 21 February. A second irri-
gation was given on 21-23 February to reduce soil crusting and insure
good emergence. In 1984, we harvested the alfalfa stand a total of 6
times (21 May, 23 June, 25 July, 21 August, 25 September, and 15
November,

TRRIGATION TREATMENTS

All borders were irrigated at the same time and kept well watered by
surface irrigation until after the fourth harvest on 21 August. This
insured that plants were well established before we began differential
water stress treatments. For the fifth and subsequent harvest cycles we
followed a rotation system of irrigations to provide differential stress
while minimlizing carry-over effects of prior stress on plant response.
Experimental plots exposed to water stress during a particular harvest
cycle would have two subsequent cycles under well-watered conditions
before they were once again exposed to stress.,

Two replicates of 4 irrigation treatments were established for each
cutting interval. A WET treatment would experience no apprecilable water
stress between cuttings. An EARLY irrigation treatment would be irri-
gated within several days following harvest and then experilence water
stress during the later stages of canopy development. A LATE treatment
would experience water stress during canopy regrowth but have ample
water later in the harvest cycle. Finally, a DRY treatment would have
no supplemental water added by irrigation from one harvest until the
next. The DRY plots' only source of molsture would be rainfall and
stored soll moisture. Non-treatment plots receilved ample water (same as
the wet treatment) during their two cycle recovery period. The shortest
time periocd between harvests during the summer months was approximately
4 weeks, During that time the wet plots received 2 irrigations; the
early and late plots, 1 irrigation; and the dry plots, no irrigation.
Irrigation amounts for the wet, late and non-treatment plots were
adjusted to replenish the water used in the upper 150 cm of soil as
measured by a neutron scattering technique; that in the early treatment
was replenished only to a depth of 90 cm to insure that it would
experlence some stress before the next harvest.

MICROMETEROLOGICAL, OBSERVATIONS

Micrometeorological measurements were modeled after those empleyed in -
previous experiments and included standard measurements of global solar
radiation, diffuse solar radiation, rainfall, wind speed and direction,
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ete., Six borders of alfalfa were instrumented to record reflected solar
radiation, net radiation, wet and dry bulb temperatures and soll tem
peratures at a 5 cm depth. Two borders contained thermocouples for
monitoring air and soil temperature profiles and 3 sofl heat flux plates
at a depth of 5 em. One wind speed profile was obtained in a central
location within the experimental field. The three lysimeters located in
the field were each instrumented with a nadir-pointing infrared ther-
mometer, a soll heat flux plate and soil thermocouples buried at depths
of "0," 1, 2, and 5 cm. Directly wired shorts and 0°C temperature
references from an electric ice point device provided a means by which
temperature~induced signal drift in the emf and thermocouple response
could be correctly compensated.

Micrometeorologial data were scanned at 1.5 minute intervals by an
Autodata—-9 data logger and two remote scanners. Table 3 provides a list
of measurements and channel assignments for thls experiment. At 30~
minute intervals the time averaged channel observations were sent to an
HP-9836 desktop computer and then relayed to the laboratory HP-1000
minicomputer. A Winchester hard disk, hard wired to the HP-9836 was
used to backup the data sent to the HP~1000. TUpon demand, the nost
recent processed data could be printed out via the HP-9836., Lysimeter
data were recorded from 15 February until 25 June 84. Most of the
remaining instruments were installed in the field and recording began
24 August 84.

AGRORCOMIC PARAMETERS

Plant heights were measured in the field 3 times weekly. Nadir and
oblique color photographs were taken once a week, Destructive samples
were.obtalned from each of the treatment plots 3 times a week from
August untll late October. As plant growth slowed durling the cooler
months, the sampling frequency was decreased to twlce and then once a
week, Destructive samples consisted of 4 circular, Q.25 a2 ganples per
plot. Plants were clipped at a helght of approximately 3 cm. Plant
material was weighed lmmwedlately after sampling, green and brown frac-
tions were separated and then oven~dried for a minimum of 48«72 hours

at 50-60 C. Dry bilomass was measured for each fraction.

S0LL WATER

Soil water depletion was measured 3 times a week using a neutron scat-
tering technique. - Most plots were measured to a depth of 260 cm in
20~cm increments. Upper and lower limits of plant extractable water had
been established for each layer in individual plots during previous
experiments. After differential moisture treatments were begun in
August 84, we deemed 1t advisable not to change these limits midway
through the experiment because of suspected differences in rooting pat-
terns between treatments. Upper and lower limits will be adjusted at
the end of the experiment with the best data then available for the
alfalfa crop. Depleted soil moisture information was used to determine
lrrigation amounts. Surface soll moisture was sampled at appropriate
intervals in several of the plots using an Oakfield probe. These data
were used to determine soil heat flux during late fall and winter
months.
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LEAF DIFFUSION RESISTANCE

Leaf diffusion resistance measurements were taken at intervals during
the experiment using a LICOR-1600 steady state porometer. Data were
collected from 3 upper and 3 lower leaf surfaces from each treatment
plot during daily periods of maximum water stress (1300-1400).

REMOTE SENSING OBSERVATIONS

Reflected solar radiation was monitored using two portable multiband
radiometeras. The first, an Exotech Model 100-A, was equipped with 2
visible and 2 near-infrared wavebands similar to those of the LANDSAT
Multispectral Scanner (MSS). It was handheld over the experimental
plots at the time when the solar zenith angle was approximately 57°.
Data were collected almost daily beglnning on 27 August B4 under clear
and cloudy sky conditions. Reflectances were computed as the ratio of
radiances measured each experimental plot to the time-interpolated irra-
dlances inferred in the waveband interval from measurements over a
calibrated, painted BaSQ, reference panel. An example of a vegetation
index calculated as the ratio of Exotech band 4 (NIR) to band 2 (Red)

is shown in Fig. 4. At intervals the Exotech radiometer and other
remote sensing instruments were employed intensively on a diurnal basis.

A second radiometer, a Barnes Multimodular Radiometer (MMR) was mounted
on a backpack device and deployed over the alfalfa plots on clear days
only. Data were collected at a time corresponding to the approximate
overpass of Landsat 5 (1030 h). The MMR had waveband filters which
mimlc those of the visible, near-IR, mid~IR and thermal channels of the
Thematic Mapper Radiometer. It also has an additional near—-IR channel
which 1s proportedly sensitive to liguid water in plant tissues and thus
should be useful in the monitoring of plant stress.

Thermal infrared measurements of the alfalfa canopies were made at
approximately 1330 to 1400 h 5 days a week using an Everest portable TRT
with nomlnal 4°FOV optics. Canoples were viewed from each of the 4 car-
dinal compass directlons as well as in a padir direction.

PERSONNEL: R« J. Reginato, R. D. Jackson, S. B. Idso, P. J. Pinter,
Jr., K. L. Clawson, C. E. Egzra,, M. 5, Moran, R. 5. Seay,
S. M. Schnell, H. L. Kelly, Jr., B. L. Carney, S. M.
Karpinski, B. L. Murphy, P. Barrett.
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Table 1. Summary of weather conditions on 16 and 17 May 1984,
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AVG.
DIRECT
AVG. AVG. BEAM
DRY WET SOLAR WIND WIND
BULB BULB RADIATION* SPEED**  DIRECTION**
DAY (c) () (Wm—2) (m/g) (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

pyrancmeter.

**Campbell Scientific CR~21 Micrologger data at 2 m helght located
in the lysimeter field.
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Table 2. Calibration coefficients (W w2 mV_l) of net radiometers
- determined over a bare soll and an alfalfa surface. The
uncertainty of the calibration coefficient 1s the standard
deviation of 33 independent calculations.

SERTAL NUMBERS

620 654 655 680 682 692 693 694 705

BARF, 50IL
COEFFLICTENT
UNCERTAINTY

ALFALFA
COEFFICTENT
UNCERTAINTY

DIFFERENCE
IN
COEFFICIENTS

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

214.6 243.5 263.4 255.6 235.2 220.5 225.3 220.7 221.9
1.79 3.83  2.27 4.22 2,32 0.88 2.79 2.56 2.25

caT
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Table 3. Instrumentation for Abfalfa 84,
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Channel 1nstrument  installation Signal
Parazeter Location ileight linmber My, Date Level
Albede 1] 1.5 m a]¢x] Spectran 27 =y
28 ] G4
kL] Q0%
48 103
54 104
61 105
Net radi- 1z 1.5 s o1 Micromet 137 oy
atien 2 311
38 Gl5
33 i1}
5B 114
64 115
Sofl Heat 18 ~-50 020 Hicromer 237 wv
Flux 02t
I 022
a8 023 276
024
D25
lysa 1 026 237
Lys. 2 027
Lys. 3 120
Wind Speed 2B 0.75m Q45 Young 3 v
1.00m  Q4é
.25 m 043
.50 Q42
1758 041
.00 m 040
48 2,00 m  p22
Hadir Lys, 1 l.75w Q32 Everast 237 )
Canopy Lys., 2 033 15*FOV
Tewp. Lys. 3 121
Within 2B Ol m 050 Thermocouple 237 [+
Canopy 3.2 051
Alr 9.1 m as2
Tewp. 0.4 v 0%3
0.5 o 054
0.6 0 055
0.7 m 056
0.8 & 057
0.9 o 058
k] Oul m 130 276 c
0.2 = 131
0.3 o 132
Ol o 133
5o 134
0.6 - 135
G.7 a 126
0.8 = 137
0.9 = 138 ]
Soil Temp. 28 0o 66 Thermorouple 237 <
Profile ~i0 m 067
~20 =n €68
«50 mm  G70 ]
B 0 m €71 216
-i0 ma  GQ¥2
=20 em 073
-50 mm U074
Lys. 1 O om 075 27
-10 = 076
~20 w077
. 50 m 078
Lys. 2 0 mn 080
-0 w08}
-0 = (B2
«50 o 083
Lys. 3 Qo 1350
=10 wm 151
=20 ms 152
=50 m 153
BDry Bulb i3 fe5 m 060 Psyghrometer 237 C
B 062
s 411
48 140
58 142
68 144
Wet Bulb i8 1.5 m 061 - Psychrometer 237 C
28 063
ki) 065
X 14}
58 143
P 145 .
Soll Temp. 18 =3 e 093 Thermocouplie 237 c
2B 094
33 a9%
4B 161
58 t64
1] 165
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Table 3. (Cont.) Instrumentatlon for Alfalfa B84,
Channel Instrument Installation Signal
Parameter Llocation Height Number Mfgz., Date Level
Nadir IRT 2B lI.5m 084 Thermocouple 237 C
Shield Temp.
East
Scanner 4B +5m 158 Thermocauple 237 . o]
Temps
Hest
Scanpner 28 1«3 m a:1:) Themocouple 237 C
Tenp. -
Cabin Cabin 1.5 m 228 Therzocouple 237 C
Tenp.
Global Cabin Roof 200 Eppley 237 myY
Radiation
Diffuse Cabin Roof 201 Eppley 237 oV
Radfation .
PAR Cabin Roof 202 LICOR 237 oV
Baro~ .
metric Cabin 05 m 203 Sierra Misco 237 =V
Pressure
Windspeed Cabia Roaf 204 Gil1l 237 v
Wind Cabin Roof 205 Gill 237 ¥
Direction
Fullscale Cabin Roof 206 Gil1l 237 v -
Zero Cabin Roof 207 G111 237 v
Lysimeter 28 - 210 - 237 =V
JB — 211 - 237 v
4B -_— 212 - 237 av
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Water Hyacinth-~Carbon Dioxide Enrichment Chamber/Clear Plastic

support cabie—

1740 Scale

" CO7supply tube

atm sample tube

— -

distribution—
tubes

e m—m ——

e T —

.2m stock tank
8imdecr’)

Figure 1.

i i
stilling
well

swoump cooler

sample \,
%, Pump \-.go, supply line

sample line

89T

Annual Report of the U.S. Water Conservgn Laboratory



Water Hyacinth-Carbon Dioxide EnrichmentSiudy,"
Weighing & Growth~Basket Design
Aluminum Framed 1/20 Scale
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Figure 2.
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ALFALFA B4 EXOTECH DATA
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Daily wvalues 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°.

TLT
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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 arlid 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 entalled labora-
tory research to develop high-runoff-efficient, inexpensive 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 assoclated agronomic practices. We have worked
primarily with two crops to meet objective (2): jojoba and Christmaa
trees. We concluded that jojoba was not a good crop for RF in arid
areas receilving summer ralns, but might be a good choice for areas with
a Mediterranean climate.

Recently, we have been evaluating conifers for RF. This crop was
deslgnated for Christmas trees, We found that we could sucessfully grow
commerclally acceptable Christmas treea for some tree speclea«RF system—
80ll combinations, but not for others. In 1984, we initiated research
to eliminate this uncertalnty, and to develop cultural techniques to
reduce tree mortality, speed growth and lmprove quality.

RESEARCH APPROACH:

In the laboratory, several tallow~derivative materlals supplied by the
ARS Eastern Reglonal Research Center were combined with additives,
applied to solls 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 729-82 RC=NCHCHyN~CHyCHyNHCOR
N-(2~TallowA2 imidazoline)ethyl Tallowamide

AF 729-B4 RCONHCHCHoN(COR) CHoCHoNH2
N~(Aminoethyl)N-~Tallow amido
ethyl Tallowamide

N - CHop

AF 706-69-1 Cjys5H3;C CHg

N-~CH7CH2NHCOC 5H3
N~-2(pentadecyl A2 imidazoline)ethyl stearamide

AF 706~74 II Cjs5H3]CONHCH)CHpNHCHCH7NHCOC]5H3]
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Dipalmitamidoethyl Amine

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

Petrl dish bottom; smooth soill; wet with 15 g distilled water applied
with an atomizer; cover; equalibrate overnight; compact (5 blows with
standard compactor); alr 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 2/3 160 M.P. paraffin, 1/3 Vaseline.
Treatments were prepared in duplicate.

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

4~hr~hydration (+ or - for pass-fail)
+
erosimeter(l mm water jet at 5 psi for 5 min)
+ .
freeze~thaw cycling(*20° with approx. 2.5 cm diameter
water drop atop center of each sample)
n +
erosimeter
+
4~hr-hydration

The erosimeter was run at 5 psl 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 specles at
two sites (clay and sand) and assoclated 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" runcff-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
ralny 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 mlx~
tures were conslderably 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 15 a summary of the harvestable trees from the two successful
tree~treatment combinations of field study 1. 5Shown 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 soomer than the originals, thus markedly shortening the harvest
cycle time.

Almost 90% of the cypress seedlings on the sand site reached marketable
gize 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
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 (.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.l 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 technlque can be used
to improve tree quality, and possibly rate of growth and other desirable
characteristics. However, this selection of Arirzona cypress, which is
sultable 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 trees/site) of the trees on

the single newly planted row was only 13 em, 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

plone on the sand site, However, the vigorous top growth suggests that

this new planting has already rocted 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 ceollected 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.

Weatherability of tallow derivative - petroleum wax mixtures on
Granite Reef soil. .

Wax Rate (kp/w?)

0.25 < 0.50
Anci- Preagure Pressure
Sample Ratic stripd 5 pel 15 pal 5 pol 15 psi
pacaffin = — N 30:102/5 = 39:+8; -
oaly — b 123+38; 205203 60 4D
140 wax — N 63%13; — '1092; -
only — Y 1592363 - 205203 83zi3
AETO6~6F-1 = N 5016} — 205203 68178
only — Y 59:7; — 20503 8818
£9-1/Par 1:3 N 175+30; 80 205:0; 143223
- Y 205:0; 7020 205:0; 11812
69-1/140 1:1 N 175430 145 205:0; 133253
" Y 1782183 e 205:0; 178£28
AF129-82 -— N 0:0; — 010 -—
only -— Y 119 :86; 15 50£15; w-—
729-82/par 1:1 N 205 :0; 9515 205:0; 10515
" Y 205 :0; 110215  205:0; GEES:]
729-82/140 131 N 2050} 76115  205:0; 10510
" Y 19383 — 120:B5; 100
AF729-84 —_ N 20503 88218 0+0; —
only — Y 143£13; _— 1052404 —
729-84/Par 1:1 N 20520; 138333 205:0; 130230
" Y 205 :0; 83:13  205:0; 12842
729~-84/140 131 N 205:0; 90%0 205:0; 125£20
" Y 200253 40 20520 198£33
AF706-74~11 — N 010; — 0:0; —
only — R 108:98; 15 103£103; 125
74~11/par 111 N 205203 5535 205203 95:15
" Y 205:0; 88:8 2050 253213
2:7 N 195+10; 75 205203 180185
- Y 158 2483 15 20520; 25545
2:8 N 205 :0; 55%15  205:0; 130110
. Y 205:0; 7328 20503 110430
1:9 N 190+15; 55 20510; 60245
- X 20520; 38233 205:0; 17358
74-11/140 1:1 N 130275; 35 185¢20; 130
- ¥ 205 20; 18085  205:0; 6515
3:7 N 20520 847 20520; 135240
- Y 185£20; 60 205403 17883
218 N 205 503 30420  205:0; 128243
- ' 2050; 38213 205403 95120
1:9 N 205:0; 60210  205:0; 60120
- ' 180:25; 95 205:0; 180185

l/ N = pno antiserip; ¥ = 2% Emery 6639 in wax wmixtures.

..2.../ Duplicate samples were run for a maximum of 205 mlnutes at S psi;
then surviving saoples were run at 13 psi until destroyed.
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Table 2, Christmas tree harvest of the original and stump cultured
Arizona cypress on the sand site and Eldarica pinme on the clay site.

Sell Died Culls
A
Cypress — Sand
Original (Yr 3) 89 3 8
Stump Culture (Yr 5) 0 34 63
Total 89 37 71

Sellable trees/spot/yr (3 yr cycle) = 0.30

Pine - Clay
A) Original (Yrs 3 & &) 88 4 -
" {Yrs 5 & 6) 8 0 0
Total 96 4 0
B) Stump Cultured (Yrs 5 & 6) 77 12 -
Total (A+B) 173 16 -

Sellable trees/spot/yr (4 yr cycle) = 0,22
" (1] Rt " ( 6 " L1 ) = 0 . 29

Table 3. Height and %rowth of second planting of Eldarica pine on wax
treated sand site.,l ,

Rows I, II, ITI Rows IV, Vv, VI Row VII
(01ld Quetta) {01d Cypress) {New)
cm

1. Control 47 41 23
2. Deep-Till 45 37 34
3. 2 + Pine Duff 46 51 27
4. 2 4+ Silt 50il 45 . 40 21
5. QVAR - Salsola 43 38 29
AVE 45 41 27
Growth 1984 30 25 13

AVE Growth 1984 28

AVE Growth 1979 planting g

l! 2nd planting, drip irrigated, best of two trees/site.
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TITLE: EFFECTS OF INCREASING ATMOSPHERIC COz ON YIELD AND WATER USE

OF CROPS
NRP: 20760 CRIS WORK UNIT: 5510-20760-006
INTRODUCTION:

This was the second year of a project whose mailn objective is to deter-
mine the long term effects of continuous COp enrichment on the yield,
water use, and photosynthesis of a variety of plants under optimal and
limiting levels of water and fertility. The purpose 1s to document the
possible future effects on crop production of a doubling of global
atmospheric COy concentrations. Secondary objectives are to determine
the effects on physiological determinants of crop productivity, on water
stress and stomatal behavior, and on biochemical reactions that limit
photosynthesis. Staff members from the U. S. Water Conservation
Laboratory and the Western Cotton Research Laboratory are cooperating on
the project.

In 1983, an experiment was conducted on field-grown cotton (Gossypium
hirsutum L.), using open-top COp-enrichment chambers. The COp treat=-
ments were amblent, 500, and 650 pf 271 in the chambers, as well as
open~field control plots. All the cotton was well-watered, and there
were two replicates of each treatment. The 1984 experiment again had
the same CO; treatments with two replicates. The major change was to
double the size of the experiment to include another irrigation level,
so that in 1984 there were both well-watered ("wet"”) and water-stressed
("dry") treatments, as illustrated in the plot plan of Figure l.

MATERIALS AND METHODS:

A. Culture of Experimental Crop:

The cotton crop was grown on the field just west of the Western Cotton
Research Laboratory, Phoenix, Arizona. A plot plan 15 shown in Figure
l. The soill is Avondale clay loam (Fine~loamy, mixed (calcareous),
hyperthermic, Anthropic Torrifluvent). Alfalfa had previously been
grown on the field for about the last three years. The fileld was
ploughed and furrowed on 16 March 1984 and a preplant herbicide,
Karmex, was applied on 23 March., It was pre-irrigated with 230 mm of
water on 27 March. Urea fertilizer was applied at a rate of 75 kg/ha
on 5 April, and then the field was tilled with a lister hoe. The field
was planted to Deltapine—6l cotton on 16 April 1984. A variety change
was made from 1983 when Deltapine~70 was grown because in 1983 the cot-
ton was planted late in June and Deltapine~70 is a shorter season
variety than Deltapine—~6l., The cotton was planted in north-south rows
at a 40-in (1 w) row spacing, on ridges with furrows in between, as
commonly used for flood-irrigated cotton in Arizona. Following normal

l Trade names and company names are included for the benefit of the
reader and do not imply any endorsement or preferential treatment of the
product listed by either the authors or the U. 5. Department of
Agriculture.
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practices, the tops of the ridges were knocked off on 20 April, which
was about 2 days after germination but prior to emergence. The prac-
tice removes the soll surface crust, thus facilitating emergence. The
stand was thinned to 100,000 plants/ha, and a few gaps 1in the stand
were filled using transplants.

Immediately after planting, two neutron access tubes were installed in
each plot, one in the exact center in the middle row and the second
about 30 cm west and 50 cm south of the first. During the course of
access tube installation, a gravel layer was discovered in the field at
a depth greater than 1.6 m at the south end of the field but gradually
at shallower depths to about 1 m at the north edge. Consequently, the
neutron access tubes at the south end (IW plots in Figure 1) were all
installed to a depth of 1.6 m whereas those at the north (IIW plots in
Figure 1) were installed to about 1 m with intermediate installation
depths in between,

After the neutron access tubes were installed, erection of the open~top
chambers began. The chambers were identical to those described in the
1983 Annual Report. The CO, treatments were initlated on 2 May 1984.
The COp; sampling, enrichment, and control system was the same as used in
1983, except twice as many field sites were involved.

Psychrometers were installed at about the 1.5 m height in the south-west
corner of each chamber or field plet. A Gill {(R. M. Young and Co. Model
350011) propellor wind vane was installed at the 2.5 m height on a mast
in the center of the field. A Spectran Model 4048 pyranometer was
installed on an arm of the same mast at a height of 2 m. Hourly average
dry and wet bulb air temperatures, wind speed, and solar radiation were
recorded each hour on an automatic data acquisition system.

As illustrated in Figure 1, the field was divided into four basins with
four plots per basin. Thus, these four sets of plots (Rep I — wet, Rep
I -~ dry, Rep II ~ dry, Rep 1T ~ wet) were each irrigated as a unit.

The wet plots were flood irrigated on a 2 week schedule, as is common
practice for the area (Table 1). The dry plots, on the other hand, were
irrigated on a three week schedule, thus subjecting their plants to more
water-stress. Unfortunately, unusually heavy ralns (Table 1) upset the
irrigation schedules, so the dry treatment was not stressed as often or
as severely as planned. The total amount of irrigation plus rain
applied to all the plots was greater than planned.

As will be described in succeeding sectilons, numerous measurements of
plant height, leaf area, bilomass accumulation, flower and boll number,
leaf photosyathesls, leaf diffusion resistance, leaf temperature, soil
molsture content and water use, leaf water potential, seoil CDZ fluxes
and concentrations, and insect populations were made during the course
of the season. The middle row (3 m) was used for the final harvest on
17 October,

One evening per week from 11 June until 6 August Vapona in shallow
dishes with a napkin wick was placed in the blower cabinettes for insect
control. This procedure distributed the insecticide throughout the
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chamber plant canoples, but the outside plants did not receilve the
treatment, QOther insecticide treatments included spraying chambers IID2
and IID1 with Kelthane for red spiders on 18 June. Temik was applied to
all chambers on 20 June. Sevin at 2 kg/ha and Kelthane at 1 kg/ha were
sprayed on the cotton on 24 July. Some visible damage occurred to some
of its upper leaves. 1In addition to the preplant application of urea at
the rate of 75 kg/ha on 5 April, an additional sidedress of urea was
applied in June at 75 kg/ha. The residual nitrogen from the previous
alfalfa crop plus the applied fertilizer apparently supplied adequate
nutrient, Concentrations of leaf petiole nitrogen (4th leaf) were
measured periodically through the season (Table 2)., They decreased
markedly with time through the year, but no more than normal for a cot-
ton crop.

*

B. CO9 Concentrations:

COg concentratlions were continually recorded, as described in detail in
the 1983 Report. About 30 seconds were required for the infrared COp
analyzer to stablilize on a new reading after switching from one plot to
another. A single CQy observation was taken of CQj concentration for an
amblent plot, but for the enriched plots, 30 observations were taken
over a one minute period before gwitching to the next plot. Each hour,
zero and span gas were also routed through the analyzer for automatic
calibration, which required another minute, After each integer hour on
the clock, the scan of all the plots was completed, and then hourly
average CQy concentrations were computed and recorded. Because there
were 16 plots, and about 20 minutes were required per scan of all the
plots, these hourly averages usually included 3 observations from the
ambient plots and 90 observations from the enriched plots.

A computer program was written to summarize the CO; observations over
the entire season for each plot., After sunrise, the system normally
increased the COy flow rates to compensate for the greater atmospheric
turbulence and greater exchange of air in the open top chambers during
daytime, and vice versa after sundown. To see any diurnal patterns of
C0, concentrations, therefore, the €Oy observations were sorted and
averaged by hour of the day. The results are presented in Figures 2, 3,
4, and 5 for the IW, ID, IID, and IIW plots, respectively. The program
was also run on the 1983 data for completeness, and these results are
presented in Figures 6 and 7 for Reps I and II, respectively.

Perusing Figures 2 ~ 7, it 1s apparent that the amblent concentrations
undergo a diurnal variation from about 350 uf 21 §n daytime to 400 nt
1l oat night. The enriched plots alsoc have some diurnal variation but
less pronounced because of the controlled set points at 500 and 650 pf
£~1, After sunrise each day, the concentrations decreased below set
polnts for an hour or two until the system responded to the higher level
of atmospheric turbulence. After sunset, concentrations rose above the
set points until they similarly responded to calmer night conditions.

Also plotted in Figures 2-7 are the standard deviations of the individ~
ual CO, concentration observations. The bands reveal considerable flue-
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tuation, even in the ambient concentration. However, overall, the COy
control of the enriched chambers was quite good, and the standard
deviation bands overlap only occasionally.

The overall COj concentration means and standard deviations are tabu-
lated in Table 3. 1In 1984, they averaged 350 % 55, 355 % 60, 511 % 8],
and 662 * 114 p2 271 for the open field plots, ambient, "500", and "650"
chambers, respectively. In 1983, they were 368 % 56, 356 * 47, 523 &
90, and 643 % 101 (Table 4).

RESULTS:

A. Leaf Area, Biomass, and Yield:

Destructive harvests of plants in the two ocutside rows of the chambers
were taken nine different times during the season. Each time, 3 plants
were taken in a rotating pattern of consecutive quadrants of the two
rows so as to distribute the resultant canopy gaps as evenly as possible
and minimize the overall impact on the remaining plants. No inter—
mediate destructive harvesting was done on the middle row, and all of
the plants in it were used for the final harvest at the end of the
5eason.

Following each intermediate harvest, leaf area was measured by passing
the leaf blades through a LI-COR leaf area meter. Counts were made of
the number of nodes, open bolls, and green bolls. Dry welghts of leaves
and stems, open bolls, green bolls, and roots were measured after drying
separately in an oven at 70°C,

The accumulation of leaf area index during the season 1s presented in
Figure 8. By day 234, the plants grown at 650 pd 21 had 74% greater
leaf area than those at ambient for the wet treatment. The 650 plants
from the dry plots had 18% more leaf area than the dry ambient plants on
day 234, although for most of the season the 650 plants had relatively
more area than on day 234.

The accumulation of dry weight of bolls is shown in Figure 9. 0Obvious~
1y, the 650 pt 2~1 COy concentration greatly stimulated boll growth.
The welghts of bolls from the "650" chamber were nearly double those
from ambient "350" chambers for both wet and dry treatments. By
season's end, the irrigation treatments had little effect, there being
almost no difference in boll weight between wet and dry at 350 and only
a small difference at 650 uf 21 COg» However, earlier in the season,
between days 200 and 240, some rather large boll weight differences
existed between the wet and dry treatments. Apparently, however, rains
superimposed on the irrigation supplied enough water for the dry plants
to nearly completely recover their yield potential,

The number of bolls 1s shown in Figure 10, and the pattern is the same
as for weight. There were nearly twice as many flowers at 650 compared
to 350 pe 21 COp. At season's end, irrigation treatment had little
effect, although earlier between days 200 and 240, the wet plots had
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considerably more bolls. There was a marked recovery in boll number
following the day 221 irrigation, and the extra rain during the latter
part of the season facllitated complete recovery from water stress.

A comprehensive tabulation of the final destructive harvest results are
presented in Table 5. The COp eariched plots were about 7Z taller for a
doubling (650) of COy in the wet plots and 267% taller in the dry plots.
The number of bolls was greatly increased by CO; enrichment ag will be
discussed in more detaill shortly. Total dry matter production was
increased by 50 and 95% in the wet plots by the 500 and 650 u2 ¢l CO9g
treatments, respectively. In the dry plots, the increases were 19 and
71% respectively. The seed cotton yield increases closely paralleled
the dry matter increases. Seed cotton was increased by 44 and 94% in
the wet plots in the 500 and 650 CQOp treatments, respectively, and by
32 and 77% in the dry treatments.

As already revealed by Figures B-10, the plants in the dry plots recov-
ered from the water-stresses to which they were subjected, and at
amblent COy, the drys slightly outyilelded the wets. At the higher COp
levels, however, the plants in the wet plots responded somewhat more to
the COp resulting in the 94% increase in yield due to the 650 uf g1 C0O2
treatment compared to the 77% increase in the dry plots. This result 1is
in conflict with other data reported in the literature that indicate
that plants respond relatively more to C0y when subjected to water
stress. However, our "dry” plants obviously were not water—stressed for
their entire lifetime, 50 the comparison with the other studies may not
be valid.

Referring again to Table 5, it 1s apparent that the percentage of lint
in each boll was not affected by either the €0y or the irrigation treat-
ments. Nelther was the size of the seeds affected in any consistent
way. There was no effect of CO; on fiber length in the wet plots, but
the dry, COp-enriched plots had 6% shorter fiber than the dry ambient
plots. There were some interesting differences in fiber flneness.
Fineness increased by 10 and 15% in the wet plots at COp concentrations
of 500 and 650, respectively, and in the dry plots by 4% at both CQy
concentrations. The fineness data indicate an improvement in lint
quality with increasing COy whereas the fiber length data show a
decrease in quality in the dry plots with increaging COj.

COy enrichment also did not affect harvest index in either the wet or
dry plots (Table 5}). However, the harvest index of the dry plots was
conglstently higher than that of the wet plots at all COj levels.

The all-important yields of seed cotton (lint + seeds) are isolated in
Table 6., As discussed previously, at 650 uf g1 €0y there was an aston—
ighing 94% greater yield than at ambient for the wet plots with the
"500" treatment ylelds about midway between. The yleld response to COg
was simlilar in the dry plots with the 630's outylelding the ambients by
77%.

Numbers of flowers, percentage of flowers that resulted in harvesgtahle
bolls, and weight of lint per boll are all components of yleld and these

Annual Report of the U.S. Water Conservation Laboratory



183

data are presented in Table 7. The flower and boll retention data will
be discussed in detall in the next section. The amount of lint per boll
did not vary wuch with treatment, nor did the percentage of blossoms
retained. There ware increases of about 75% in the number of flowers
going from ambient to 650 uf g-1 COg for both wet and dry treatments, so
this inerease in flower number was the major component of the increase
in yield with increasing COy concentration.

B. Flowering and Boll Retention:

On every normal working day during the whole season, each flower in the
middle row of cotton in each chamber or plot was counted and then marked
with a smwall tag bearing the day of the year that the flower appeared.
At the end of the season, the tags were collected from the bolls that
were retalned on the plants, sorted by week, and counted. These counts
from the middle row were in addition to those made on the destructive
plant samples from the outside rows, as dlscussed in the previous sec-
tion.

Irrigation had no consistent effect on flowering or boll retention.
Thexefore, irrigation is combined with replications in the tables.

A rather strong chamber effect was evident. Open plots flowered more
early in the season than any of the chamber plots {Table 8). This prob-
ably resulted from a difference 1n insect damage; fewer squares abscised
in open plots than in chambers early in the seascn. A difference in
insect damage may have continued through the season because plants in
the open plots also retained a higher percentage of bolls throughout the
season than any of the chamber plots (Table 9). Therefore, as many
bolls were set in the open plots as in the ambient chambers (Table 10)
despite fewer flowers being produced in the open plots in the later part
of the season {Table 8).

Elevated CO; increased the number of flowers produced (Table 8), but had
no consistent effect on percentage boll retention {Table 9). The total
number of bolls set by day 237 (24 August) increased in proportion to
the elevation in CO; content of the air. Boll production increased 41%
with 500 u2 27! co, and 82% with 650 uf 27! gos (Table 10). These
results are consistent with those of earlier experiments; cotton
fruiting increased markedly when COj content of the air was lncreased.

C. Photosynthesis:

Net photosynthesis of cotton i1n the CO; enrichment experiment was
measured between 1245h and 1500h on 20 days between 17 July and 29
August 1984. We used a technique based on COy depletion by leaves
enclosed for a brief time in a handheld chamber. The chamber was
constructed from a pailr of transparent plexiglass domes that were hinged
at one point to facilitate rapid inclusion of single cotton leaves in a
horizontal plane within the chamber. Closure of the chamber was
effected by a pistol grip mechanism, making it a single~handed opera-
tion. The spherical shape minimized the chamber volume (1.74 liters) to
cross sectional area, and maximized the light transmittance charac-
teristics while keeping internal reflectances within the chamber to a
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minimum ~ design characteristics not presently available on commercial
photosynthesis chambers. When the chamber was closed on a leaf, a bat-
tery operated solenoid triggered the extraction of a 10 ml reference air
sample from the chamber. Then after a 13.5 second time interval a
second sample was automatically withdrawn from the chamber. A small fan
enclosed within the chamber circulated air continuously. Temperature
buildup within the chamber during this short period was minimal. With
this chamber and the dual syringe sampling technique 1t was possible to
sample leaves at approximately 1.5 to 2.0 minute intervals.

Plastic syringes contalning air samples from the chamber were stored in
an ice chest cooled by several packages of "blue ice”. Control syringes
containing a 10 ml sample of primary standard COy were kept in the ice
chest to provide a check on contamination of samples during the measure-
ment period. Within 30 to 45 minutes of their collection, COy com~
centrations of samples and controls were determined in the laboratory,
using an infrared gas analyser (IRGA: Analytical Development Company,
Type 225 MK3) that was interfaced with an HP printing integrator. The
system was calibrated at 2 to 3 intervals during each day's measurement
sequence using a primary standard COp source (376 or 388 or 499 ug 1“1,
depending on availability). The measured difference in COy concentra-
tion between the initial reference sample and the sample acquired 13.5
seconds later was converted to a net photosynthetic rate (Pn in pmol
CDzm“zs’l) by the following relationship

— ACOp(pL 271 X Ambient pressure {mb)
o £209.30) |chambertime (sec) X Ambient temperature (°K)
leaf area (cm?)

Pn

where 209,30 13 a constant which incorporates the molecular weight of
COy, chamber volume, standard temperature and pressure relations and
time and unit area conversions, and ACOj {pt = ) is the difference in
COy concentration between first and second syringe samples,

Leaves for the photosynthesis measurements were chosen from the center
of the three rows of cotton within each chamber to minimize any effect
that shading by the walls of the chamber might have on phatosynthesis.
At the start of each week, one or two fully expanded leaves at
approximately the 4th node from the main stem terminal were tagged and
measured with a centimeter scale in each COp treatment and irrigation
level combination. Pn measurements were then conducted on these same
leaves for up to a 5-7 day interval, Constraints on destructive plant
sampling within the small chambers required a non-destructive means of
estimating leaf area. Thils was accomplished by sampling a series of
leaves from the field in early August and subjecting easily obtained
linear leaf measurements to multiple regression techniques with leaf
area as the dependent variable. Results yielded the relation

Y = ~58.4 + 7.11A + 4.89B + 3.40C

= 0.88 SE = 5.7 cm?

where A = distance from the petiole to the tip of the main center labe
of the leaf,
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B = overall width of the leaf at a point 1/3 the distance from the
peticle to the tip,

C = distance from the petiole to the tip of a lateral lobe of the
leaf, and

Y = the flattened leaf area of an entire leaf (cmz).

This equation produced an acceptable leaf area estimate which enabled a
relative comparison of photosynthetic rates between treatments.

Measurement of Pn by any technique remains more an art than a scilence.
Use of the handheld chamber for the measurements did not prove an excep-
tion to this generalization; our results showed a great deal of vari-
ability between and among treatments. Operator error in sampling
technique and IRGA analysis was a major source of this variability, 1In
the analysis which follows, 23 out of 512 Pn determinations (<5%) were
deleted because the samples were obviously contaminated or mislabeled.
Inability to precisely measure leaf areas, inappropriate and uneven
insecticide applications, and untimely breaks in irrigation berms
contributed further to the variability, but no attempt was made to cour
pensate for them.

The midday Pn of sunlit cotton leaves 1s shown in Figures 11 and 12, for
the wet and dry treatments respectively. Each data poilnt represents the
average value observed for all leaves measured in a particular CO9 and
water treatment combination. Replicate treatments have been combined in
these figures. Pn was consistently higher in the ambient chamber than
in the open field plot in both the wet and dry irrigation treatments.
This may be due to micro-climatic differences within the chamber.
Temperature and humidity were typically higher within the chambers
during the time of measurements. Higher cotton leaf temperatures and
rates of gaseous exchange in the chamber may have contributed further to
this “chamber effect“. In the wet treatment chambers, we observed con-
sistent differences in Pn which could be attributed to CO, concentra-
tion. The differences were minimal just prior to an irrigation when the
plants were stressed and at a maximum during the one to two week inter—
val following an irrigation.

In the dry treatment, however, the effect of CO on Pn was not as
obvious (Figure 12). Plants growing in the COs enriched chambers were
larger and invariably wilted first as stress developed following an
irrigation. In fact, plants grown at 500 and 650 pk g1 invariably
showed symptoms of stress 7~10 days before plants in the ambient chamber
and open fleld plots. This 1s reflected in Pn data of Figure 12 which
shows very little difference between enriched and ambient chambers prior
to the irrigation on day 221. 1In fact the 650 p& £1 cotton showed
lower Pn than the 500 & %! cotton during much of this time. The 500
uL il cotton also exhibited a rapid response to the relief of stress by
a 100 mm rainfall on day 210. Both enriched treatments showed an
increase in Pn following irrigation.

Figures 11 and 12 show considerable natural variation caused by daily
changes in solar irradiance, differences in leaf age and specific leaf
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weight and differences in plant water status between COp treatments
within a given irrigation regime. Thus we felt the most effective way
ta analyze the data would be ta compare each of the treatments with
thelr respective controls. The effect of the chamber on Pn was examlined
by taking the ratio of average midday Pn of leaves within the ambient
COp chamber to the Pn of leaves outside the chamber (the "chamber
effect”). From 17 July until 17 August 1984, this chamber effect ratio
was 1.19 for the wet treatments and 1.15 for the dry treatments (Table
11). When similar ratios were formed between the 500 ug 2~1 C0p cham
bers and the ambient control chamber, we observed a 23% and 32% increase
in Pn for the wet and dry irrigation treatments, respectively. 1In the
650 u% 271 chambers we observed a 51% increase in the wet treatment and
a 39% increase in the dry treatment when compared with the ambient
chamber controls,

The net photosynthesis data provide strong support that CQO; enrichment
enhances productivity of cotton. However, the increase in photosynthe~
tic rate for a doubling of the CQ; concentration is approximately half
the observed increase in marketable yield. The large yield increase can
be explained by the greater leaf areas in the enriched treatments and
hence higher productivity per unit ground area than indicated on the
basis of the data in Table 11 alone.

Several lmportant questions remain to be answered. Among them is
whether leaf respiration is altered by CO; enrichment or the resulting
increase in leaf temperature which accompanies the partial closure of
stomates at the higher CO9 levels. A second important question pertains
to the response of leaves to changes in C0O; once they have been accli-
mated to an elevated CO; concentration. Limited observations suggest
that short term deviations below the acclimated CO; level have the
effect of reducing photosynthesis to a lower than expected rate.

D. GStomatal Resistance:

Stomatal resistance measurements began on 7 June 84 (Day of Year 139)
and continued through 10 October (DOY 184). Three fully sunlit leaves
were randomly selected for this purpose at the top of the canopy from
the center row of each COy and water level treatment. Stomatal
resistance was determined with a LI-COR steady state porometer on both
the adaxial and abaxial leaf surfaces. A leaf stomatal resistance for
each treatment was then calculated by summing the parallel resistances
of both surfaces. and averaging the resistance for the three leaves.
Measurements were made on 22 days throughout the growing season.
Instrument failure and cloud cover affected the integrity of the data on
10 of these days, leaving 12 days of measurements dispersed randomly
through the season on which an analysis of variance was performed. The
analysils of variance assumed a randomized complete block design with
days as the blocking criterion. Treatment means were compared using
orthogonal contrasts.

The seasonal pattern of stomatal resistance is iilustrated in Figure 13
for the wet treatment., No consistent effect of increased COp con-
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centration on stomatal resistance under well-watered conditions was
noted until late in the season, and then ounly in the 650 pi £l treat-
ment. The seasonal stomatal resistance means together with their stan-
dard errors for the open, ambilent chamber, 500 and 650 pf £l treatments
were 60.5 * 8.9, 55,5 * 8.1, &3.8 % 11.7, and 78.3 ¥ 12.7 s m—1 respec—
tively. The analysis of variance indicated that there was no statigtiw-
cally significant effect (P <0.01) of increased COj concentration on
stomatal resistance in any of the wet treatments. Furthermore, the dif-
ference of 5.0 s m~! between the open field and the ambilent chamber was
not gsignificant, indicating the lack of a chamber effect on field-grown
well-watered cotton.

The seasonal trace of stomatal resistance for the dry treatment is shown
in Figure 14. The peaks at days 192 and 219 occurred just prior to
irrigation. The water stress effect was more strongly observed in the
6§50 ul2 2=l treatment than in the 500 and 650 ul 2"l treatments were 66.6

+ 11.0, 82,9 * 9.1, 127.7 # 37.0 and 136.6 t 32.6 s w1, respectively.
Comparison of treatment means indicated that the 500 and &350 pg 2~1

treatments were significantly different (P <0.01) from the mean ambient
chamber resistance. The 500 and 650 pf £°1 CQy treatments were not,
however, significantly different from each other. The difference of
16.3 s u"! between the open and ambient chamber was also nonsignificant.

Comparison of identical COp concentrations across water treatmentl indi-

cated that stomatal resistances at 500 and 650 ul 1 COy concentrations
in the dry treatments were significantly higher (P < 0.01l) than the .
resistances measured in the well-watered treatments at identical CQ
concentrations. The average differences for the 500 and 650 pg g1
treatments were 63.9 and 58.3 s m"l, respectively. Lack of irrigation
water did not significantly increase the stomatal resistances measured
in either the open field or the awbient chamber when comparad to the
well-watered plants. These results indicate that stomatal resistance of
cotton plants is strongly influenced by COg concentration in the pres—
ence of mild water stress. The results of this experiment also indicate
that it is difficult to ascribe the increased water-use efficiency of
plants exposed at high COp levels to increased stomatal resistance. The
large variability inherent in stomatal resistance measurements decreased
the precision of the mean estimates which resulted in many non-—
significant statistical tests. It should be noted however, that
stomatal resistance in both the wet and dry treatments increased with
increasing C0y concentration. When coupled with the increases in leaf
area (Figure 8), these data support the observation of small and incon-
sistent differences in water use per unit of land area, as will be
discussed in a subsequent section.

E. Leaf Temperatures:

Leaf temperatures were measured using an infrared thermometer on many
clear days during 1984. Similar data were obtained during 1983 and the
data from both years have been analyzed. During 1983, the measurements
were taken over the center of the middle row pointing down at an angle
of 30° from vertical. Twenty observations were taken and averaged., 1Imn
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1984, ten observations were taken from the east and west sides of the
row at a slight tilt from vertical, aud these were composited to form

the desired follage temperature.

Previous studies had shown the important influence of air vapor pressure
deficit on leaf temperatures. Therefore, vapor pressure deficits were
computed from the wet and dry bulb temperatures of the psychrometers
installed in each chamber and field plot. These psychrometric data were
recorded automatically as hourly averages by the data acquisition
system.

Figures 15 and 16 show the leaf minus alr temperatures versus vapor
pressure deficit for 1983 and 1984, respectively. The upper left graphs
show that the ambient chambers and the open field plots reacted siml-
larly to vapor pressure deficit. The two data sets are indistinguish-
able even though in absolute temperature the leaves in the ambient
chambers were somewhat warmer because the alr was somewhat warmer in the
chambers.

Scanning from the upper left (ambient) to upper right ("500") to lower
left ("650"), the leaf temperatures were warmer with increasing CO;
concentration for any given vapor pressure deficit.

The lines on the graphs in Figures 15 and 16 were fitted by regression
but forced through a common point for all three CQO5 concentrations. The
lines are reproduced together in the lower right graph of both figures.
At low values of vapor pressure deficit (0.8 kPa), a doubling of COy
concentration produced less than a 1°C increase in leaf temperatures.
In drier air with a vapor pressure deficit of 4.0 kPa, a COy doubling
caused an increase in leaf temperatures of about 2°C. Such an increase
in leaf temperature must be ascribed to a slower transpiration rate per
unit of leaf area at the higher COp concentrations. However, a lower
transpiration rate implies a higher stomatal resistance, in conflict
with the stomatal resistance measurements for the well-watered cotton
(Figure 13). There are many more temperature measurements, and so the
temperature data are likely to be more reliable, indicating that the
increased stomatal resistance of COp-enriched, well-watered cotton,
though not significant statistically, was bilologically significant,

F. Leaf Water Potentilal:

Several times during the season, leaf samples were taken for pressure-
volume analysis - that is leaf water potential as a function of relative
leaf water content. The samples were taken just before dawn or near
mid-afternoon. Eight leaves could be handled as a batch, so one leaf
was taken from each plot or chamber in one rep only each sampling time.
A plastic Zip-lock bag was humidified with a breath of air just before
the youngest fully expanded leaf from a plant was severed with a razor
blade and then sealed in the bag. The bags were stored under a wet
towel in a styrofoam chest for transport to the laboratory.

Once 1inside the laboratory, the leaves were weighed, and then their
petioles were placed in beakers of water to hydrate them. A plastic

Annual Report of the U.S. Water Conservation Laboratory



189

tent and an opaque cover were placed over them to produce a saturated
atmosphere. The leaves were allowed to hydrate for at least six hours. .

After hydration was stopped, the leaves were welghed to obtailn the
saturated weight. Then they were replaced in their Zip-lock bags. One
by one they were then placed in a Scholander boub (Scil Moisture
Equipment Corp., Model 3000). They were wrapped with the plastic bag
with their petiole protruding. The pressure in the bomb was 1ncreased
with compressed Ny at a rate of 0.03 - 0.07 MPa/s until sap began to
exude from the petiole. The pressure was noted, and then the process
was repeated with another leaf. Between weighings and pressure bomb
readings, the leaves were allowed to lose water by transpiration. About
eight pressure-weight points were obtalned on each leaf, at least enough
to ensure that graphs of reciprocal pressure potential versus weight
loss had become linear so that the potential at zero turgor could be
determined.

After the pressure-bomb weighing runs were completed, the petiocles were
severed from the leaf blades and the the fresh weight of the petiole was
measured. Then the leaf blades and petioles were dried 1n an oven at
70°C and weighed. Relative leaf water contents - (RLWC, %) were then
computed from

fresh blade weight -~ dry blade welght
saturated blade weipht - dry blade weipht

RINC = X 100

In the determination of RLWC's, the assumption was made that all of the .
water lost during the pressure bomb run was lost from the leaf blade and

none from the petiole. Considering that the preponderance of stomates

are on the blade and that the peticles are mainly conductive tissue,

this assumption seems safe and reliable.

The leaf water potential data are still being reduced. For this report,
a sampling of the results ,will be presented in Figures 17-20, which show
the pressure-volume curves for leaves sampled on the afternoon 29 August
and predawn on 30 August. The wet and dry plots had not been irrigated
for 1 and 3 weeks, respectively. There are considerable scatter in the
data. Figure 17 for the Rep 1 — wet plots sampled in the afterncon
shows little difference between the CO; enriched plots or the open
field. The ambient chamber data, on the other hand, are all to left of
the other curves indicating less water in the tissue for any given water
potential. Cowmparing Figure 18 to Figure 17, the curves for the leaves
from the dry plots harvested that same afterncon (Figure 18) are all
displaced downward to lower potentials, but there are essentially no
differences due to COyp among the chamber treatments. The next morning,
there were no differences among the wet plots due to COp or between the
open field and the chambers (Figure 19). The curves for the predawn
leaves from the dry plots show a rather wide difference (Figure 20),
with the €Oy enrichment curves below the ambient curves. At 100% rela-
tive leaf water content, the water potential of the COy enriched plots
is lower than the ambient plots, as it is for all values of RLWC. Omn .
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the other hand, for any given level of water potential, the COp enriched
leaves did contain more water in their tissues. Considerably more anal-
yses of the water potential - RLWC data for the many other sampling days
remalns to be done, but the general impression of the data 1s that there
are few differences due to CO, among the wet plots, but that the curves
from the C0) enriched dry plots fall below those from ambient dry plots
indicating more water in the tissue of the CO; enriched leaves for any
glven water potential level.

By 29 August, the destructive whole plant harvests for leaf area and
biomass accumulation from the outside rows had been completed, s0 some
additional leaf material could be sacrificed for water potential mea-
surements. On the afternoon of 29 August 1984, 6 leaves were sampled
from each chamber or plot as described previously. However, instead of
hydrating them, they were placed in the pressure bomb for an lmmediate
determination of their total water potentlal at the field condition.
These results are presented in Figure 21 where water potential is
plotted against COy concentration. It is obvious that COp concentration
had no effect on leaf water potential in the wet plots. The leaves from
the dry plots were all at much lower potentials, as expected, but the
effect of COy was not consistent. The COy enriched plants in Rep II -~
dry were at a lower potential than the ambient controls, whereas in Rep
I ~ dry there was no difference between the ambient and the 650 uf it
COp treatment, but the 500 treatment leaves were at a lower potential.

It 1s difficult to draw definitive conclusions from these few data about
the interaction between C0, concentrations and water potential. It
appears that the larger COg plants use as much water per unit of land
area as the unenriched plants {see next section), and that differences
in total water potential due to COp enrichment are rather small in the
field. However, there are indications that at any given potential, COy
enriched plants subjected to water stress contain more water in their
tissue (Figures 18 and 20).

G. Water Use:

The amount of water used by the crop for evapotransplration was deter—
mined by soil moisture depletion measurements. The soil water content
was measured twice weekly {usually) with neutron modulation apparatus.,
As mentioned earlier, the gravel layer at depths of more than 1.6 meters
at the south end of the field to about 1| meter at the north end pre-
vented the access tubes from being installed to the desired 1.6 m
everywhere. 7To make comparisons between plots, therefore, the moisture
depletion from the top 0.8 w was computed, and the lower depths were
ignored in the data to be presented. Actually the computations were
also done to the deepest depth possible in each basin (Figure 1) and the
relative water use among CO; treatments within each basin had the same
pattern as the 0 to 0.8 m computations.

The unusually large number of ralns presented problems also. Sometimes

there was only cne soil moisture observation between rains, making a
water use determination for these periods impossible. 1In such cases the
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rate of water loss was assumed to be the same as that of the time period
immediately following in Figures 22-25. Water content data plots are
shown for each day of the year for the Rep I - wet, Rep II - wet, Rep I
-~ dry and Rep II - dry plots respectively. The bottom of the figures
also shows the amount of irrigation and rainfall, the raimfall being the
lines showing less than 150 mm of water. For days of irrigation and
large rainfall, the molsture contents at the beginning of the day were
extrapolated from measurements for previous days, and the molsture con-
tents at the end of the day were extrapolated backward from measurements
nade on following days. The rains near day 210 and 250 made these
calculations difficult.

The cumulative water use from the top 800 mm of soll was calculated from
the water content data in Figures 22-25. These cumulatives are pre-
sented in Figures 26-29, In Figure 26 for the Rep I -~ wet plots, it 1is
apparent that from about day 190 to the end of the season, the water use
increased with increasing €O; concentration. However, the pattern was
not repeated in the Rep II ~ wet plots (Figure 27), which shows incon~
sistent €0y effects. The Rep I -~ dry plots that were COy enriched used
more water than the ambient (Figure 28). However, in the Rep II - dry
plots, the 650 pf £~1 chamber apparently used much less water, par-
ticularly after day 220 (Figure 27). Thus, there was an inconsistent
effect of the COp treatments on water use.

Figure 30 shows the total water use {from the top 800 mm of soil) for
all of the chambers plotted against €07 concentration. This plot
vividly shows the inconsistent effect of CO; concentration on water use.
For two of the plots {(Rep I — wet and Rep I - dry) water use went up
with increasing CO, concentration, whereas for the Rep II ~ wet plots
the differences were small, and then for the Rep II - dry plots the pat-
tern was very erratic with the 650 pf 2~1 chamber showing very little
water use. The more erratic Rep II data are from the rep that has the
shallowest depth to the gravel layer (and the shortest neutron access
tubes).

Many previous short—-term studies with many plant specles have shown a
decrease in transpiration rate of an average of about 34% when CO; con-
centration was doubled, indicating that leaf stomatal resistance
increased by about 34%. Qur stomatal resistance measurements, on the
other hand, show relatively little change of stomatal resistance of cor-
ton with changes in CO, (Figures 13-14). TIn 1983, our lysimeter data
indicated that a ‘doubling of COp concentration could reduce water use
5-10%, while neutron data showed no effect of COp on water use. The
1984 neutron data in Figures 22-30 indicates that water use can actually
increase with increasing atmospheric COs concentration or produce small
or 1nconsistent effects.

One effect of COp on cotton 1s increasing leaf area (Figure 8), If leaf
area Increases proportionally more than transpiration per unit of leaf
area decreases, the water use per unit of land area can increase, Thus,
our data over the two years indicate that a doubling of CO; concentra-
tion 1s likely to cause slight negative or positive changes in water use
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per unlt of land area. Nevertheless, the accompanying huge lncrease in
plant yield with increasing COj concentration (Table 6) represents a
huge increase in water use efficiency.

H. Evolution of CO; from the Soil:

In 1983, so0ll carbon dioxide fluxes were higher in the open field plots
than inside the open-top chambers used in the carbon dioxide enrichment
studies (Effects of Increasing Atmospheric CO7 on Yield and Water Use of
Crops, Annual Report 1983). Flux measurements were repeated in the 1984
cotton experiment in all the chamber plots at two moisture levels for a
total of 16 plots. The flux results continued to exhibit similar
results as the 1983 study. To find the cause for such behavior, the
so0ll atmosphere was sampled to determine carbon dioxide concentrations
at the various depths of the profile both inside and outside the
chambers.

Stainless steel sampling tubes were fabricated by welding 2.4 mm tubing
to hypodermic needles. These were inserted into the soil at various
depths of 5~, 10-, 20~, 40—~ and 60~cm 1in several sites inside and out~
slde the growth chambers. Two ml of soil air were taken with a hypoder-
mic syringe, and the samples were analyzed for carbon dioxide concentra-
tion with an infrared analyzer (Carbon Dioxide Analysis with a Modified
Infrared Gas Absorption Technique, Annual Report for 1980).

Two soll carbon dioxlide concentration and distribution patterns were
obtained, as illustrated in Figure 3l. The carbon dioxide con-
centrations were much lower in the samples taken from inside the open—
top chambers than those outside. The soll CO; concentration results
explain why the fluxes outside the chambers were different than those
inside. The lower concentration gradients inside the chambers lead to a
lower flux value. When the blower systems used to enrich the chambers
with COy and malntain temperature were turned off at the end of the
season, the soill COp concentrations in the chambers started to increase
gradually and reached those of the open field plots. The equilibrium
time was about four weeks.

Flux measurements taken at the same time also were different just before
the blowers were turned off, and then gradually became the same with
time-

Apparently a different type of soll atmospheric condition can be created
within the chamber with the forced flow of air needed to maintain
constant carbon dioxide and temperature levels. Soil carbon dioxide
flux can be determined with a static or dynamic method. We used the
static method so that any external variable should have been the same
inside and outside the chamber. Air turbulence caused by the blower

can cause greater Iinterchange of 801l gases resulting in the lower level
of carbon dioxide in the soil profile than normal. Soil drying could
also cause lower water levels 1n such instance and would affect micro—
bial activity, which is the source of most of the carbon dioxide in the
soil.

Annual Report of the U.S. Water Conservation Laboratory



193

I. Insect Populations:

Insects were collected on sticky traps (Sticky Strips, Olson Products,
Medina, OH 44358; 15 by 15-cm yellow cardboard sticky~coated on both
surfaces} which were impaled on plant stakes, placed at the top of the
cotton plant canopy. Traps were exposed for a 3~day period each week,
starting on 3 August and continulng to 12 Octcber. After exposure they
were wrapped in clear plastic, and taken to the laboratory where the
different insect groups were counted under the mlcroscope. Thrips were
collected over a longer period of time, from traps set out at biweekly
intervals from 15 June to 5 October, During part of this time, at
weekly intervals from 11 June to 6 August, a large petrl dish with 10 ml
2.2 dichlorovinyl dimethyl phosphate (Vapona*) and a napkin wick was
placed in each blower cabinet supplying air and COy to the enclosed
plets, as a general insect control measure.

Conmparisons of the total number of insects collected in the dry and wet
plots of each of the open, ambilent, and two COy treatments during each
of the 11 weeks, or 10 in the case of the thrips, were made by a paired
t-test. Differences were considered significant at the P=0.01 level.
The results of the counts of the six insect populations are presented in
Table 12,

Flea beetle ~ The desert corn flea beetle, Chaetocnema ectypa Horn, was
the specles collected. Late in the summer it is not injurious to cot-
ton, although large populations in seedling cotton might cause concern.
In our samples, the total number of beetles collected during a single
sampling period increased from 111 on 10 August to 256 on 24 August,
then gradually declined to 11 beetles on 12 October. Populations were
similar in the open and in the ambient chambers {Table 12}, but were
slgnificantly reduced in the 500 carbon dloxide treatment and still
further reduced in the 650 carbon dioxide treatment.

Pink bollworm -~ The pink bollworm, Pectinophora gossypiella {Saunders),
collected on the traps, increased in numbers from a total of 6 on 3
August to 205 on 7 September and then remained at from 165 to 178 for
the next few weeks. Some of the moths had red dye in their bodles indi-
cating that they had escaped from a near-by rearing facility. The open
chambers had significantly more moths, so the chambers apparently tended
to reduce the number of moths. The high carbon dioxide level treatment
had significantly fewer moths than ambilent and 500 carbon dioxide treat—
ments. .

Leafhoppers ~ Several species of green and brown leafhoppers were
collected. The total leafhopper population increased to a peak of 418
leafhoppers at the end of August, dropped to 99 in mid-September, and
increased rapldly to a peak of 650 in early October. The enclosures
reduced the numbers in the ambient treatment by almost one~half and the
nunber of individuals in both of the carbon dioxlide treatments was
significantly reduced from the amblent treatment.

Predaceous fly — This fly, Draepetis divergens Loew (Empiidae) (det. by
E. J. Rogers} has not been assoclated with any particular host but,
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during 1984, adults were observed with sweetpotato whiteflies in their
beaks in both laboratory and field (G. D. Butler, unpubl. data).
Populations of the fly generally increased from early August to October,
with a total of 875 collected on 5 October. Only 14% as many adults
were collected in the amblent treatment as the open treatment.
Populations were further reduced in both the carbon dioxide treatments,
with only 6% and 3% as many flles in the 500 and 650 carbon dioxide
treatments, respectively, as the open treatment.

Sweetpotato whitefly, Bemisia tabaci (Gennadius) = Populations increased
from early August to mid October at an exponential rate similar to that
observed in commercial cotton fields in Arizona and California in pre-
vious years. There was no difference in the rate of whitefly buildup in
any of the treatments. The number of insects in the two carbon dioxide
treatments was similar to that observed in the ambient treatment.

Thrips ~— The most abundant ilnsect collected was thrips. The peak popu—
lation was observed on 10 August. There were no significant differen—
ces in the total populations of any of the treatments even though the
three chamber treatments received insecticlide treatments during part of
the sampling period.

These data indicate that the populations of some insects are unaffected
by COy concentration, whereas others decreased with increasing COp con-
centration. None of the counted specles were increased in population at
the higher CO, concentration. The reason that some populations A
decreased at higher CO; concentrations 1s unknown. It is also unknown
whether their populations would be depressed at high CO05 1f the COy
concentration had been high everywhere in the field, as it will be in
the future. Nevertheless, these data indicate that insect problems are
not likely to get worse and may even get better in a future higher-C0Op
world,.

SUMMARY AND CONCLUSIONS:

The field COz—enrichment experiment on cotton was continued during the
1984 growing season from April through October, The open-top chamber
technique was used to provide CO, levels of ambient, 500, and 650 ut 21
over 3 X 3 m plots. Open field plots were also included. There were
two irrigation schedules - "wet” irrigated at normal 2 week intervals,
and "dry" 1rrigated at 3 week intervals. All treatments were replicated
twice. An automatic CO3 enrichment/sampling system was used to control
the COy concentrations. The actual achieved season-long means and stan—
dard deviations of the individual observations were 350 55, 355 * 60,
511 % 81, and 662 % 114 ur 21 CO; for the open fields, ambient cham
bers, "500" chambers, and "650" chambers, respectively.

The cotton was highly responsive to the C0s treatments. In the wet
plots the seed cotton (lint and seed) ylelds were increased 46 and 92%
by the 500 and 650 pf 21 COp treatments, respectively. In the dry
plots the yield increases were 32 and 77%, respectively. Leaf area and
dry matter production increased similarly. The primary component
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contributing to its yield increase was a large increase in the number of
flowers, rather than to differences in boll retention. Harvest index,
seed size, and percent lint per boll were not affected by COy coon-
centration, although harvest index was affected by the irrigation treat~
ment, so the primary effect of the COy was to simply make bigger plants.
There was an increase in fineness of the fibers with CO9 enrichment in
both wet and dry plots but a 6% decrease in fiber length with COy
enrichment in the dry plots, so overall changes in fiber quality were
minimal.

Measurements of net photosynthesls of individual leaves showed 1ncreases
in the wet plots of 24 and 51%, and in the dry plots of 32 and 39% for
the 500 and 650 pt &1 COy treatments, respectively. Although these
increases in photosynthesis are indeed substantial, they are not large
enough to account for all of the yield increase with COy enrichment.

Measurements of stomatal reslstance and of leaf temperature were also
made., There was no consistent pattern of stomatal resistance differen—
ces with COy concentration in the wet plots, but in the dry plots COp
increased stomatal resistance, particularly during times of mild water
'stress., The leaf temperature data of well~watered cotton showed that
under humid conditions {vapor pressure deficit - 1 kPa), the CO,
affected leaf temperature by less than 1°C. However, as the air became
drier, COp caused an increase in leaf temperature so that at a vapor
pressure deficit of 4 kPa, leaf temperature was increased by about 2°C
by a doubling of COy concentration. These leaf temperature observatlons
are somewhat in conflict with the stomatal resistance data for well-
watered cotton, but there were many more temperature data so these are
probably more reliable.

Leaf water potential and relative leaf water content were determined

several times during the season. These data require more analyses, but
preliminary indications are that the CO; enriched plants contained more
water in their leaf tilssues at any given level of leaf water potential.

The water use from the top 800 mm of the soll profile was determined
from soll water depletion measurements with neutron apparatus. The water
use tended to increase with increasing CO, concentration in the Rep I
plots, both wet and dry. There was little effect of COp on the Rep II -
wet plots, whereas the Rep II - dry plots were very lnconsistent.
Basically, the €0y did not change the water use of cotton per unit of
land area much or in a consistent direction. If there was any lncrease
in stomatal registance and commitant decrease in transpiration per unit
of leaf area, the (1) much greater leaf area of COy~enriched plants, (2)
the higher leaf temperature of COp-enriched plants, and (3) the evapora-
tion from the soil surface {(which 1s unaffected by CO) all combine to
nullify any potential reduction in water requirement. Nevertheless, the
77-92% 1increase 1n cotton yield with a doubling of COs while changing
water use only a little represents a huge Ilncrease in water use
efficlency.

An attempt was made to determine the effects of increasing atmospheric
COy concentration on the evolution of G0y from the soil. Measurements
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of soll surface flux and of soil €Oy concentrations revealed an unex—
pected result. There was little difference among chambers, but all of
the chambers had lower soll CO, concentrations than the open field.
After the experiment was terminated, about a month passed before soil
COp concentrations were again the same inside and outside the chambers,
Apparently, the blowers used in the CO; enrichment system actually flush
COp out of the soil due to increased absolute pressure and pressure
fluctuations at the soil surface.

Counts were made of six insect populations caught on sticky traps in the
plots. Populations of thrips and of whiteflies were not affected by the
C0, treatments. However, populations of flea beetle, pink bollworm,
leaf hoppers, and a predacilous fly in the 650 nt -1 CO7 chamber were
decreased to 42%, 59%, 6B%, and 22%, respectively, of the numbers in the
ambient chamber. The reason for these population decreases 1s unknown,
but these results indicate that insect problems should not become worse
and may even be better in a future high-C0; world.

Personnel: B. A, Kimball, J. R. Mauney s Go Guinno® y Fa S Nakayama, P.
J. Pinter, Jr., K. L. Clawson, 5. B. Idso, G. D. Butler® s Js Ra Radin*,
S. Mitchell R. MacDonald P. Johnson, T. Zarembinsky, H. Pros*, B.
Savoy , D. Brummet®, J. Martinez, M. Anderson, H. Kelly, A. Hamilton*,
D. Herington

* from the Western Cotton Research Laboratory
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Table 1. Irrigation and rain amounts for the COp-cotton 84 experiment., .
Wet Plots Dry Plots
Day of
Date Year Sourcel Rep I Rep II Rep I Rep II
mmmmmmmmm mm -y i — . Lo - . —r
27 Mar 87 I 230 230 230 230
30 May 151 I 150 150 150 150
13 Jun 165 I 149 147 0 0
21 Jun 173 I 0 0 150 150
25 Jun 177 R 4 4 4 4
27 Jun 179 I 150 148 0 0
29 Jun 181 R 3 3 3 3
30 Jun 182 R 1 1 1 1
11 Jul 193 I 150 150 150 150
13'Jul 195 R 5 5 5 5
17 Jul 199 R 1 1 1 1
18 Jul 200 R 9 9 9 9
20 Jul 202 R 3 3 3 3
21 Jul 203 R 34 34 34 34
25 Jul 207 I 150 150 0 0
28 Jul 210 R 1002 74 74 74 ]
8 Aug 221 I 100 1503 150 150
9 Aug 222 R 5 5 5 5
14 Aug 227 R 2 2 2 2
23 Aug 236 I 150 150 0 0
23 Aug 236 R 2 2 2 2
30 Aug 243 I 0 0 150 150
1 Sep 245 )4 20 20 20 20
6 Sep 250 I 150 150 0 0
10 Sep 254 R 46 46 46 46
15 Sep 259 R 1 1 1 1
21 Sep 265 R 2 2 2 2
25 Sep 269 R 8 8 8 8
26 Sep 270 R 20 20 20 20
3 Oct 277 R 5 5 5 5
Totals 1650 1670 1225 1225

l 1= Irrigation, R = Rain
2 Estimated because runoff from adjacent field overflowed berm
Berm broke, slight loss of water
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Table 2. Petiole nitrate concentrations measured during the COy—cotton 1984
experiment.,
CHAMBER Ca, CONC.
OPEN
FIELD AMB 500 650
Day of
Date Year Rep: 1 11 1 11 I 1T I 11
DRY PLQTS: ———mwmme—we— ppm NO3 ~ N X 1073

4 June 156 22.8 26.2 24.2 25.9 27.1 25.1 24.5 23.6
11 June 163 15.1° 27.6 22.0 23.6 21.4 18.8 20.8 20.5
18 June 170 18.2 18.2 13.1 13.5 12.6 13.2 18.4  12.7
25 June 177 11.8 11.1 13.0 1l4.1 7.2 7. 8.3 7.6

2 July 184 13.5 11.6 13.4 13.7 10.3 7.6 12.4 6.4
"9 July 191 9.0 7.9 13.6 10.8 11.3 9.4 10.7 11.1
16 July 198 6.7 7.3 10.8 11.8 7.2 6.3 8.8 8.1

1 August 214 3.1 2.3 7.8 5.5 4.2 3.7 4.4 1.7
20 August 233 2,6 0.7 2.5 2.9 2.0 1.1 2.4 2.6

WET 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 14.1 1645 18.0 17.5 15.2 13.5 13.7 12.8
25 June 177 13.8 8.4 13.8 13.1 11.0 11.7 11.4 8.7

2 July 184 11.6 9.7 9.8 10.4 9.6 7.6 7.3 -

9 July 191 13.3 7.4 12.1 7.9 8.8 9.6 8.1 8.0
16 July 198 7.3 8.0 10.3 8.0 7.8 4.8 8.1 7.8

1 August 214 1.5 3.3 4.6 3.2 3.4 0.66 1.0 1.5
20 August 233 2.1 4.6 2.4 2.9 1.9 - 1.8 -
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Table 3. Daytime,nighttime, and whole day mean COp concentrationa and
the corresponding standard deviations of the individual
observations for the entire season of the COp~cotton 1984
experiment.

NOMINAL CHAMBER CONC.

Condition Open Fleld Amblent 500 650
~~~~~~~~~~~ 1Y 2 A oy .
Daytime:
Wet Rep I 331 + 38 334 % 42 506 + 88 647 = B4
Rep IT 332 % 42 340 t 48 497 £ 42 646 + 106
Dry Rep I 333 % 42 338 % 42 499 * 74 654 + 90
Rep II 332 * 40 326 * 39 498 * 45 640 + 116
Nighttime:
Wet Rep I 362 £ 53 380 * 61 539 * 128 681 % 101
Rep ITI 373 % 64 394 * 81 524 & 641 682 * 157
Dry Rep I 379 % 69 381 % 65 512 * 103 696 + 123
Rep IT 373 £ 59 367 % 55 523 * 66 657 + 115
Whole (24 hr) Day:
Wet Rep 1 346 * 48 355 £ 56 521 = 110 662 * 94
Rep IT 351 % 57 365 £ 71 510 % 55 663 + 133
Dry Rep I 355 £ 61 358 + 58 505 % 89 673 * 109
Rep ITI 351 % 54 345 + 51 509 + 57 648 + 116
Overall Means Averaged Over Reps and Water Treatments:
350 £ 55 355 * 60 511 + 81 662 + 114
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Table 4, Daytime, nighttime, and whole day mean COs concentrations and the
corresponding standard deviations of the individual observations from
21 July through 26 October 1983.

NOMINAL CHAMBER CONC.

CONDITION QPEN FIELD AMBIENT 500 650
p e gl

Daytime:

Rep I: 345 42 335 + 38 500 % 48 640 * 104

Rep IT: 343 % 40 336 & 37 509 * 85 634 * 107
Nighttime:

Rep 1I: 399 £ 63 380 £ 49 517 + 61 653 + 101

Rep II: 391 £ 52 375 % 45 569 * 130 648 * 89
Whole (24 hr) day:

Rep 1I: 371 £ 59 357 £ 49 508 & 55 646 + 103

Rep II: 366 £ 52 - 355 t 46 538 * 112 641 £ 99
Overall means averaged over repa:

368 £ 56 356 * 47 523 £ 99 643 + 101
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Table 6. Seed Cotton (seed + lint) yield of f£ield-grown COp—enriched

. cotton at two levels of irrigations.
€0y (w11
Total Water Irrigation AMB 500 650
(em) cycle e _kg/ha
166 Wet—~14 days ' 5230 7530 10160
(1.00) (1.44) (1.94)
152 Dry-21 days 5350 7070 9460

(1.00) (1.32) (1.77)
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Table 7. Components of yield for treatments in the 1984 Experiment.
“"Flowers” are total blossoms formed up to Aug. 27. .
"Retention” is the percentage of these blossoms which resulted
in harvestable bolls; and "Lint/boll” is average weight of
harvested lint per boll., The increase in "Flowers" was the
major component of the yield increase resulting from COp
enrichment. '

1984 COMPONENTS OF YIELD

COp FLOWERS RETENTION LINT/BOLL
Treatment . (/m2) (%) (g)

(ug 2°1)  Wet Dry Wet Dry  Wet  Dry

350 Jo5 301 35.4  36.0 1.61 1,57
500 477 400  34.2  36.1 1.66 1l.62
650 543 529 36.4 38.2 1.82 1.62
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Table 8. Cumulative numbers of flowers produced by various dates during
1984 as influenced by C0, concentration and enclosure in open-
top chambers. Data are averages of 2 replications and 2 irri-
gation levels % SE.

€0y Conc. in chambers (g 1y
Open Amblent 500 650

Julian date e Number of flowers per S ——

167 1+ 1 0 0 0

174 11+ 3 2x 1 2% 1 7+ 5

181 36 9 Bt 3 9+ 2 28x17

188 74%13 37+ 7 49% 6 7823

195 13612 95*14 139412 186x17

202 1712 5 14311 208120 271 5

209 191+ 6 193%12 28029 35616

216 201*11 - 224%]1 326%33 40527

223 220£11 273£10 39330 47729

230 226%11 287+ 8 423%34 508+29

237 231%12 301#10 43737 532429
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Table 9. Cumulative percentage of bolls retained to the end of the
season that appeared as flowers by various dates during 1984
as influenced by CO; level and enclosure in open-top chambers.
Data are averages of 2 replications and 2 irrigation levels %

SE.

C07 Conc. in chambers (ug )

Open Anbilent 500 650
Julian date ———--—— Percentage of bolls retalned —-——-——-
167 - - - -
174 85.1%7,.1 64.0%7.4 84.2%8,2 75.2%17,.7
181 70.4%3.8 62.1%5.1 59.8%6.3 75.2%9,2
188 51.4%1.2 33.4%3.7 35.022.7 41.8%5.5
195 50.0%5,9 40.2%5.2 35.0+4.9 39.713.5
202 50.2%3.4 42,4%2.0 35.8%3.2 40.0%2.8
209 47.4%2,3 38.6*1.9 32.42%2.5 35.5%2.5
216 46.6%2,0 38.0%1.1 32.8%1.5 35.4%1.7
223 46.7%1.9 36.8%0.9 33.9£1.0 36.4%1.9
230 47,0%1.9 37.1%1.2 35.4%1.8 37.6%1.9
237 48.0%2.4 35.7%£1.0 35.1*1.8 37.3%2.0
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Table 10. Cumulative numbers of bolls set from flowers that appeared by
. various dates during 1984 as influenced by €0y level and
enclosure in open—top chambers. Data are averages of 2
replications and 2 irrigation levels * SE.

C0y Conc. in chambers (pt g1y

Open Ambient 500 650
Julian date e Number of bolls per m2  ww——m ——
167 131 0 0 0
174 9+3 110 2%1 544
181 26+7 542 62 20%11
188. 3847 1344 1712 3311
195 6725 3949 4919 7347
202 . B6%7 618 © 75%11 10816
209 9147 75+8 91£12 12710
. 216 ' . 9427 8616 10711 144+12
223 10247 1015 13316 17310
230 1067 10746 14816 19014
237 - 11147 10816 15247 19612
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Table 11. Fercentage change in midday net photosynthesis rate of cotton in the CO; — cot-
ten 84 experiment. TData were collected during several irrigation cycles from 17 e
July untdl 17 Avgust 1984, The sample size (Nyays) refers to the mumber of days
for which the indicated comparison could be wade while the sample size (Njegyeg)
indicates the mmber of individual leaf observations which went into that com—

parison,
L WET Ry
F4 A
Comparison Change STD Error Ndays Nleaves Change  STD Error Ndays NMeaves
Ambient vs Open +18.7 * 8.9 (16) (94) +15.3 6.2 (17) (100)
Chamber  Field

500 pi £l vs Amhient +23.7 52 (16) (93) +31.5 + 8.7 (17 (95)

650 u2 =71 vs Amblent +50.8 +59 (17 (93) +39.1 £9.4 (AN (93)
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Table 12, Total number of insects collected on sticky traps
placed in open field, ambient, 500 and 650 p2 £~1
carbon dioxide enriched chambers in cotton at
Phoenix, Arizona. 1984,

€0y Conc. in Chambers (pg £71)

Insect Open Ambilent 500 650
Flea beetle 371 a 376 a 240 b 160 ¢
Pink bollworm 497 a 238 b 199 b 141 c
Leafhoppers 1234 a 716 b 565 ¢ 490 ¢
Predaceous fly 2925 a 403 b 190 ¢ 90 d
Sweetpotato whitefly 4044 a 3905 ab 3299 b 3769 ab
Thrips 6313 a 7818 a 6100 a 6645 a

Ef Totals in a row not followed by the same letter are signifi-
cantly different; paired t-tests, P = 0.10.
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Figure 1. Plot plan for the COy - cotton 1984 experiment.

Annual Report of the U.S. Water Conservation Laboratory



800

210

1884 WET REP I

;:; RS AR I L e S S b RLANL NI S e b e e
N 4
= 700 ~
3 [~] .
500 .
Z )

. i
H 500 -
'_- . e ;
< 400 L e
Eﬁ W )
S 300F 0 T o 1
0 . | >0
Z EOO . o 850 M 1/1 . ‘-:-IJ‘<ZI_
8 . . 500 ©1/1 <L |
oy 1007[ ¢ AMB. CHAM. O
S - . OPEN FTIELD '
0 (@ " DU S NN WA ESPT RN ST S

O 4 8 12 168 20 24

TIME OF DAY (MST)

Figure 2. Diurnal pattern of mean CO7 concentration for the

Rep I - wet . chambers in 1984, The lower and upper

pairs of solid lines are the standard deviation of the
individual observations for the ambient and "650" chambers
respectively. The pair of dotted lines are the standard
deviations of the "500" chamber. On the right are the
all day means and standard deviations for the 3 chambers
and the open field plot.
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Figure 3. Diurnal pattern of mean CO2 concentration for the Rep II -
wet chambers in 1984, The lower and upper pairs of solid
lines are the standard deviations of the individual
observations for the ambient and "650" chambers, respec-
tively. The pair of dotted lines are the standard
deviations of the 500" chamber. On the right are the
all day means and standard deviations for the 3 chambers
and the open field plot.
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deviations of the "500" chamber. On the right are the
all day means and standard deviations for the 3 chambers
and the open field plot,
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all day means and standard deviations for the 3 chambers
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Figure 7. Diurnal pattern of mean CO5 concentration for the Rep II
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deviations of the "500" chamber. On the right are the
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STOMATAL RESISTANCE
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Figure 13. Stomatal resistance of well-watered cotton at
ambient, 500 and 650 wi £-1 CO0g concentration
levels.
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STOMATAL RESISTANCE
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Figure 14, Stomatal resistance of water stressed cotton at
ambient, 500 and 650 nf 2~1 CO; concentration
levels,
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* 335 ppm, chamber

© 344 ppm, open field

504 ppm , chamber
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Figure }5.

2.4 3.2 40 4.8

AlIR VAPOR PRESSURE DEFICIT {kPa)

56

0.0

0.8 L6

2.4

3.2

Follage minus alr temperature versus vapor pressure defi~
clt for the ambient (335-344 p2 £~1), “500" (504 w2 213,
and "650" (637 ut !."1) C0; treatments from the 1983

experiment.
Deltapine 70 cotton.

ALl of the data are for non-water-gtressed

The lines were fitted by regressicn
but forced through a common peint, and they are repro=-
duced for comparison in the lower right graph.
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Figure l6. fnltage oinus air temperature versys vapor pressure defi-

cic for the amblent (337-332 pi £7}), "500" (503 u2 ey,
and 650 {646 vt t~]) C0z treatments from the 19B4 experi-
ment. All of the data are for non—water—stressed
Deltapine 62 cotton. The lines were fitted by regresaion
but forced through a common poink, and they are repro-
duced for comparison in the lower right graph.
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Figure 17. Leaf water potential versus relative leaf water

content for the Rep I -~ wet cotton leaves sampled
at 13:30 on 29 August 1984, 1 week after

irrigation.
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Figure 18, Leaf water potential versus relative leaf water

content for the Rep I — dry cotton leaves sampled
at 13:30 on 29 August 1984, 3 weeks after irri-
gation.
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Fipgure 20. Leaf water potential versus relative leaf water

content for the Rep Il - dry cotton leaves
sampled at 06:00, 30 August 1984, 3 weeks after

irrigation.
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o, Cone, (ui1™h

Total leaf water potential of leaves in the field
versus COjp concentration for the Rep I and II, wet
and dry plots at midafternocon on 29 August 1984,
The wet and dry plots had been irrigated L and 3
weeks, respectively, prior to sampling.
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Figure 23. Total water content in the top 800 mm of soil of
the Rep 11 - wet plots against day of year. Also
shown are the amounts of irrigation and rainfall
(amounts less than 150 mm).
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TITLE: A SIMPLE MODEL OF BORDER IRRIGATION
NRP: 20790 ‘ CRIS WORK UNIT: 5422-20790-005

In 1984 we developed a model for describing the complete border irriga-
tion cycle. The model was designed for blocked or unblocked sloping
borders and for blocked level borders. The model can simulate irriga-
tion on borders with varlable slopes but cannot handle negative slopes
or reversals In the direction of water flow. The model solves the comr
bined equations for the conservation of mass and momentum with the
acceleration terms removed. The model differs from earlier models in
that the differential form of the combined Salnt-Venant equations is
solved. The model also simplifies the expression for the depth gradient
by using an explicit value, averaged over the entire wetted border.
Results for three typical irrigations {(Table 1} are shown in Figs. 1-3.
Comparisons of results obtalned with thils model to other models and
field data show the model to be very stable and to give equally accurate
values for advance and recessilon times and thus total opportunity time
for infiltration over a range of conditlons including level slopes.
Water depths during irrigation also appear to be closely reproduced
despite the use of a very simple shape factor (a linear fit between suc~
cessive reaches).

For any model to be useful it must be not only accurate but also cost=-
efficlent to use. Computationally efficient programs are required when
repeated simulations are needed, such as when the effects of spatlally
varlable hydraullc parameters are Investigated. Table 2 compares the
computation times for thils model and the Z.I.I. model {Strelkoff and
Katapodes, 1977}, on an HP~1000 computer., The models were run with the
same number of reaches for each simulation and yielded results of com—
parable accuracy. Although not a rigorous comparison of the two models,
the computation times are of similar magnitude and are considerably
faster than existing full dynamlc models (Strelkoff and Katopodes,
1977). This model is also conceptually very simple and easy to program,
Tequiring approximately 450 Fortran statements and 40K bytes of memory,
making it adaptable to many small computing systems.

REFERENCES:

BASSETT, D. L. and FITZSIMMONS, D. W. 1976. Simulating overland flow
in border irrigation. Trans. ASAE 19(14):666-671.

KATOPODES, N. D. and STRELKOFF, T. 1977. Hydrodynamics of border irri-
gation - complete model. Proc. Am. Soc. Civ. Engr., Irrig. Drain. Div.
J. 103(IR3):309-324.

STRELKOFF, T. and KATOPODES, N. D. 1977. Border-irrigation hydrauliecs
with zero Ilnertia. Proc. Am. Soc. Civ. Engr., Irrig. Drain. Div. J.
103(IR3):325-342.

PERSONNEL: D. B. Jaynes
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Table 1. Parameters ugsed in simulating the irrigations shown in Figures .
1_30
Border Bottom Manning Inflow Duration 5* b
Figure length  slope n rate (min) (em S°P)
(m) (m? 5~1)
1 91.44 0.0011 0.089 0.00145 140 0.0332 0.444
2 91.44 0.0010 0.024 0.00328 38 0.607 0.2716
3 185.9 0.0 0.183 0.00627 33 0.059 - 0,511

* I = Stb, where I = infiltration depth, t = opportunity time, and § 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.T.D.), and model
developed by Strelkoff and Katapodes (1977, Z.I.I.).

Irrigation Shown

in Figure: Z.I.D. Z.I.I.
sec

1 21.0 31.8

2 22.3 18.2

3 27.5 31,4
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Figure 1. Calculated and observed advance and recession times for
border V-5. Z.I.D, is model developed here; Z.I.I. 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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Figure 3. Calculated and observed advance and tecession times
for border CRC~1l. Z.I.D. is model developed here; Z.I.I.
is model developed by Strelkoff and Katapodes (1977).
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TITLE: BROMIDE ANALYSIS IN SOIL EXTRACTS VIA AN AUTOMATED COLORIMETRIC

FROCEDURE
NP5: 20790 CRIS WORK UNIT: 5510-20790-005
INTRODUCTLON:

Due to 1ts low cost, low toxlcity, and small sorption potential on most
geologic materials, bromide (Br™) is often the tracer of choice in
studies of soll water or ground water flow. Given the large number of
samples typically generated 1n such studies, a rapld, reliable technique
for Br™ quantitation in environmental water samples 1s needed. A
varlety of methods have been used for Br~ analysis, including ioo-
selective electrode (Abdalla and Lear, 1975; Onken et al., 1975), high
performance liquid chromatography (HPLC) (Pyen and Erdmann, 1983;
Stetzenbach and Thompson, 1983; Bowman, 1984) neutron activation analy-
sis (Dantas and Ruf, 1975), and automated colorimetric procedures (Moxon
and Dixon, 1980; Pyen et al., 1980). Electrode and colorimetric methods
have been less successful for Br™ analysis in soll samples as opposed to
groundwater samples. This 1s due to the generally higher concentrations
of salts and soluble organic materials in soll water extracts, which
result in interferences of varying magnitude. HPLC methods have heen
shown to yleld accurate Br  measurements, but analysis times are typi-
cally on the order of several minutes per sample, and many laboratories
do not possess the required HPLC instrumentation. Neutron activation
analysis 1s the most accurate of the Br  analytical methods, but few
laboratories possess im-house capability for utilizing this technique.

A recent automated procedure by Marti and Arozarena (198l) offers pro-
mise for rapid analysis of Br~ in goil extracte. 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 sub-
ject to interferences from inorganic ions common 1n soils than are the
other colorimetric methods. Therefore, the possibllity of modifying
this technique for analysis of Br~ in soll extracts was investigated.

MATERIALS AND METHODS:

The principles of the analytical method are discussed in the references
cited above. Following Martl and Arozarena (1981), a manifold for the
Technicon Autoanalyzer II system was constructed. A schematic dlagram
of the manifold is presented in Fig. l.

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
validation studies. A surface sample (0-300 mm) of each soll was used
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to provide a "worst case" scenario, since organic matter content
generally is greatest near the soil surface. The soils were Avondale
gilty clay loam (fine-loamy, mixed, hyperthermic Torrifluventic
Haplustoll), Mohall sandy loam (fine~loamy, mixed, hyperthermic Typic
Haplargid), Haverson loam (fine~loamy, mixed (calcareous} mesic Ustic
Torrifluvent), Palouse silt loam (fine-silty, mixed, mesic Typic
Haploxeroll), and Glendale clay (fine-silty, mixed (calcareous) thermic
Typic Torrifluvent). The first two soils are from Arizona, while the
latter three are from Colorado, Washington, and New Mexico, respec—
tively. Some characteristics of these soils are presented in Table 1.

Twenty-five gram samples of each soil (alr-dry, <2 mm) were added to
50~ml polypropylene centrifuge tubes. To each sample was added 25 ml of
KBr solution with a concentratiom 0.0, O.!, 0.2, 0.5, 1.0, 2.0, 5.0, or
8.0 ppm. Bromide solutions were prepared inm 0.1 M KNO3 to minimize Br™
sorption by activated charcoal (Kamiuria et al., 1983). A soil-less
blank was also prepared. Each sample and blank was prepared in tripli-
cate. The tubes were equilibrated on a teclprocating shaker for 10
min., then centrifuged to yield a clear supernatent solution.
Supernatents were then filtered through Whatman #541 filter paper.

An aliquot (5 ml) of each supernatent was added to a clean centrifuge
tube, followed by the addition of 0.1 g of activated cahrcoal. The mix~
ture was shaken by hand, then filtered through a 0.45 pum filter to
remove the charcoal. The filtered extracts were then analyzed following
the procedure of Marti and Arozarena (1981) using the manifold shown in
Fig. 1. Bromide concentrations were calculated from a standard curve
prepared using standards (in 0.1 M KNO3) which had also received the
charcoal treatment.

RESULTS AND DISCUSSION:

The mean Br  recovery data for the five soils are listed in Table 2 and
presented graphically in Fig. 2. Although the accuracy of the method
was greatly improved over the procedure without the activated charceal
treatment, significant interferences still occurred. Im three of the
solls (Avondale, Mohall, and Glendale) a positive bias was noted, while
the other two soils showed negative recoveries, Primarily negative
interferences were noted when no charcoal treatment was used. The trend
in recoveries is more or less the opposite of the trends in soll organic
carbon content and total organic carbon of soil extracts (Table 1),
which supports the assumption that soluble organics caused much of the
negative.interference problem.

The impression from the data is that both positively and negatively
interfering substances are present in the extracts. Charcoal addition,
depending upon the soill, removes some or all of the negatively inter—
fering compounds. Some interferences, which aren’t removed by the char-
coal (or are possibly added by the charcoal itself), absorb light at the
analytical wavelength of 520 nm and cause positive interference. In the
high organic carbon soile, perhaps insufficlent charcoal was added, and
the negative interferences predominated.
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For in~house purposes, the method as it stands may be adequate. With
both the Arizomna solls, accuracy at the 1.0 ppm Br™ level is within 10%.
This level of accuracy is superlor to most methods of Br~ analysis.
SUMMARY : 3
An automated colorimetric procedure was modified for analysis of Br  in
soll extracts. The method ylelds accurate Br~ quantitation at the ppm
level in Arizona solls of immediate interest to our current research
program. The technlque was less accurate for other solls examined. The
method's charcoal pretreatment step approximately doubles the time
required for sample analysls compared to the autoanalyzer procedure
without the pretreatment.

PERSONNEL:
R. S. Bowman, M. A. Milczarek, R. C. Rice, G. C. Auer
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Table 1. Organic carbon contents (%), total organic carbon coon~
. centration (mg/L) of a 1:1 soil:water extract, and cation
exchange capacities (mole Nat+/kg) of soils used in Br™ vali-
dation studies.

Soll 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 recoveries for the five soils.

Br™ added Recovery (%)
{ppm) Avondale Mohall Haverson Palouse Glendale
O 0.1 245 234 T30 <0 801
0.2 132 142 <0 <0 437
0.5 106 120 37 <0 234
1.0 104 108 69 46 167
2.0 103 105 82 14 137
5,0 1¢7 105 98 92 120
8.0 134 106 100 96 108
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TITLE: LONG-TERM EFFECT OF IRRIGATION ON RECHARGE AND
QUALITY OF GROUNDWATER

NRP: 20790 CRIS WORK UNIT: 5510-207320-005

SPATIAL VARIABILITY OF DEEP PERCOLATION RATES:

Recharge due to deep percolation from irrigated fields must be better
quantified to predict the effect of irrigation om 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 fileld, 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 soll 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. HNeutron access
tubes were installed in the selected subplots to depths that varied from
2.0 to 2.7 w. 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, so0il samples were taken in 30 cm increments to 270 cm. Two
sets of samples were obtained from each plot. The first samples were
taken 5 days after the first irrigation., Additlonal samples were taken
before subsequent irrigations. Bromide concentrations were determined
from a 1:1 soil water extract.

An additional experiment was conducted to determine the effect of sample
gize on bromide recovery. Potassium bromide was applied to one 9 X 12 m
plot followed by a 10 em irrigation. Twenty sub—-plots were sampled on a
1.8 X 2.4 w grid 6 days after the water application. Samples were taken
at 15 cm intervals to a depth of 105 ecm. 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 palrs 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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BRESULTS:

Spatial Variability Study: The depth of maximum bromide concentration
was determined for each of the 28 sampling sites and sampling times,

The mean, mode, and median for a given sample time were essentially
equal, Thus, these values 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 em. Using the
tracer velocities and the average water content, the Darcy velocity was
230 and .37 cm/day for the upper aud 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 ag 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 iIn preferen-
tial paths and bypassing a portion of the profile.

Sample Size Study: Comparisons of the Br™ 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/ 4% 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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slope of 0.902 which was significantly different from 1.0 at the 0.001
leVel .

Although there was a significant blas toward the larger sample for both
Br~ concentration and Br  recovery, the positlon of the depth of the
maximum Br~ concentration was the same for all 20 plots. The shapes of
the depth~concentration curves were essentially the same for all 20
plots,

SUMMARY AND CONCLUSICONS:

Deep percolation of excess irrigation water was measured omn a 0.62-ha
bare soll field. Deep percolation rates were determined from bromide
added to the soll as a tracer, Core samples were taken at a depth to
270 cm within 14 subplots after each irrigation. The depth of the maxi-
mum bromide concentration was uniformly distributed over the field. The
average deep percolation rate was determined from the arithmetic mean of
the tracer velocities and water content. The deep percolation rate
calculated from the tracer velocities was about 5 times greater than
determined from a water balance. The discrepancy between the tracer and
water balance rates indicates that much of the water is moving in
preferential paths. The water balance may underestimate the travel
times of solutes and pollutants to the groundwater.

A comparison of Br~ concentrations between 10.2 cm and 2.2 cm sample
diameters showed no significant differences between the variances. _The
slope of the regression line relating the Br” concentrations of the
large and small samples was not significantly different from 1.0,

PERSONNEL: R. C. Rice, R. 5. Bowman, D. B. Jaynes, H. Bouwer, G. C. Auer,
J. B. Miller
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Figure 2. Br~ concentration for small and large samples. Solid line is the
1:1 line and dashed line is the regression line.
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TITLE: MEASUREMENT OF SOLUTE VELOCITIES BELOW FLOOD-IRRIGATED FIELDS
NRP: 20790 CRIS WORK UNIT: 5510-20790-005

INTRODUCTION:

The ability to measure and predict downward rates of water and solute
movenent below agricultural fields is critical for evaluating effects of
surface management practices on groundwater recharge and recharge water
quality. Under irrigated conditions, this reduces to the problem of
delineating effects of soll type, soll structure, irrigation method, and
irrigation frequency on subsurface water redistribution. Much of the
experimental work done under field conditions has concerned itself with
water movement under steady state and/or unsaturated flow conditions.
For instance, Biggar and Nielsen (1976) examined solute velocity and
dispersion coefficlent distributions under continuous ponding condi-
tions. Van de Pol et al. (1977) considered downward rates of chloride
and tritiated water movement under steady~state, trickle~irrigated con-
ditions. Jury et al. (1982) followed the leaching of a bromide tracer,
initially applied to the soil via a sprinkler system, as it moved down-
ward in response to natural rainfall.

In the western United States and in many other areas of the world, agri-
cultural water application is via intermittant flood irrigation. Under
this system, the soll surface is ponded for a relatively brief period
(on the order of hours), followed by a period of redistribution and
drylng (typlcally on the order of several days to several weeks). The
characteristics of subsurface water movement in response to different
flood irrigation regimes have received relatively little attention from
soill scientists.

The purpose of this study was to evaluate subsurface water movement
under intermittant flood irrigation. A serles of conservative tracers
were utilized in a controlled field environment for this purpose. The
following specific questions were asked: 1) what is the relationship
between tracer-measured water velocities and the average pore water
velocity calculated from a water balance? 11) how does the downward
velocity of water under a uniform irrigation regime change over time?
111) what effects do changes in irrigation frequency have upon measured
water velocities? This report concerns itself primarily with the first
of these three questions,

MATERIALS AND METHODS:

Field Plot Design:

The experiments were performed in a bare field plot established on
Avondale silty clay loam (fine loamy, mixed, hyperthermic Torrifluventic
Haplustoll) at the U. S. Water Conservation Laboratory in Phoenix, AZ,
USA. The soil shows significant variability with depth, grading from
the surface silty clay loam to a clay loam which extends from the 0.7 m
to 1.7 m depth, and to layers of loam, silt loam, and sandy loam between

Annual Report of the U.S. Water Conservation Laboratory



259

1.7 m and 3.0 m« Below 3.0 m, large rocks and boulders are present
within a sand matrix.

The 37-m? field plot was isolated from the surrounding soll by a 0.4-m
wide sheet metal border set 0.2 m into the ground. Similar borders were
used to define a 13-m? area in the center which was further divided into
four quadrants or subplots of 3.2-m¢ area. All measurements were made
within the four subplots although the entire 37-n? area received the
same treatment In terms of water applications and tracer additions. The
23-m2 area surrounding the subplots served as a buffer zone between the
measurement area and the surrounding soil.

Each of the four subplots received a neutron probe access tube,
installed to a depth of 3 m, and seven ceramic soll sclution samplers
placed at depths of 0.3, 0.6, 1.0, 1.4, 1.8, 2.4, and 3.0 m.
Precautions were taken to minimlze "short circuiting” of irrigation
water down the access tubes and sampler connecting tubing. A 0.2-m X
0.2~m aluminum plate was cut out in the center to slide over each access
tube. The plate was sealed to the tube at a depth of Q.15 m below the
soll surface, to prevent a direct water path down the tube sides during
flood irrigations. The connecting tubing from the suction samplers was
vertical to a depth of 0.15 m below the surface, at which point it was
directed at a shallow angle to the soll surface, again minimizing any
vertical flow along the tubing sides.

The plot was equipped with a water distribution system, with separate
metered supply lines to each subplot and to the buffer region, in order
to minimize water application differences across the plot. Either
municipal water or water from a large mixing tank used for tracer solu—-
tion preparation could serve as the water source.

During the experimentation, the entire plot was covered with foam insu~
lation followed by plastic sheeting to minimize temperature fluctua-
tions, evaporative losses, and water input via rainfall,

Experimental Procedure:

A total of 100 mm per week of irrigation water was added during the
measurement period, but the amount and frequency of water application
varied. After a new irrigation regime was established, neutron probe
measurements determined when the water content profile oscillated within
a fixed range between irrigations. At this point, ome or more tracers
were added with 50 mm of irrigation water at the regular irrigation
schedule. The tracers used included bromlde (Br™), mtrifluocromethyl-
benzoiec acid (m-TFMBA), o-trifluoromethylbenzoic acld (o~TFMBA),
2,6,~difluorobenzoic acid (2,6 ~DFBA), and penta fluorobenzolc acid
(PFBA), at initial concentrations of 200, 40, 50, 50, and 50 mg L“l,
respectively. The organic tracers were previously shown to move with
Br™ in this soil (Bowman, 1984a).

The first irrigation regime consisted of semi-~weekly 50~mm irrigations.
After the stabilization of profile water contents, a dual-labelled pulse .
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of Br” and m~TFMBA was added. Solution samples were collected daily
during the first week following tracer addition and three times per
week thereafter. A second tracer pulse, labelled with 2,6~DFBA, was
added 42 days following the Br™/m-TFMBA pulse.

The second irrigation regime, begun after the initial tracers were no
longer detectable in the suction samples, consisted of a single 100-mm
irrigation per week, After stabilization of profile water contents, a
dual-labelled pulse of Br™ and PFBA was added, followed by pulses of
2,6-DFBA, o~TFMBA, and m—TFMBA after 7, 14, and 28 days, respectively.
Extracts were collected for 100 days following m—TFMBA addition, at
which polnt tracers were no longer detectable in the samples.

Tracer concentrations in the suction samples were measured simulta-
neously by a technique described earlier (Bowman, 1984b).

RESULTS AND DISCUSSION:

Flgures la and 1b present the relative concentration of the Br™ tracer
in one of the four subplots under the semi~weekly irrigation regime.
Relative concentration refers to the concentration in the sample divided
by the original input concentration. Figure la shows the relationship
as a function of time. The data are representative in showing the well-
defined tracer peaks which were observed with most of the samples under
both irrigation treatments. In some cases, particularly under the once~
weekly 100 mm irrigations, a peak was not defined at the 0.3 m or 0.6 m
depth, ZExcept in the cases of a few malfunctioning samplers, well-
defined tracer maxima were observed at all depths greater than 0.6 m.

The occurrence of lrrigation water additions with respect to sampling
time 1s also shown in Fig. la. Even at the shallower depths, there was
no apparent fluctuation 1n tracer concentrations resulting from the
intermittent water inputs. The tracer distributions obtained resemble
those seen under steady-flow water conditions.

Fig. 1b presents the same data in terms of relative pore volume, (RPV)
of water leached through the profile at each depth. The RPV was calcu—~
lated for each sampler 1 as:

RPV = %15 (1)

where q 1s the known Darcy flux of 100 mm wk"l, t is time, and 94 1is the
total average water storage in the profile above sampler 1, as deter—
mined from the neutron probe molsture measurements. The solid lines in
Fig. 1b were fitted*to-the concentration data using an analytical solu-
tion to the one-dimensional convection-dispersion equation

8C = p_ 82C - y_ 2C (2)
ot ax ax

where C is the tracer concentration, x 1s sampler depth, Dy 1s the
apparent diffusion coefficient of the tracer containing water, and vg 1s
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the mean velocity of the tracer containing water, Dg and vy were
adjusted to yield the best fit to each set of concentration data using
the least-squares optimization method of van Genuchten (1981), assuming
a seml-infinite profile and uniform steady-state water input at the sur-
face. Cassel et al, (1975) and Wierenga (1977) have found that the
steady-state solution to equation (2), using mean values for Darcian
flux and profile water content, gives a good approximation of solute
transport data obtained under transient conditions. This approach
yielded fitted values of vgq for each tracer at each sampler which agreed
well with the observed peak maxima.

Probabllity plots (fractile diagrams) were prepared using untransformed
and log-transformed velocity data for all gamplers and tracers under a
given irrigation regime (Figs. 2a and 2b). The plots show that the vg
data in each case 1s best described by a log-normal distribution,
although the normal distribution also describes the semi-weekly v, data
adequately (Fig. 2a). The reasons for the stronger log~normal character
of the velocities under the once-weekly regime are not known. For con~
sistency, vy data for both data sets was considered log-normally distri-
" buted. Under the semi—weekl{ 50 mm irrigations, the 72 measured values
of vg had a mean of 67 mm d7%, with a 95% confidence interval of 62 to
72 am d~l, Under the once weekly regime, the mean vg was 57 mm d“l,
with a 95% confidence interval of 51 to 64 mm d”l. The reasons for the
decrease in mean velocity with the once~weekly irrigation are not clear.

The mean molsture profiles observed under the two irrigation regilmes
were almost identical. For example, the mean total profile volumetric
water contents from the 0-m to 3-m depth under the semi-weekly and once~
weekly irrigations were 0.329 and 0.332, respectively. Using the mean
profile water storage and the mean Darcy flux of 14.3 mm d™' (100 mm per
week), the so-called average pore-water velocity, Vys can be calculated
from the surface to each sampler depth as

Vg = 9/ 04 (3

Values of v, for the various sampler depths ranged from 41 to 43 mm d"l,
depending upon @4 for a given depth. The mean value of v, is shown as a
dashed line in Figs. 3a and 3b, which present the vy data for each
sampler depth under each irrigation regime.

Figures 3a and 3b indicate that measured values of vg, with few excep-
tions, were considerably greater than v, as calculated from the water
balance. Except at the 1.0 m sampling depth under the once-weekly
regime, v, lay outside the 95% confidence interval for all depths below
0.3 m« At the greater depths, particularly under the semi-weekly irri-
gations, vy 1is about double v,. The low mean vg at the 1.0 m depth was
caused by one sampler which consistently showed very low velocities
under the once-weekly regime. Omitting data from this sampler raises
the mean vg for this depth to 46 mm d™!, with vy Just inside the 95%
confidence interval.

In a homogenous porous medium, vg as determined using a non-interacting
tracer should equal vy. In the few field studies which have measured
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both, v, has been found to be equal to or greater than vg. Biggar and
Nielsen (1976) found velocities of €1~ and NO3~ to be, on the average,
within 10% of v, calculated from the steady-state infiltration rate and
water content under ponded conditions. Van de Pol et al., working under
trickle~irrigated conditions, found v, to lie within the 95% confidence
interval of vy as measured by a €1~ tracer. Jury et al. (1982) found
tracer velocities measured at the 0.3 m depth in the Tield to be less
than the calculated vy, The discrepancy was attributed to the use of
applied water rather than average drainage, which could not be deter-
mined under their experimental conditions, for the calculations,

In contrast to the above findings, our work indicates a solute velocity
at almost all depths which 1s consistently greater than the calculated
average pore water velocity, v,. The ratios of the mean value of vg to
v, were 1.6 and 1.4 for the semi-weekly and once-weekly irrigation re~
gimes, respectively. Of the 184 velocity measurements, only 39 values
of vg were less than or equal to v, If the true mean value of vy were
equal to v,, most of the measured v, values would be less than v, under
a log-normal distribution.

There are several possible reasons which could explain the differences
between v, and vg. Since all the tracers used were anions, anion exclu-
slon by negatively charged soll surfaces could at least partially
explain the acceleration of solute versus water. To test this possibil-
ity, a separate experiment utilizing deuterated water (HDO) was per—
formed in one of the subplots. A dual~labeled Br~/HDO pulse was applied
under the once-weekly irrigation regime. The velocities of Br™ and HDO
were determined at the five sampler locations between 1.0 and 3.0 m.

The Br~ peak did arrive earlier than the HDO peak at each sampler, indi-
cating that some exclusion of Br™ and/or retardation of HDO occurred in
this soll. 1In all cases, however, the vg value for HDO was greater than
Vg+ The mean value of vy measured with HDC was more than 60% greater
than v,« Thus, anion exclusion was ruled out and an explanation for the

)
high v /v, ratios observed.

A second possible explanation for elevated vg values 1s that leakage may
have occurred along the suction sampler connecting tubing during flood
irrigation. While this possibility cannot be completely eliminasted, the
obeerved velocity distributions with depth make it appear unlikely. If
leakage were occurring, the effects on vg should have been greatest at
the shallower depths. The mean Vs/Vo ratios was greater than one at
almost all depths, however, and generally increased with increasing
depth. For example, referring to Fig. Za, the mean vS/vD ratio at the
2.4 m depth as 2.0, compared to a ratio of 1.4 at l.4 m.

The most likely explanation for the observed discrepency appears to be
that vy, as calculated from the mean Darcy flux and soil water content,
was not an accurate indicator of downward percolating water velocities
in this experiment. Downward-moving water was not pushing stored pro~
file water ahead of it as in piston-displacement, but was bypassing a
significant portion of the stored water. Thus, solute appeared at depth
more rapidly than 1f complete mixing had occurred.
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The concept of bypass flow is not new, Others (e,g. McMahon and Thomas,
1974; van Genuchten and Wierenga, 1977; White, et al., 1984; and
references cited therein) have observed this phenomenon when working
with undisturbed or aggregated solls. Such solls have a wide range in
pore sizes and potential flow paths for percolating water. Even under
unsaturated conditions, as were present in this experiment, most of the
water movement probably occurs in only a fraction of the conducting
pathways.

SUMMARY AND CONCLUSIONS:

A survey of the literature, and particularly the literature assoclated
with modeling of solute transport under real-world conditions, shows an
almost universal assumption of the identity of v, and vg. Our work
indicates that predictions of downward travel times based on vy will
underestimate true solute mobillty. The use of v, may yield predictions
of impacts of management practices on ground water quality which are not
as conservative as they should be.
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IDSO, 5.B. 1984. An enmpirical evaluation of 580
Earth's surface ailr temperature response to

radiative foreing, including feedback, as applied

to the COo~climate feedback. Arch. Met. Geoph.

Biocl., Ser. B 34:1-19.

IDSO, 5.B. 1984. Greenhouse warning: Where's 1032
the danger? Optics News 10:(3): 14-15.

IDSO, S.B. 1984. The impetus for COz—-induced 985
climatic change: A reply to comments of Dr.
Kevin Hamilton. Climatol. Bull. 18:37-39.

I1DS0, S.B. 1984, Implications of the COp green~ 1047
house effect for agriculture and water research:

A critical review of recent officlal reports of

the U.,5. Natlonal Research Council and the U.S.

Environ. Protection Agency. Soil Seci. ' 138(5):

373-383.

IDSO, S.B. 1984, Joint review of books Changing 1031
Climate and Can We Delay a Greenhouse Warming?
AJIlel‘- J. PhyB- 52:954-

IDSO, S.B. 1984. Joint review of books Changing 1008
Climate and Can We Delay a Greenhouse Warming?

Archiv. Meteorol. Geophys Bioclim. Ser. B

34:211-212,

IDSQ, S.B. 1984. Joint review of books Changing 1050
Climate and Can We Delay a Greenhouse Warming?
Environ. Conservation 11:288-289,

IDSO, S. B. 1984, Joint review of books Chan— 1011
ging Climate and Can We Delay a Greenhouse
Warming? Austral. Meteorol. Mag. 32(1):47-48.

IDSO, S.B. 1984. Joint review of books Changing 1064
Climate and Can We Delay a Greenhouse Warming?
Int*l J. Remote Sens. 5:839~840.

IDSO, S«B. 1984. Joint review of books Changing 1048
Climate and Can We Delay a Greenhouse Warming?
Int'l J. Environ. Studies 23:158-159.

IDSO, S.B. 1984. Joint review of books Changing 1049

Climate and Can We Delay a Greenhouse Warming?
Plant, Cell and Environment 7:553-554.
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IDSO, S.B., 1984, Joint review of books Changing
Climate, Can We Delay a Greenhouse Warming? and
C0p and Plants. The Response of Plants to
Rising Levels of Atmospheric Carbon Dioxlde.
Agric. and Forest Met. 32:339-341.

IDSO, S.B. 1984. Joint review of books Changing
Climate and Can We Delay a Greenhouse Warming?

Econ. Geogr. 60:267-269.

IDSO, S.B. 1984. Review of book Can We Delay a
Greenhouse Warming? by S. Seidel and D. Keyes
(U.S. Environ. Protection Agency). J. Geol.
Educat. 32:275-276.

IDSO, S.B. 1984, Review of book Can We Delay a
Greenhouse Warming? by S. Seldel and D. Keyes
(V.S. Environ. Protection Agency). Atmosphere-
Ocean 22:264.

IDS0, S.B. 1984, Review of book Can We Delay a
Greenhouse Warming? by S. Seidel and D. Keyes
(U.5. Environ. Protection Agency). Photosyn.
Res. 5:273-274,

1D50, S.B. 1984, Review of book Can We Delay a
Greenhouse Warming? by S. Seidel and D. Keyes
(U.S. Environ. Protection Agency). Water, Air
and Soil Poll. 23: 227-228.

IDSO, S.B. 1984. Review of book Can We Delay a
CGreenhouse Warming? by S. Seldel and D. Keyes
(U.S. Environ., Protection Agency). The Prof.
Geogr. 36:523~524.

IDSO, S.B. 1984. Review of book Can We Delay a
Greenhouse Warming? by S. Seidel and D. Keyes
(U.S. Environ. Protection Agency). OQuart. J.
Roy. Met. Soc. 110:778-779.

1DS0, S.B. 1984, Review of book Can We Delay a
Greenhouse Warming? by S. Seidel and D. Keyes
(U.S. Environ. Protection Agency). Econ. Bot.
38:367.

IDS0, S5.B. 198B4. Review of book Can We Delay a
Greenhouse Warming? by S. Seidel and D. Keyes
(U.S. Environ. Protection Agency). Biologisches
Zentralblatt 103.
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1035

1043

1033

1017

1003

1006

1023
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1027
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IDSO, S.B. 1984, Review of book Can We Delay a 1055
Greenhouse Warming? by 5. Seldel and D. Keyes

U.S. Environ. Protection Agency). Photosynthetica

18:622.

IDSO, S.B. 1984. Review of book Changing Cliw- 1002
mate by the Carbon Dioxlde Assessment Committee

of the U.S. National Research Council. Water,

Alr and Soil Poll. 23:228-~230.

IDSO, S.B. 198B4. Review of book Changing Cli- 1018
mate by the Carbon Dioxide Assessment Committee

of the U, §. National Research Council,

Photosyn Res, 5:273.

IDS0, S.B. 1984, Review of book Changing Cli- 1024
mate by Carbon Dioxide Assessment Committee of

the U.S.National Research Council. Quart. J.

Roy. Met. Soc. 110:773-774.

IDSO, S.B. 1984, Review of book Changing Cli- 1013
mate by Carbon Dioxide Assessment Commlttee of

the U.S. National Research Council. Econ. Bot.
3B:366~367.

ID50, S.B. 1984. Review of book Changing Cli- 1044
mate by Carbon Dioxide Assessment Committee of

of the National Research Council. J. Geol.

Educat, 32:275.

IDS0, S.B. 1984, BReview of book Changing 1028
Climate by Carbon Dloxlde Assessment Committee

of the U. S. National Research Council.

Bioclogisches Zentralblatt 103.

IDSO, S. B. 1984. Review of book Changing Cli- 1056
mate by Carbon Dioxlide Assessment Committee of

the U.S. National Research Council,

Photosynthetica 18:623~624,

IDSO, S.B. 1984. A review of recent reports deal- 1025
ing with the greenhouse effect of atmospheric car-
bon dioxide. J. Alr Poll. Contr. Assn. 34:553-555,

IDSO, S.B. 1984, Shortcomings of COp~climate 895
models raise questions about the wisdom of energy
policy implications. Appl. Energy 16:53-57.

IDSO, S.B. 198B4. What 1f increases in atmos- 926
pherie COp have an inverse green—house effect?

I. Energy balance conslderations related to

surface albedo. J. of Climatology 4:399-~409.
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IDSO, 5.B. and BRAZEL, A.J. 1984, Rising 1088
atmospheric carbon dioxide concentrations may
increase streamflow. Nature 312:51-53.

IDSO, S.B. and IDSO, K.E. 1984, Conserving heat 878
in a marine microcosm with a surface layer of

fresh or brackish water: The "semi~solar pond."

Solar Energy. 33:149-154.

IDSO, S.B., KIMBALL, B.A. and CLAWSON, K.L. 1984. 996
Quantifying Effects of Atmospheric CO; enrichment

on stomatal conductance and evapotranspiration of

water hyacinth via infrared thermometry. Agric.

and Forest Met. 33:15~22,.

IDSO, S.B., PINTER, P.J., JR, REGINATO, R.J. and 997
CLAWSON, K.L. 1984. Stomatal conductance and
photosynthesis in water hyacinth: Effects of

removing water from roots as quantified by a
foliage~temperature based plant water stress

index. Agric. and Forest Met. 32:249-256.

IDS0, S.B., REGINATO, R.J., CLAWSON, K.L. and 995
ANDERSON, M.G. 1984. On the stabllity of non~
water-stressed baselines. Agric. and Forest Met.
32:177-182.

IDS0, S.B., REGINATO, R.J., JACKSON, R.D. and 976
PINTER, P.J., JR. 1984. Reply to Paw U's "Com

nents on folliage and alr temperatures: Evidence

of a dynamic 'equivalence point.'"” Agric. and

Forest Met., 31:87-88.

JACKS0N, R.D. 1984. Current and future pros- 1078
pects for agricultural remote sensing. Proc.

conf. on The Application of Remote Sensing to
Agriculture, Univ., of AZ, Casa Grande, AZ, May

18, 1984, pp. 69-80.

JACKSON, R.D. 1984. Remote sensing of vegetation 1079
characteristics for farm management. Proc. Soc. of
Photo—0ptical Instrumentation Engrs, 47:81-96,

JACKSON, R.D. 1984. Total reflected solar radi- 1653
ation calculated from multi-band sensor data.
Agric. and Forest Met., 33:163~175.

JACKSON, R.D. and REGINATO, R.J. 1984. Agronomic 959
aspects of thermal-IR measurements. Proc. 2nd
Int'l Colloq. of Spectral Signatures of Objects

in Remote Sensing, Bordeaux, France, Sep 13,
1983, pp. 447-457,
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MS. Ho.

KIMES, D.S., NEWCOMB, W.W., SCHUTT, J.F., PINTER, 938
P.J. JR. and JACKSON, R.D. 1984. Directional :
reflectance factor distributions of a cotton row

crop. Int'l. J, Remote Sensing 5(2)}:263-277.

MEEK, D.W., HATFIELD, J.L., HOWELL, T.A., IDSO, 968
$.B., and REGINATO, R.J. A generalized rela-

tionship between photosynthetically active

radiation and solar radiation. Agronomy J.

76:939~945.

REGINATO, R.J. 1984, Plant stress and irriga- 1065
tion scheduling. Proc. conf. on The Application

of Remote Sensing to Agriculture, Unilv. of AZ,

Casa Grande, AZ, May 18, 1984, pp. 37-44.

YOUNGBLOOD, J.W. and JACKSON, R.D. 1983. Adr- 958
borne recon. in the clvilian sector: agric.

monitor. from high-altitude powered platforms.

Proc. Soc. of Photo-Optical Instrumentation

Engrs. 424:182-189.

In Press: BOISSARD, P., GUYOT, G. and JACKSON, R.D. 1101
Factors affecting the radiativg temperature of a
vegetative canopy. Remote Sensing Reviews.

CASTLE, K., DINGUIRARD, M., EZRA, C.E., HOLM, 945
R.G., JACKSON, R.D., KASTNER, C.J., PALMER,

J.M., SAVAGE, R. and SLATER, FP.N. In-progress

absolute radiometric inflight calibration of the
Landsat—4 sensors. Proc. Landsat-4 Early

Results Symp., NASA/Goddard Spaceflight Center.

CHE, N., JACKSON, R.D., PHILLIPS, A.L. and 1107
SLATER, P.N. The use of field radiometers in
reflectance factor and atmospheric measurements.

Proc. Soc. of Photo-Optical Instrumentation

Engineers. :

CHOUDHURY, B.J. and IDSO, S.B. 1984. Evaluating 1082
plant and canopy recistances of field-grown wheat

from concurrent diurnal observations of leaf

water potential, stomatal resistance, canopy

temperature, and evapotranspiration flux. Agric.

and Forest Met.

HATFIELD, J.L., KANEMASU, E.T., ASRAR, G., 950
JACKSsON, R.D., PINTER, P.J., JR. REGINATO, R.J.

and IDSO, S.B. Leaf area estimates from

spectral measurements over various planting

dates of wheat. Int'l J. of Remote Sensing.
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HUETE, A.R., JACKSON, R.D. and POST, D.F. Spec- 1074 .
tral response of a plant canopy with different
soil backgrounds. Remote Sensing of Environ.

IDS0, S.B. Book Review Changing Climate by 1077
Carbon Dioxide Assessment Committee of the

7.S. National Research Council. Science

Books and Films.

IDS0, 5.B. Carbon dioxide and crop production. 1071
Fleld Crops Res.

IDSO, 5.B. Comments on "New Formulae for the 898
Equivalent Night Sky Emissivity" by Melchor
Centeno V. Solar Energy.

IDSO, S.B. Joint review of books Changing Cli~- 1019
mate and Can We Delay a Greenhouse Warmlng?
Tech. Forecast. Soclial Change.

IDSO0, S.B. Joint review of books Changing Cli~ 1012
mate and Can We Delay a Greenhouse Warming?
Geologiska Foreningens: Stockholm Forhandlingar.

IDSO, S.B. Joint review of books Changing Cli- 1058
mate and Can We Delay a Greenhouse Warming? J.
Arid Environment.

IDS0, S.B. Joint review of books Changing Cli- 1054
mate and Can We Delay a Greenhouse Warming?
Environ. Poll.

IDSO, S.B. Joint review of books Changing Cli~ 1057
mate and Can We Delay a Greenhouse Warming?
Nat. Geogr., J. India.

ID50, S.B. Joint review of books Changing Cli- 1066
mate and Can We Delay a Greenhouse Warming?
Environ. Impact Assessment Rev.

IDSO, S.B. Review of book Acid Rain: A Review 1112
of the Phenomenon in the EEC and Europe.
Environ. Management.

IDSO, S.B. 1984, Review of book Can We Delay a 1036
Greenhouse Warming? by S. Seidel and D. Keyes
(U.S. Environ. Protection Agency). Hydrol. Sci. J.

IDSO, S.B. Review of book Can We Delay a 1016

Greenhouse Warming? by S. Seidel and D. Keyes

(U.S. Environ. Protection Agency). Int'l J.

Ambient Energy. .
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M&. No.

IDS0, S.B. Review of book Causes and Effects of 1111
Changes in Stratospheric Ozone: Update 1983,
Environ. Management. .

IDSO, S.B. Review of book Changing Climate by 1007
Carbon Dioxide Assessment Committee of the U.S,
National Research Council. The Prof. Geogr.

IDSO, S.B. Changing Climate: Report of the 1015
Carbon Dioxide Assessment Committee of the U.S.

National Research Council. Int'l J. Ambient

Energy.

IDSO, S.B. Review of book Changing Climate by 1037
Carbon Dioxide Assessment Committee of the U.S.
National Research Council. Hydrol. Sci. J.

IDSO, S.B. Review of book Changing Climate by 1034
Carbon Dioxide Assessment Committee of the U.S,
National Research Council. Atmosphere-Ocean.

1Dso, S.B., The search for global COp green-— 1098
house effects. Environ. Conservation.

IDSO, S.B. Yield prediction and development of 872
a concept using remote sensing. In Problems in

Crop Physlology, Vol. 2. Ed. U.S. Gupta.

Oxford & IBH Pub. Co., New Delhi.

JACKSON, R.D. Measuring ET with remotely sensed 1110
data. Proc. Deep Percolation Symp., Scottsdale,
AZ, Nov 7, 1984.

JACKSON, R.D. and EZRA, C.E. Spectral response 974
of cotton to suddenly induced water stress.
Int'l J. of Remote Sensing,

JACKS(ON, R.D., PINTER, P.J., JR, and REGINATO, 1105
R.J. Net radiation calculated from remote

multispectral and ground station meteorological

data. Agric. and Forest Met.

JACKSON, R.D., REGINATO, R.J., IDSO, S.B. and

PINTER, P.J., JR. Plant stress and stress-yleld 979
relationships determined using remotely sensed

data. ARS—~Agric. Research Results.

JACKSON, R.D. and ROBINSON, B.F. Field evalua— 999
tion of the temperature stability of a multi-~
spectral radiometer. Remote Sensing of Environ.
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PINTER, P.J., JR, JACKSON, R.D., EZRA, C.E. and 1100 .
GAUSMAN, H.W. Sun angle and canopy architecture

effects on the reflectance of six wheat culti-

vars. Int'l J. of Remote Sensing.

REGINATO, R.J. and HOWE, J. Irrigation schedu- 1073
line using crop indicators. Irrig. Seci.

REGINATO, R.J., JACKSON, R.D. and PINTER, P.J., 1106
JR, Evapotranspiration calculated from remote
multispectral and ground station meteorological

data. Remote Sensing of Environment.

WIEGAND, C.L., LAUTENSCHLAGER, L.F., PINTER, 1109
P.J., JR., JACKSON, R.D., MC MURTREY, J.E., III,
RICHARDSON, A.J. and SMIKA, D.E. IDevelopment of

model inputs from remotely sensed information.

In ARS-Agric. Research Results.

In Progress: ASRAR, G., KANEMASU, E.G., JACKSON, R.D. and 1115
PINTER, P.J., JR. Estimation of total above
ground phytomass production using remotely
gsensed data. Remote Sensing of Environment.

DUSEK, D.A.,, JACKSON, R.D. and MUSICK, J.T. 1075

Linear correlations between winter wheat parame- .
ters and various combinations of seven spectral

bands,

WHITMAN, C.E., HATFIELD, J.L., and REGINATO, R.J. 973

Effect of slope position on the microclimate,
growth and yleld of barley. Agronomy .J.

NRP 20790 LONG TERM EFFECT OF IRRIGATION ON RECHARGE AND
QUALITY OF GROUNDWATER (Subsurface Water Man-
agement)
Published: BOUWER, E.J., MCCARTY, P.L., BOUWER, H. and RICE, B79

R.C. 1984. Organic contaminant behavior during
rapid infiltration of secondary wastewater at the

Phoenix 23rd Avenue project. Water Research
18(4):463-472.

BOUWER, H. 1984, Elements of soll science and 870
groundwater hydrology. In Groundwater Pollution
Microbiology. Eds. Gabrlel Bitton and Charles P,

Gerba, John Wiley & Sons, NY, pp. 9-38.
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BOUWER, H. 1984, Rapid infiltration. In Land 1120
Treatment of Municipal Wastewater: Suppl. on

Rapid Infiltration and Overland Flow. Environ.
Protection Agency Process Deslgn Manual, pp.

1-8,

BOUWER, H. 1984. Wastewater renovation in 935
rapld infiltration systems. In Pollutants in

Porous Media. Eds. B. Yaron, G. Dagan, and

J. Goldschmid. Springer Verlag, Berlin,

pps 250~264.

BOUWER, H., HEERMAN, D.F., and STEWART. 1984. 947
Qur underground water suppllies: The sometimes
dry facts. 1983 Yearbook of Agric. pp. 448-457.

BOUWER, H., NAKAYAMA, F.S., REGINATO, R.J. and 1000
REPLOGLE, J.A. 1983. Conserving water in irri-

gation. Proc. NWWA Western Regional Conf. on

Ground Water Management, San Diego, CA, Oct.

23~26, 1983, pp. 59-66.

BOUWER, H., and RICE, R.C. 1983, Effect of 987
stones on hydraulic properties of vadose zones.

Proc. NWWA Conf. on Characterization and

Monitoring of Vadose Zone, Las Vegas, NV, Dec

8-10, 1983, pp. 77-93.

BOUWER, H. and RICE, R.C. 1984. Hydraulic prop— 977
erties of stony vadose zones. Ground Water
22(6):696~705.

BOUWER, H. and RICE, R.C. 1984, Renovation of 930

wastewater at the 23rd Avenue rapid infiltration
project. J. of Water Pollution Control Federa-
tion 56(1):77~-83.

BOUWER, H., RICE, R.C., and BOUWER, E.J. 1983, 986
The vadose zone as a wastewater treatment system,

Proc. NWWA Conf, on Characterization and Monitor-

ing of Vadose Zone, Las Vegas, NV, Dec 8-10,

1983, pp. 248-287.

BOWMAN, R.S. 1984. Analysis of soil extracts 956
for inorganic and organic tracer anlions via
high-performance liquid chromatography. J.
Chromatography 285:467~477.

BOWMAN, R.S. 1984. Evaluation of some new tra- 991
cers for soll water studies. So0il Sci. Soc. Am.
J. 48:987-9913.
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In Press:

MS. No.

BOWMAN, R.S. 1984, Tracer techniques in moni- 989
toring vadose zone flow. Proc. NWWA Conf. on
Characterization and Monitoring of the Vadose

Zone, Las Vegas, NV, Dec 8-10, 1983,

pp. 364-382. :

JAYNES, D.B. 1984. Comparison of soll-water 988
hysteresis models. J. of Hydrolopy 75:287-299.

JAYNES, D.B., and RICE, R.C. 1983, Modeling 983
water movement in a sand-stone soil. Proc. NWWA

Conf. on Characterization and Monitoring of the

Vadose Zone, lLas Vegas, NV, Dec 8-10, 1983,

pp. 96-115.

JAYNES, D.B. and TYLER, E.J. 1984, Using soil 1099
physical properties to estimate hydraulic conduc-
tiVitYQ Soil Seci. 138:298~305,

RICE, R.C. and BOUWER, H. 1984, Soil~aquifer 934
treatment using primary effluent. J. of Water
Poll. Control Fed. 56(1):84~88.

SABOL, G.V., BOUWER, H., and WIERENGA, P.J. 964
Groundwater studies in Arizona and New Mexico.

Proc. Conf,, I&D Div., ASCE, Jackson Hole, WY,

Jul 20-23, 1983, pp. 192-199., J. Irrig. and

Drain. Engr. .

BOUWER, H. 1984. Renovatilng wastewater with 1119
groundwater recharge in the Phoenix area. Proc.

Texas Groundwater Symp., San Antonlo, TX, Oct

29-31, 1984.

BOUWER, H. Renovation of wastewater with rapid- 906
infiltration land treatment systems. In Artifi-

clal Recharge of Groundwater, Ann Arbor Science
Publishers. :

BOUWER, H. Soill-aquifer treatment of sewage 1029
effluent. Proc. Conf., "Water for the 21st

Century: Will It be There?” Southern Methodist

Univ,, Dallas, TX, Apr 3-5, 198B4.

BOUWER, H. Water conservatlon in agricultural 1030
and natural systems. Proc, Conf., "Water for

the 21st Century: Will It be There?"” Southern
Methodist Univ., Dallas, TX, Apr 3~5, 1984,
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In Progress:

BOUWER, H., BOWMAN, R.S. and RICE, R.C. Effect
of irrigated agriculture on underlying ground-
water. Proc, Symp. on Groundwater Quality
Relations, Int'l Assn. Hydrogeological Seci.,
Hamburg, W. Germany, Aug 15-27, 1983. J. Hydr.
Sel.

BOUWER, H., and CHASE, W.L., JR. Water reuse 1in
Phoenix, AZ. Proec. Water Reuse Symp. III,
American Water Works Assn., San Diego, CA, 26~31
Aug 1984.

BOWMAN, R.S. and RICE, R.C. Chemical tracers——
their use in measuring deep percolation rates.
Proc. Third Deep Perc. Symp., Scottsdale, AZ, Nov
7, 1984.

BOUWER, H. Effect of irrigated agriculture on
groundwater. Am. Soc. Civil Engr., J. Irrig &
Drain. Div,

BOUWER, H. and IDELOVITCH, E. OQuality require-
ments for lrrigation with sewage effluent. J.
of Irrig. and Drain. Engr.

JAYNES, D.B. A simple model of border irriga-
tion. J. Irrig. and Drain. Engr.
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