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Irrigation scheduling provides a means of meeting crop 

water requirements in a timely manner but requires know- 

ledge of crop responses to water use.  Line source (LS) and 

randomized complete block (RGB) experiments were conducted 

in 1984 and 1985, where a gradient of water applications 

was established.  The gradient of water applied included 

five irrigation levels from 0 to 100% with the 100% level 

intended to refill the root zone to field capacity after 

50% depletion of available water at each irrigation.  The 

RGB also included evaluation of four irrigation scheduling 

methods which were based on soil water depletion measured 

by a neutron meter (NM), the Food and Agriculture Organiza- 

tion (FAO) modified Penman equation (M PEN), growth stages 

(GS), and canopy temperature-based, crop water stress index 

(CWSI, 1984 only). 

Yields of about 21 mt ha--*- were obtained with a range 

of 311 to 604 mm of water applied (WA), indicating  deficit 

irrigations can save water and maintain high yields. 

Production functions were computed which estimated 



four yield parameters as functions of WA or evapotranspira- 

tion (ET).  All production funccions were best described by 

a convex, second degree polynomial. Maximum yields and ET 

were obtained at 83% of the maximum water applied.  Period- 

ic sampling of the total plant yield and ET in 1985 showed 

the silking-pol lination stage was most significant of three 

growth stage periods in determination of seasonal yields, 

while the late season season ET did not significantly 

contribute to prediction of seasonal yield. 

The maximum water use efficiency (WUE) occurred with 

about 313 mm WA.  However maximum yield occurred with 449 

and 518 mm WA in 1984 and 1985, respectively.  Irrigation 

to achieve maximum WUE would result in an average yield 

reduction of 10%. 

Lesser amounts of water were applied for the M PEN and 

GS, compared to the NM, because the modified Penman equa- 

tion under-estimated evapotranspiration (ET) measured by 

water balance methods.  The modified Penman equation esti- 

mated more ET than the Soil Conservation Service (SCS) and 

FAO-Blaney Criddle methods.  Although yields of the NM 

method were occasionally greater than the GS method, sched- 

uling by any of these methods appears satisfactory. 

Hourly CWSI values during the mid part of the day were 

higher for plants in water-stressed than those in well- 

watered plots.  Seasonal average CWSI values were closely 

related to the seasonal ET and yield deficits. 
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IRRIGATION SCHEDULING METHODS AND WATER  USE OF 

SWEET CORN 

CHAPTER 1 

INTRODUCTION 

Oregon produces about 15% of the sweet corn for 

processing in the U.S. on 15,300 to 16,200 ha with a value 

to growers of 22 to 25 million dollars annually.  Sweet 

corn has a relatively high water requirement, with irriga- 

tion costs estimated to be 27% of the preharvest variable 

costs.  Methods for saving on water applications but main- 

taining yields would be of value.  Further, Oregon water 

resources for agriculture have had few competing uses in 

the past, but this is not expected to continue. It is 

important to document water requirements and corresponding 

yields levels for major agricultural crops in order to 

accurately plan water resource use. 

Production functions describe the relationship between 

crop yield and water applied and/or evapotranspiration (ET) 

and are useful in development of irrigation scheduling 

methods. Production functions are also helpful in deter- 

mining how limited water resources will be distributed on a 

given farm or between competing water users (ie. industrial 

vs. agricultural vs. recreational). 

Applications of irrigation water are to replace 

depleted soil water in an efficient manner insuring maximum 



yield for the amount of water supplied. Consideration 

should be given to the soil, weather conditions and/or crop 

water status to accurately determine irrigation require- 

ments.  Since the plant integrates both the soil water 

supply and the environmental potential for transpiration, 

determination of the plant water status may be the most 

accurate method for determination of crop water needs. 

However, irrigation frequency and amounts are also governed 

by the storage capacity of the soil and the rate of demand 

imposed by the environment. 

A central component to irrigation scheduling and pro- 

duction functions is the measurement of ET, which is the 

amount of water the crop uses.  This can be estimated by 

measurement of weather parameters, or direct field water- 

balance measurements. 

Objectives of this study were to: 

1) identify the minimum water application level where 

yield and quality will not be significantly reduced, com- 

pared to higher amounts of water applications, 

2) develop yield versus water applied and yield versus 

water used (ET) production functions, 

3) compare two water balance irrigation scheduling methods 

which were estimating ET by soil water content measurements 

and by using, the modified Penman equation; and two crop 

stress scheduling methods, which were irrigation at three 

growth stages and irrigation according to a canopy 

temperature-based, crop water stress index (CWSI). 



4) compare three weather data based methods of computing 

ET and evaluate their uses as a guide for irrigation 

amounts on sweet corn yields, and 

5) evaluate the use of remotely sensed canopy temperatures 

for quantification of crop water status, seasonal ET 

deficits, and yield deficits. 



CHAPTER 2 

REVIEW OF THE LITERATURE 

I.  Irrigation Scheduling 

A. Introduction 

The goal of irrigation scheduling is to apply water in 

a timely and efficient manner to meet crop water require- 

ments that have been accurately determined.  Irrigation 

scheduling may be at a regular interval due to water avail- 

ability or equipment constraints, or by visual inspection 

of the crop and soil conditions. More precise irrigation 

scheduling methods can be classified into two broad cate- 

gories:  water balance methods and crop stress related 

indices. 

B. Water balance 

The water balance for a soil profile is based on the 

following equation (Stegman, 1982b): 

Di = Di-1 + ETi " pi ~ IRi ± DRi 

where: 

D^  = soil water depletion in soil root zone 

through day i 

D^_2 = depletion on day i-1 

ET- = estimate of evapotranspiration 

P^ = effective precipitation 

IR^ = irrigation 

DR^ = drainage into or out of the active root zone 



The amount of water to apply by irrigation is 

determined by: 

Dj^ = CV 

where: 

CV = critical value, often 50% depletion of the 

available water (Doorenbos and Kassam, 1979). 

1. Computation of evapotranspiration 

Irrigation scheduling methods in the water balance 

group can be further classified according to how ET^ is 

determined.  ET- can be computed by estimating daily ET for 

a reference crop, usually grass, using equations based on 

weather data.  Once an appropriate crop coefficient for day 

i has been determined, the product of the crop coefficient 

times the reference crop ET is the ET^ used to estimate D^ 

(Doorenbos and Pruitt, 1977). Another way of determining 

ET^ is by direct soil water measurements between 

irrigations (Campbell and Campbell, 1982). 

a. Climate-based equations 

Climate-based equations for estimation of reference 

crop ET are classified according to their data require- 

ments: 1) temperature, 2) radiation, 3) humidity, or 4) 

combinations of these. 

The original Penman combination method used a tank of 

water as a reference evaporation source (Penman, 1948).   A 

modification by Doorenbos and Pruitt (1977) was that of 

defining the potential ET as "the evaporation from an 

extended surface of short green crop which fully shades the 



ground, exerts little or negligible resistance to the flow 

of water and is always supplied with water.  Potential 

evapotranspiration cannot exceed free water evaporation 

under the same weather conditions" (Rosenberg, 1974). 

Doorenbos and Pruitt (1977) defined the "short, green crop" 

as an 8 to 15 cm grass cover.  Jensen (1974) defines a 

short green crop as a 30-50 cm-tall crop of alfalfa 

(Medicago sativa L.).  When using equations for determina- 

tion of reference ET it is important to know which refer- 

ence crop is used.  Further, the modification included a 

'c' factor for correction for the effect of day-night and 

other weather conditions.  Data requirements for daily 

reference ET estimates are: temperature, humidity, wind, 

sunshine, and radiation (Burman et. al., 1983, and Dooren- 

bos and Pruitt, 1977). 

Barrett and Skogerboe (1978) measured 641 mm of ET by 

a soil water balance proceedure for well watered grain corn 

which compared closely with the ET estimated by the Penman 

equation as described by Doorenbos and Pruitt (1975). 

Hi 1lei and Guron (1973) found ET measurements for corn by 

lysimeter and soil water balance were in close agreement, 

but were 75-80% of the potential ET estimated by the Penman 

(1948) equation.  Jensen et al. (1971) found the ET for 

well-watered alfalfa as estimated by the Penman equation to 

be slightly lower than ET measured by lysimeter. 

The Blaney-Criddle method is the most widely used 



temperature-based method for estimating ET (Burman et al., 

1983).  Temperature and daylength are the only weather- 

based requirements.  Burman (1982) reviews the history and 

various modifications of the Blaney-Criddle method.  The 

U.S. Soil Conservation Service (SCS) published a version of 

the Blaney-Criddle method (the TR-21 version) which does 

not utilize reference crop ET but computes direct monthly 

ET for the specified crop using crop water use coefficients 

developed specifically for this method (USDA, 1970). 

Doorenbos and Pruitt (1977) presented a modification 

of the Blaney-Criddle method where reference ET for grass 

is computed. This modification requires additional 

measurements or estimates of the ratio of possible to 

actual sunshine hours, minimum relative humidity, and day 

time wind speed at 2 meters above the ground. 

Burman et al. (1983) compared ET measured by lysimeter 

to ET estimated by the SCS and Food and Agriculture 

Organization (FAO) Blaney-Criddle methods for alfalfa over 

a fourteen year period.  The FAO Blaney-Criddle estimate of 

ET was almost identical to that by lysimiter, while the SCS 

Blaney-Criddle estimate was 70-75% of ET by lysimeter 

readings.  Jensen (1974) also showed significantly less ET 

estimated by the SCS Blaney-Criddle method compared to that 

by lysimeters in Kimberly, Idaho for alfalfa and in Davis, 

California for mowed rye grass.  Camp et al. (1985) 

reported the FAO Penman equation estimated about 91% of the 

ET that was estimated by the Blaney-Criddle method. 



b. Soil water balance 

Periodic soil water measurements between irrigations 

give an indication of the rate of water movement through 

the plant-soil system.  Proper scheduling by soil water 

measurements requires representative measurement sites, 

choosing a measurement device, setting the full and refill 

points, and record keeping (Campbell and Campbell, 1982). 

Soil water content can be measured by gravimetric 

sampling, gamma ray attenuation, and neutron scatter. 

Tensiometers, electrical resistance blocks, and psychro- 

meters are used to measure soil water tension.  If the 

relationship between tension and volumetric water content 

for a soil is known, levels of allowed stress can be 

related to volumetric water content (Holmes et al., 1967). 

Doorenbos and Kassam (1979), Haise and Hagan (1967) and 

Vittum et al. (1963) indicate that approximately 50% deple- 

tion, or depletion to -0.05 to -0.10 mPa, in a clay loam 

soil will keep water stress levels from limiting yields. 

Gardner (1966) points out that in establishing depletion 

levels that do not reduce yields, it should be recognized 

that water is not equally available to plants at water 

potentials from field capacity to the wilting point. 

The neutron meter is becoming more widely used for 

volumetric soil water determinations (Gear et al., 1977 and 

Campbell and Campbell, 1982).  The calibration and use of a 

neutron meter is discussed by Greacen (1981) and Campbell 



Pacific Nuclear Corp. (1983).  Once calibrated, the neutron 

meter can be used to measure soil water depletion for 

irrigation scheduling (Burman et al., 1983). Cuenca and 

Stewart (1979) illustrate a computer program for record 

keeping of the neutron meter data. 

A neutron meter can measure soil water at field capa- 

city and at the wilting point. However, Miller and Klute 

(1967) point out the importance of time as a variable 

affecting field capacity.  Campbell and Campbell (1982) 

state the following about field capacity:  it is determined 

by the hydraulic properties of the soil, drainage decreases 

over time, and the water potential associated with field 

capacity measurements are an index of the water flow rates 

in response to gravitational gradient.  Hillel (1972) and 

Hi 1lei and Guron (1973) further state the the importance of 

considering unsaturated soil water flow.  Hillel et al. 

(1972) presents a method for measurement of soil water 

drainage in the field. 

C. Crop water stress 

Crops show varied visual responses to water stress 

which include leaf rolling in corn and darkening of color 

of field beans (Andrew and Weis, 1974 and Keller and 

Carlson, 1967). Quantitative methods for determination of 

crop water stress include measurement of leaf water 

potential, water content, water deficit, relative tur- 

gidity, osmotic potential, stomatal resistance, rate of 

photosynthesis, transpiration rate, and canopy temperature 
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(Kramer, 1963; Jackson, 1983; O'Toole et al., 1984).  Water 

stress during floral initiation, flowering, and fruit and 

seed development of determinate crops will usually cause 

growth and yield reductions (Begg and Turner, 1976). 

1. Growth stages 

In corn production the critical growth stage is from 

tassel emergence to completion of pollination (Andrew and 

Weis, 1974; Carlson et al., 1961; Dale and Shaw, 1965; Howe 

and Rhoades, 1953; Rhoades et al., 1954; Robins and 

Domingo, 1953; Stanberry et al., 1963; Stewart et al. 

1975).  Downey (1971) measured highest rates of water use 

at anthesis in corn. Stewart et al. (1977) suggested that 

sensitivity to water stress during silking and pollination 

would be reduced if some water deficit occurs prior to this 

stage.  Denmead and Shaw (1960), Downey (1971), and Robins 

and Domingo (1953) reported up to 50% yield reductions for 

corn which was stressed at silking.  El-Forgany and Makus 

(1979) reported a 40% yield reduction in sweet corn seed 

yield with -0.05 mPa soil water potential at silking, but 

with delay of stress to 3 and 6 weeks after silking, yields 

were reduced less. Water stress during silking did not 

reduce pollen viability but had limiting effects on silk 

elongation and female flower development according to 

Herrero et al. (1981).  Stegman (1982) found on loam and 

sandy loam soils that if available water depletion is kept 

to 30-40% during the 12 leaf to blister and kernel period. 
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and 60-70% and 50-60% in the early vegetative stage and 

grain filling periods, yield reductions of less than 5% 

will occur. 

2. Canopy temperatures for crop water stress 

detection 

a. Water stress and leaf temperature 

Reports on leaf and air temperature relationships have 

not been consistent.  Ehlers (1915), Clum (1926), Curtis 

(1938), and Waggoner and Shaw (1952) reported that leaf 

temperatures were greater than air temperatures. In 

contrast. Miller and Saunders (1923), Eaton and Belden 

(1929) and Wallace and Clum (1938) measured leaf temper- 

atures up to 7 C below air temperature.  Ehrler (1973) 

measured leaf-air temperature differences from -3 C to +2 

C depending on the soil water depletion.  He also demon- 

strated a decrease in leaf-air temperature difference of 

1.3 C for each 1 kPa increase in atmospheric vapor pressure 

deficit.  In this relationship leaf temperature would be 

expected to be higher than air temperature in humid condi- 

tions where most of the earlier meaurements were made. 

Sandhu and Horton (1978) found leaf temperatures 2.5 to 4.0 

C higher for oats under water stress than for oats that 

were well-watered.  Canopy temperatures have been reported 

to be a good indicator of plant water status when compared 

to measured leaf water potentials, diffusion resistance, 

and relative turgidity (Idso et al., 1981B, 1981C, 1982A, 

and 1982B; O'Toole et al., 1984; Pinter and Reginato, 1982; 
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Sharratt et al., 1983; Walker and Hatfield, 1983; and 

Wiegand and Namken, 1966).  Ehrler (1973) suggested the 

use of foliar temperatures for irrigation scheduling. 

Leaf temperature as an indicator of water stress is 

valid because greater transpiration rates result in cooler 

leaf temperatures and are associated with a good water 

supply. Conversly, when evaporation from the leaf surface 

is limited, the absorbed radiation can warm the leaf above 

air temperature rather than evaporate water (Baldocchi et 

al., 1983; Monchas et al., 1974; and Tanner, 1968). 

b. Measurement of canopy temperatures 

Instrumentation which measures emitted thermal radia- 

tion can be calibrated to read temperature directly. 

Infrared (IR) radiometers for measurement of canopy 

temperatures were first used by Monteith and Szeicz (1962) 

and Tanner (1963).  Advancement in the technology has al- 

lowed a fast, non-contact method for measurement of surface 

temperatures.  The radiation emitted from the target is 

related to the surface temperature by the Stefan-Boltzmann 

blackbody law, 

R = ea T^ 

where:  R = radiation (W m-2) 

e = emissivity of the surface 

a   = Stefan-Boltzmann constant (5.674E-08 W m~2 K~4) 

T = temperature ( K) 

The sensitivity of most IR thermometers is within the 8-14 
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yin wave band which includes the peak of blackbody emission 

at normal temperatures.  Gates (1964) and Idso et al. 

(1969) reported that most all plant leaves have emissiv- 

itites of .97 to .98 or more.  Fuchs and Tanner (1966) and 

Blad and Rosenberg (1976) measured crop emissivities of 

0.976 and 0.971. 

c.  Temperature -based crop water stress 

indices 

Foliage-air temperature differences, described as 

stress degree day's (SDD), were related to crop ET and 

yield (Bonanno and Mack, 1983; Gardner et al., 1981B; 

Hatfield, 1983B; Hiler et al., 1974;  Idso et al. 1977, 

1979, and 1980;  Jackson et al. 1977; Lomas et al. 1972; 

Mtui et al. 1981; and Walker and Hatfield 1979).  Jackson 

et al. (1977) showed a close relationship between positive 

SDD's and soil water depletion.  They also found ET 

measured by a weighing lysimeter was related to net radia- 

tion and canopy-air temperature differences.  Heermann and 

Duke (1978) in using average temperature differences 

betweeen corn canopies of differentially watered plots 

compared to canopies of well-watered areas, found that 

temperature elevations above the well-watered areas were 

negatively correlated with applied water and dry-matter 

yield.  Average temperature differences greater than 1.5 C 

were correlated with yield reductions.  Gardner et al. 

(1981A) found that when the standard deviation of canopy 
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temperatures in  a plot was 0.3 C or greater, plants were 

significantly water stressed.  Clawson and Blad (1982) 

found that temperature differences of 0.7 C between the 

test plot and a well watered plot indicated water stress. 

An improvement of stress indices by Jackson et al. (1981) 

and Idso et al. (1981A) was the development of the crop 

water stress index (CWSI).  This index incorporated addi- 

tional environmental factors such as net radiation, vapor 

pressure deficit, and aerodynamic resistance (Idso et al., 

1981D and O'Toole and Hatfield, 1983). 

Idso's method requires the field measurement of fol- 

iage-air temperature differences for a well-watered crop as 

a function of vapor pressure deficit (Idso, et al. 1981A). 

This creates the lower baseline for a non-stressed crop and 

has been reported for several crops by Idso (1982).  The 

upper base line, for a greatly stressed crop, dependent on 

air temperature but independent of vapor pressure deficit, 

is computed according to Idso et al. (1981A). 

In contrast, Jackson's method of computation of the 

CWSI uses the energy balance to develop a theoretical lower 

and upper base line.  Values for aerodynamic resistance and 

canopy resistance are required, but this method does not 

require experimental derivation. 

Once the upper and lower base lines have been deter- 

mined by either of these methods the foliage-air temper- 

ature, and vapor pressure deficit of a particular plot is 

measured.  The distance of this value above the lower base 
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line divided by the total distance between the upper and 

lower base lines is the CWSI. CWSI values range from 0 for 

a well-watered crop to 1 for a stressed (low transpiring) 

crop (Jackson, 1982). 

The basic difference between the methods of Idso and 

Jackson is the development of the lower base line which is 

the relationship between the temperature of a well-watered 

crop canopy minus air temperature as a function of vapor 

pressure deficit.  Idso's method implies that canopy resis- 

tance varies through the day, while Jackson's uses a fixed 

value (Reginato, 1983).  Reginato (1983) states that there 

should be little difference between the two methods since 

most measurements are taken one to two hours past solar 

noon and canopy resistance would be relatively constant for 

most of the growing season. 

d. Applications of the CWSI 

If a reliable index of crop water stress cou.ld be 

developed, based on canopy temperatures, an immediate guide 

to when irrigations are necessary would be available.  This 

could help reduce irrigation costs by possibly indicating 

fewer irrigations than commonly used.  Additionally, CWSI 

may be a fast, simple method for crop yield forecasting 

(Geiser et al., 1982 and Idso et al., 1977) 

1. CWSI and soil water depletion 

Jackson (1981, 1982) showed a parallel relationship 

between CWSI and amount of extractable water used for 
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wheat. However the CWSI did not reach a minimum until 5-6 

days after irrigation, indicating a recovery period. Due to 

this recovery period, when the CWSI was plotted against 

extractable water used, a unique relationship did not 

exist.  This is due in part to stage of growth and the 

corresponding amount of leaf senescence as well as the 

changes in rooting volume.  In contrast, Hatfield (1983A) 

found a close functional relationship between the summation 

of CWSI and available water extracted. 

2. CWSI and irrigation scheduling 

A definitive CWSI value indicating when sweet corn 

should be irrigated has not been identified. Hatfield 

(1983A) identified for sorghum, that a sum of CWSI of 1.5 

would indicate 60% extraction of available water.  Inter- 

pretation of the CWSI is difficult since it represents an 

instantaneous estimate of the ET deficit rate during midday. 

Geiser et al. (1982) used canopy-air temperature differ- 

ences for scheduling irrigations for corn which resulted in 

39% less water applied than scheduling with resistance 

blocks, while yields were not significantly different. 

There are very few reports where the CWSI was actually used 

as the only irrigation scheduling method. 

3. CWSI vs. evapotranspiration deficits 

Jackson (1982) points out that the CWSI is theoret- 

ically equivalent to the ET deficit.  ET deficit is defined 

as 1-ET/ETp, where ET is the ET of a particular treatment 

and ETp is the potential ET.  The CWSI has a close linear 
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relationship with the ET deficits measured by a water 

balance method (Idso et al., 1981B and Diaz et al., 1983). 

Although these regression analyses were characterized by 

high correlation coefficients, the expected 1:1 ratio 

between seasonal ET deficits and average CWSI did not 

occur.  This points to the importance of local research 

over a variety of conditions, including planting dates, in 

order to calibrate the CWSI (Diaz et al., 1983).  A stress 

index becomes of greater value when it can be directly 

interpreted for irrigation water management purposes. 

4. CWSI vs. yield deficits 

A close relationship was found between the CWSI and 

photosynthesis and leaf diffusion resistance (Idso, 1982 

and O'Toole et al. 1984).  The CWSI has also been found to 

be a good predictor of corn yields (Gardner et al., 1981). 

Diaz et al. (1983) reported a close negative linear rela- 

tionship between seasonal spring wheat grain yield deficits 

(1-yield/yield max) and CWSI.  Howell et al. (1984) and 

Reginato (1983) reported that there was a negative, linear 

relationship between lint yield of cotton and the average 

CWSI. 

II.  Crop-water production functions 

A. Introduction 

Crop-water production functions describe yield re- 

sponse to water applied or to water used by the crop 

(Slabbers et al., 1979).  They are useful for: (1) irriga- 
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tion scheduling, (2) determination of water requirements 

for maximum yield, (3) determination of maximum water use 

efficiency, (4) allocation of water on a farm and regional 

level, and (5) aiding in various types of economic analyses 

(Cuenca et al., 1978; Stewart et al. 1975, 1977). 

B. Methods of development 

In order to evaluate the crop yield responses to 

variable water supplies, a gradient of water applied must 

be established.  A randomized complete block experimental 

design should be on the smallest area possible in order to 

minimize soil variability (Hexem and Heady, 1978 and Little 

and Hills, 1978).  Hanks et al. (1976) presented an alter- 

native to the randomized complete block design which was 

called the line source sprinkler.  This method eliminates 

randomization of the water applications and thus does not 

allow a valid estimate of error for the irrigation main 

effect (Cochran and Cox, 1957 and Hanks et al., 1980).  The 

advantages of the line source sprinkler design are the 

minimization of land requirement (buffer areas are elimin- 

ated), and provision of a continuous variation of water 

application (Hanks et al., 1976).  Kallsen et al. (1984) 

and Stegman (1982B) point out the need to establish appro- 

priate irrigation intervals in order for the crop-water 

production function to have predictive applications. 

C. Crop yield and water applied 

The relationship between yield and water applied is 

important to determine since the water applied is directly 
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related to irrigation cost (Gilley, 1983 and. Vaux and 

Pruitt, 1983).  Vaux et.al. (1981) state there are a 

variety of mathematical forms for yield as a function of 

water applied. Yaron (1971) reported a cubic polynomial 

function for sorghum in southern Israel.  Stewart et al. 

(1977), Hexem and Heady (1978), and Barrett and Skogerboe 

(1978) reported several examples of convex production func- 

tions for the yield of grain corn.  Petersen et.al. (1985) 

found a wide range of water applied associated with near 

maximum yields for sweet corn produced in the Willamette 

Valley. Barrett and Skogerboe (1978), Hillel et.al. (1972), 

and Stewart and Hagan (1973) indicated the importance of 

accounting for drainage of water through the root zone 

which may contribute to the convex nature of the production 

function of yield vs. water applied.  The nature of the 

yield-water applied crop production function suggests that 

optimum water applications may be less than the amount 

required to ensure soil water content is not limiting ET 

(Ziska and Hall, 1983).  Careful management of water stress 

could reduce irrigation water demand and minimize yield 

reductions (Vaux and Pruitt, 1983).  Further, Morey et al. 

(1980) allowed corn to incur various levels of depletion 

before irrigation without significant yield reductions. 

Maximum yields of sweet corn in the Willamette Valley 

of Oregon were obtained by a water application of 338 mm by 

Watts et al. (1968) and by 400 mm by Petersen et al. 
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(1985). 

Stanberry et al. (1963) and Vittum et al. (1959) 

reported that the yield components most affected by water 

stress for sweet corn were plant population, number of good 

ears per plant, and ear weight.  Andrew and Weis (1974) 

found total unhusked ear yield responded greatest to irri- 

gation while the ear number responded least.  The percent 

usable ears was highest with the low irrigation treatment. 

Very little has been reported on crop quality in response 

to water deficits (Vaux and Pruitt, 1983). 

D. Crop yield and evapotranspiration 

Numerous mathematical forms of yield vs. ET functions 

are discussed by Hexem and Heady (1978); Stewart et al. 

(1977); and Vaux and Pruitt (1983).  Barrett and Skogerboe 

(1978) and Stewart and Hagan (1973) state that most yield 

vs. ET crop-water  production functions are linear. 

However Stewart and Hagan (1969a and 1969b) found 

quadratic, convex functions for wheat and alfalfa.  Howell 

et al. (1984) and Grimes et al. (1969) reported convex 

production functions for cotton.  In some cases, a range of 

ET points tend to cluster about a given maximum yield as 

shown for grain corn in Fort Collins, Colorado and for 

wheat by Hanks (1983) and Hanks et al. (1969).  Petersen et 

al. (1985) reported a maximum yield of 20 mt ha--'- of sweet 

corn with 435 mm ET.  Evans et al. (1960) reported maximum 

yield of sweet corn at about 435 mm ET also, with a convex 

function in the Willamette Valley. Downey (1971) states 
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that grain corn usually requires about 500 mm of ET for 

maximum yields, while Barrett and Skogerboe (1978) in an 

arid climate measured 641 mm of ET for a maximum corn grain 

yield of 8.1 mt ha"1.  It is not physically reasonable to 

expect ET and yield to increase linearly without bound. 

Theoretically the yield versus ET production functions 

should have a section of the curve where additional ET does 

not result in further yield increases (Vaux et al., 1981). 

Downey (1972) points out the difficulty of deriving a 

single unique function of yield related to ET and suggests 

that the timing of ET deficits can influence yield to a 

greater degree than seasonal ET. Stewart et al. (1975) and 

Barrett and Skogerboe (1978) concluded a late irrigation 

during the grain filling period would result in no change 

or a reduction in yield, while stress during pollination 

will reduce yield substantially.  Further, Yaron (1971) 

suggested that yield vs. ET function lines will move up or 

down, with the same slope, according to field and weather 

conditions. 

III.  Water Use Efficiency 

A. Definition 

Fischer and Turner (1978) and Hillel (1972) define 

water use efficiency (WUE) as the ratio of crop yield to 

ET. Garrity et al. (1983) point out that WUE for grain 

sorghum based on total dry matter is more sensitive to 

water stress the WUE based on grain yield.  This is due to 
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the grain weight being less affected by stress because of 

stalk reserves.  Sinclair et al. (1975) found that higher 

leaf temperatures and increased stomatal and mesophyll 

resistances will reduce WUE. 

B. Application of water use efficiency 

Vaux and Pruitt (1983) point out that WUE is maximized 

when crop yield per unit of water used is maximized.  In a 

theoretical discussion, Vaux et al. (1981) point out that 

when the production goal is maximum water use efficiency, 

other inputs will not be used efficiently.  Also when 

maximum yield is the objective the producer is considering 

there is no cost for water.  The marginal product (increase 

in yield per unit of water) times the price of the crop 

yield is the value received from the last unit of input. 

When this is equal to the price of water, the producer 

maximizes profit (Vaux et al., 1981). 

Vaux et al. (1981) report a convex function of WUE in 

response to ET, and that maximum WUE and maximum yield do 

not occur at the same level of water supply. Viets (1966) 

suggests that there is a wide array of functional possibil- 

ities for WUE, but generally WUE increases with increased 

water availability. Further, WUE can decrease from a 

maximum if ET increases with less relative effect on yield. 

Garity et al. (1982) measured a wide variety of WUE fun- 

ctions depending on when grain sorghum was stressed. 

Hillel and Guron (1973) measured increases in WUE with 

increases in water applications.  According to Fischer 
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(1980), WUE for corn will decrease in response to increased 

environmental evaporative demand. 

In summary, Stewart and Musick (1983) discuss the 

problems and opportunities associated with WUE and yield 

maximization.  They ask: 

"Is a fixed amount of irrigation water utilized 
more efficiently by the full irrigation of a 
small area that would otherwise be in dryland 
production? Also: Should limited irrigation be 
practiced on some crops to permit full irrigation 
on other crops?" 
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CHAPTER 3 

EFFECT OF DEFICIT IRRIGATION ON YIELD AND QUALITY OF 

SWEET CORN 

Abstract 

The yield and quality response of sweet corn to 

a variable water supply was evaluated in 1984 and 1985. 

Irrigation amounts were established at five intervals from 

0 to 100%, with the 100% treatment intended to refill the 

root zone to field capacity.  The other treatments were 

considered as deficit irrigations.  Irrigations were 

scheduled when 47-57% of the available water was depleted 

in the root zone of the 100% treatment level plots. 

Yields were not significantly different with water 

applications (WA) from 311 to 492 mm in 1984 while in 1985 

similar yields were obtained with 386 to 599 mm of water 

applied.  Water balance measurements indicated very little 

deep percolation. Moderate deficit irrigation saved water 

and maintained yield. 

At lower WA levels there were large decreases in the 

number of good ears per hectare and less weight per ear. 

In addition, cut-off and ear length were significantly 

reduced at the lower WA treatments.  Kernel moisture tended 

to be lower with the non-irrigated treatments. 
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Introduction 

Since water is becoming limited in availability and 

cost is increasing, there is a need to establish water 

application amounts to reduce waste and still maintain 

adequate yields and product quality.  Evans et al. (7) and 

MacKay and Eaves (10) showed that a range of irrigation 

amounts can result in similar yields for sweet corn. Others 

have reported similar results for a variety of crops (17, 

15, 16). Greater yields of sweet corn ears of highest 

quality were obtained with irrigation during silking and 

early ear development than with water stress during this 

growth period (4, 5, 9). 

Experiments were established to measure the effects of 

variable water applications on the yield and quality 

factors of sweet corn. This range of amounts of water 

applied permitted an evaluation of the effects of deficit 

irrigation. 
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Materials and Methods 

Two experiments were conducted on a Chehalis silty 

clay loam soil at the Oregon State University Vegetable 

Research Farm in 1984 and were repeated in 1985. The water 

holding capacity as measured by a neutron meter was 

approximately 90 mm per 300 mm of soil depth. Plots were 

over-seeded with 'Jubilee' sweet corn on May 31 and May 30 

in 1984 and 1985, respectively, and later thinned to 61,400 

plants ha~l .  Harvest dates were September 10, 1984 and 

September 5, 1985, when kernel moisture was about 72%. 

Fertilizer was applied at the rate of 250 N, 74 P, and 46 

K, kg ha-1. 

The experimental designs used were a line source (LS) 

and a randomized complete block (RGB), each with 4 

replications. Treatments in which  5 different amounts of 

water were applied were included for each experiment and 

are shown in Table 3.1 for 1984 and 1985.  All irrigation 

treatment levels were irrigated simultaneously, although 

amounts of water applied differed. 

Gradients for the LS experiment were formed by 

appropriate spacing of the plots perpendicular to the 

irrigation line.  Access tubes for soil water measurement 

and catch cans to measure water applied were placed in the 

center row of three row plots. Hanks (8) and Cuenca and 

Stewart (6) give further detail on the design of line 

source experiments. 

In the RGB experiment, treatment levels were 
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established on separate 7 row, 6 m by 6 m plots.  Each plot 

had 4 sprinklers located in the corners. Water quantities 

were regulated by controlling the time the plot sprinklers 

were open. Measurement of water applied and soil water were 

made in the center row. Plots in the RGB experiment were 

separated by 15 m of border in order to keep water 

applications separated.  Further details on the experi- 

mental methods and crop-water production functions of yield 

vs. water applied and evapotranspiration are reported by 

Braunworth and Mack (2). 

The yield of the good husked ears (GHY) was measured 

from the three row plots in the LS experiment and the three 

center rows of the RGB experimental plots. Quality factors 

evaluated were cut-off, number of good ears per hectare 

(culls excluded), ear length, fresh weight per ear and 

kernel moisture.  Cut-off, ear length and weight, and 

kernel moisture were determined from a subsample of ears 

from the center row of each plot. Kernel moisture was 

determined by a microwave drying method (1).  An analysis 

of variance with a Duncan's mean separation test was done 

for yield and each quality factor at each irrigation 

application level for the RGB experiment. The mean 

separation test was not used for the line source experiment 

since the treatment levels were not randomized. 

In 1984 irrigations commenced when 47% of the 

available water in the root zone was depleted in the 100% 
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treatment level. Irrigations were intended to refill the 

root zone of the 100% treatment level plots to field 

capacity in both years.  However, water applied averaged 

70% and 91% of the amount required to refill the root zone 

to field capacity for the LS and RGB experiments 

respectively in 1984. 

The treatment levels at less than 100% resulted in 

substantially less refilling of the root zone which is 

defined as deficit irrigation. Therefore, it allows 

examination of crop response in comparison to a regular 

supply of water at various percentages of what would be 

assumed to be required to maintain maximum ET and yield 

levels. 

In 1985, an average of 49% and 57% of the available 

water was depleted from the 100% treatment level plots for 

the LS and RGB experiments before irrigations.  The 

irrigations replaced an average of 92% and 90% of the 

depleted water in the root zone for the LS and RGB 

experiments, respectively. 

The assumed root zone for the first irrigation in 1984 

and for the first three irrigations in 1985 was 0-450 mm. 

For other irrigations the assumed root zone was 0-750 mm. 

A neutron meter (NM) (model 503DR Hydroprobe Moisture 

Depth Gauge, Campbell Pacific Nuclear Corp.) was used to 

measure soil water content, permitting computation of soil 

water depletion between irrigations to a depth of 2250 mm. 

However, only depletion in the root zone was considered for 
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scheduling purposes.  The NM was calibrated specifically 

for this soil according to instructions provided by the 

manufacturer (3).  Two calibration curves were developed; 

one applied to the 0-150 mm soil horizon and the other 

applied to the depths greater than 150 mm.  Depth intervals 

for measurement were 0-150 mm and every 300 mm afterwards. 

Soil water measurements on all plots were every 2 to 4 

days,  which included a measurement just before each 

irrigation. 
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Results and Discussion 

The GHY and five quality factors in response to 

irrigation levels are shown for the RGB experiment in 1984 

and 1985 in Tables 3.2 and 3.3, respectively.  The GHY in 

1984 and 1985 did not differ significantly for treatments 

where 50% or more of the required water to refill the root 

zone was applied.  Yields from the treatments where 24-26% 

of water was applied were significantly lower than yields 

from the higher water application treatments, but were 

higher than when no irrigation was applied.  The GHY in the 

non-irrigated treatment was 45% lower in 1984 and 52% lower 

in 1985 than the yield of the 100% treatment. 

The lowest water application (0%) which had only rain- 

fall, decreased the number of good ears per hectare by a 

maximum of 38% and fresh ear weight by a maximum of 2 5% in 

1985.  Cut-off was lower when less water was applied in 

both years, with reductions ranging from 11-16% in the two 

years.  Ear length for the 100% treatment was not signif- 

icantly different than for the non-irrigated plots in 1984, 

but in 1985 ears from the non-irrigated (0%) treatment were 

significantly shorter.  Kernel moisture tended to be lower 

with less water applied in 1984 and 1985, but the differ- 

ences were not significant in 1985. 

The results from the LS experiment, shown in Tables 

3.4 and 3.5, were similar to those of the RGB experiment. 

The 46-54% range in GHY reduction on the non-irrigated 

plots, compared to the 100% plots was mostly due to less 
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water applied which reduced ear number and ear weight. 

Cut-off, ear length and percent moisture were lowest in the 

non-irrigated treatment.  In general for all experiments 

the yield and quality factors were not substantially 

reduced until water applications were less than 50% of the 

maximum. 

The amount of water applied in the 100% treatment 

ranged from 492 in 1984 to 599 mm in 1985 for the RGB 

design. In those treatments where less water was applied 

but where yields were not significantly lower than in the 

100% treatment, WA ranged from 311 to 386 mm in the RGB 

experiments in 1984 and 1985 (Table 3.1). These results 

indicate that moderate deficit irrigations saved water 

while maintaining yield and quality. 

Watts et al. (19) recommend 33 8 mm WA for maximum 

sweet corn yield in the Willamette Valley.  Maximum yields 

were obtained by Evans et al. (7) with 332 and 472 mm WA in 

1954 and 1955, respectively.  Miller and Boersma (11), 

found maximum yields for field corn in the Willamette 

Valley with WA of 403, 422, and 513 mm in 1963, 1964 and 

1965, respectively.  In the work reported here, near 

maximum yields were obtained from WA ranging from 311-604 

mm while maximum yields were about 21 mt ha-l of GHY. Evans 

et al. (7) reported maximum unhusked yields of about 17 mt 

ha-.  Our data were most similar to results reported by 

Peterson et al. (12) where 410 to 500 nun WA resulted in 
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about 20 mt ha-1 of good husked ear yield.  The relation- 

ship of yield and WA will be influenced by climate, 

cultivars, soil type, fertility, disease and other factors. 

The lower GHY at lower irrigation levels was due to 

fewer good ears per unit area which is in agreement with 

results by Evans et al. (7) and MacGillivray (9).  Peterson 

and Ballard (13) noted that increased ear number can be 

somewhat offset by a decreased ear weight.  In this study 

as in results by MacGillivray (9), Peterson and Ballard 

(13), and Vittum et al. (18), increased water applications 

resulted in greater ear size and number of good ears. 

Stanberry et al. (14) and Vittum et al. (18) reported 

greater cut-off with increased water applications. 

Overall, reduced water applications to a level of 

about 50% of that required to refill the root zone at each 

irrigation resulted in non-significant yield and quality 

differences compared to the 100% treatment.  Deficit irri- 

gations on a silty-clay-loam soil in western Oregon could 

be a good means of saving water and maintaining high 

yields.  These results should apply to other areas of 

similar soil types and climatic conditions. 
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Table 3.1.  Irrigation treatment levels and total water 
applied (WA) for the line source and randomized 
complete block experiments. 

1984z 

Line Randomi .zed 
source complete block 

Treatment^ Water Treatment^ Water 
applied applied 

(%) (mm) (%) (mm) 

100 428 100 492 
73 345 70 382 
40 246 50 311 
8 148 24 214 
0 125 0 125 

1985x 

100 
77 
57 
26 
0 

604        100 
487         77 
385         57 
228         26 
99          0 

599 
484 
386 
230 
99 

z  Includes 
harvest. 

99 mm of precipitation  f rom planting to 

y  % of the maximum irrigation water only. 

x  Includes  125  mm of precipitation  from planting  to 
harvest. 
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Table 3.2. Good husked yield (GHY) and quality factors at 
5 irrigation treatment levels for the 
randomized   complete block experiment, 1984. 

Irr. 
treat- Ear Fresh ear Kernel 
ment  GHY Cut-off Good ears length weight moisture 
(%) (mt/ha) (%) (no/ha) (cm) (g/ear) (%) 

100% 20.8a 62.45bc 74456a 19.9ab 278.7a 72.9a 
70%  20.6a 69.53a 70867ab 20.1a 291.4a 73.1a 
50%  19.6a 65.13ab 69672b 19.7ab 281.7a 71.9ab 
24%  17.1b 64.70abc 63093c 19.2ab 271.0a 71.4ab 
0%   11.5c 58.77c 50086d 19.0b 227.8b 70.2b 

Max.  4 5 16 33 6 22 4 
decrease 
(%) 

Mean  separation in columns by Duncan's multiple range 
test, 5% level. 
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Table 3.3. Good husked yield (GHY) and quality factors at 
5 irrigation treatment levels for the 
randomized  complete block experiment, 1985. 

Irr. 
treat- Ear Fresh ear Kernel 
ment  GHY Cut-off Good ears length weight moisture 
(%) (mt/ha) (%) (no/ha) (cm) (g/ear) (%) 

100% 21.1a 66.13ab 73409a 21.1a 287.7a 72.8a 
77%  20.1a 65.90ab 70270ab 21.0a 286.9a 72.9a 
54%  20.8a 68.00a 70419ab 21.1a 295.6a 72.6a 
26%  16.7b 65.55ab 63691b 20.6a 262.3b 71.5a 
0%   10.1c 60.23c 45152c 18.8b 222.0c 71.8a 

Max.  52 11 38 11 25 2 
decrease 
(%) 

Mean  separation in columns by Duncan's multiple range 
test, 5% level. 
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Table 3.4.  Good husked yield (GHY) and quality factors at 
5 irrigation treatment levels for the line 
source experiment, 1984. 

Irr. 
treat- Ear Fresh ear Kernel 
ment  GHY Cut-off Good ears length weight moisture 
(%) (mt/ha )  (%) (no/ha) (cm) (g/ear) (%) 

100% 20.7 61.83 72002 20.0 284.3 73.9 
73%  19.5 62.67 68476 19.9 285.2 73.7 
40%  17.8 64.45 62645 19.8 286.3 72.8 
8%   13.5 61.75 53375 19.0 255.7 72.8 
0%   11.2 56.75 49039 18.3 228.3 70.7 

Max.  46 12 32 9 20 4 
decrease 
(%) 
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Table 3.5.  Good husked yield (GHY) and quality factors at 
5 irrigation treatment levels for the line 
source experiment, 1985. 

Irr. 
treat- Ear Fresh ear Kernel 
ment  GHY Cut-off Good ears length weight moisture 
(%) (mt/ha )  (%) (no/ha) (cm) (g/ear) (%) 

100% 19.6 62.65 69074 20.8 284.0 74.9 
77%  20.4 65.13 71167 20.9 287.1 74.0 
57%  21.5 63.30 73708 21.2 291.5 73.9 
26%  17.0 65.00 64140 20.3 265.0 73.4 
0%    9.8 59.88 43358 18.2 226.0 72.5 

Max.  54 8 41 14 23 3 
decrease 
(%) 
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CHAPTER 4 

CROP-WATER PRODUCTION FUNCTIONS FOR SWEET CORN IN 

WESTERN OREGON 

Summary 

Irrigation treatments where a gradient of water was 

applied using a randomized complete block (RCB) and line 

source (LS) experimental design, were conducted in 1984 and 

1985 at Corvallis, Oregon.  Irrigation treatment levels 

were established at five intervals from 0 to 100%, with the 

100% treatment intended to refill the root zone to field 

capacity.  Irrigations were scheduled when 47 to 57% of the 

available water was depleted in the root zone of the 100% 

treatment level plots as measured with a neutron meter. 

Crop-water production functions describing good husked 

yield (GHY) as a function of water applied (WA) and evapo- 

transpiration (ET) were convex, quadratic except for the 

GHY vs. ET for the 1985 LS experiment which was linear. 

The GHY vs. WA production functions show the opportunity 

for maintaining high yields with moderate deficit 

irrigations. 

Production functions of GHY vs. WA indicated that 

maximum yields of 20.61 to 21.51 mt ha-1 resulted from 416 

and 514 mm of WA.  According to GHY vs. ET production 

functions, maximum yields of 19.22 and 20.43 mt ha-1 

resulted from ET quantities of 399 and 530 mm.  Greater 

amounts of WA and ET occurred in 1985 because of higher 
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evaporative demand. 

The estimates of relative GHY as a function of 

relative WA were similar between experimental methods and 

years.  Differences between years in the relative GHY vs. 

relative ET functions were due to the ET of the non- 

irrigated plots, shifting the intercept of the functions. 

Using either experimental design to develop production 

functions of yield vs. WA and/or ET resulted in functions 

with high coefficients of determination when water applica- 

tions were carefully controlled. 

Combining data from both experiments allowed develop- 

ment of a family of production functions where four yield 

parameters were predicted from WA and ET.  All production 

functions were best described by a convex, quadratic 

equation. 

Three periodic samplings of the total plant yield and 

ET measurements in 1985 were done on all treatment levels 

of the RGB experiment.  The 15 day period from 7/19 to 

8/03, the silking-pollination period, was most significant 

of the three sampling times, in determination of seasonal 

yields. The ET during 8/03 to 9/05, the latest portion of 

the season, did not significantly predict seasonal yield, a 

further indication why the functions of the various yield 

parameters vs. ET are convex quadratics. 

Functions incorporating data from both experiments in 

1984 and 1985 indicate maximum relative total unhusked 
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yield (TUY) and near maximum ET were obtained at 83% of the 

maximum water applied. Conversely, with no irrigation about 

46% of the maximum yield was obtained. 

Maximum water use efficiency (WUE), defined as the TUY 

in kg ha-1 mm-^ of ET, occurred between 407 and 418 mm of 

ET.  The maximum WUE corresponded to about 313 mm WA; 

however, maximum yield occurred in a range of 449 to 518 mm 

WA. Irrigation to achieve maximum WUE would result in a 

predicted 10% reduction of TUY. 
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Introduction 

Crop-water production functions describe yield 

response to water applied or to water consumed by the crop. 

They are useful to researchers and resource planners for: 

(1) irrigation scheduling, (2) determination of water 

requirements for maximum yield, (3) determination of 

maximum water use efficiency, (4) allocation of water on a 

farm and regional level, and (5) aiding in various types of 

economic analyses (Stewart et al., 1975 and 1977). 

Major objectives of this study were 1) to develop 

production functions for several yield components of sweet 

corn in response to water applied (WA) and evapotranspira- 

tion (ET), 2) to compare the use of a line source design 

and a randomized complete block experimental design in 

development of crop-water production functions, 3)  to 

determine WUE, the ratio of product produced per unit of 

water used, and 4) to develop a yield vs. ET model based on 

periodic yield and ET quantities measured through the 

season.  Although results relate specifically to western 

Oregon climate and soil conditions, wider application and 

use can be made, especially in areas of irrigated agri- 

culture with a dry, warm summer and wet, mild winter. 
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Materials and Methods 

Two experiments were conducted on a Chehalis silty 

clay loam soil at the Oregon State University Vegetable 

Research Farm in 1984 and were repeated in 1985. Planting 

dates of 'Jubilee' sweet corn were May 31 and May 30 in 

1984 and 1985, respectively, and respective harvest dates 

at processing maturity were September 10, 1984 and 

September 5, 1985.  Additional mid-season harvests were 

made in 1985 in one experiment (RGB) on July 19 and August 

3.  Fertilizer was applied at the rate of 250, 74, and 46 

kg ha"-'- for N, P, and K, respectively.  Plants were thinned 

to a uniform population of 61,415 plants ha--'- in 91 cm 

rows. 

Two experimental designs were used in each year,  a 

line source (LS) and a randomized complete block (RGB), 

each with 4 replications.  A gradient of water application 

rates was used for each experiment as shown in Table 4.1 

for 1984 and in Table 4.2 for 1985.  All irrigation treat- 

ment levels were irrigated simultaneously. 

Gradients for the LS experiment were formed by 

appropriate spacing of the plots perpendicular to the irri- 

gation line. Access tubes for soil water measurements and 

catch cans for measurement of applied water were placed in 

the center row of three row plots.  These three rows were 

used for ear yield measurements, while only the center row 

was used for plant plus ear yield measurements (total dry 

matter production).   Cuenca (1979) and Hanks (1976, 1980) 
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describe in more detail the line source experimental design 

and statistical aspects. 

In the RGB experiment, irrigation treatment levels 

were established on separate 7-row, 6 m by 6 m plots.  Each 

plot had 4 sprinklers located in the corners. Water 

quantities were regulated by controlling the time the plot 

sprinklers were open. Measurements of water applied and 

soil water were made in the center row.  Mid-season plant 

yield was measured from the first and seventh rows (1985 

only in RGB experiment). Yields of ears at processing 

maturity (kernels approximately 72% moisture, by microwave 

method) were taken from the middle three rows.  Plots in 

the RGB were separated by 15 m of border in order to keep 

water applications separated.  Further details on the 

experimental methods are reported by Braunworth and Mack 

(1986), while statistical details of the design are 

described by Little and Hills (1970). 

Yield components measured were total number of ears, 

unhusked fresh weight yield (TUY), good husked fresh ear 

yield (GHY), fresh kernel yield (KY), and total dry matter 

production of plants and ears (TDM). Good ears were defined 

as those acceptable for commercial processing.  These yield 

parameters were also expressed on a relative (percent of 

maximum) basis. 

Irrigations commenced when an average of 47% of the 

available water in the root zone was depleted in the 100% 
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treatment level. Irrigations were intended to refill the 

root zone of the 100% treatment level plots to field 

capacity in both years.  However, water applied averaged 

70% and 91% of the amount required to refill the root zone 

to field capacity for the LS and RGB experiments, 

respectively, in 1984. 

The other treatment levels (at less than 100%) 

incurred less refilling of the root zone to form a gradient 

as indicated in Tables 4.1 and 4.2.  Since WA for these 

treatments never refilled the root zone to field capacity 

they were defined as deficit irrigation treatments. 

In 1985, 49% and 57% of the available water was 

depleted from the 100% treatment level plots for the LS and 

RGB experiments before irrigations.  The irrigations 

replaced an average of 92% and 90% of the depleted water in 

the root zone for the LS and RGB experiments, respectively. 

Timing of the first irrigation in both years was 

determined by estimating 50% depletion in the root zone 

using the Food and Agriculture Organization of the United 

Nations (FAO) modified Penman equation. Root zones of 0-450 

and 0-240 mm in 1984 and 1985, respectively, were selected 

in order to permit the first irrigation to occur at a 

reasonable time because early season measurements of ET by 

any method are usually not accurate. In 1984 after the 

first irrigation the root zone used for scheduling was 0- 

750 mm.  In 1985 the second and third irrigations were 

based on a 0-450 mm root zone, while in later irrigations a 
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0-750 mm root zone was used. 

A neutron meter (NM) (model 503DR Hydroprobe Moisture 

Depth Gauge, Campbell Pacific Nuclear Corp.) was used to 

measure soil water content, permitting computation of soil 

water depletion between irrigations to a depth of 2250 mm. 

The NM was calibrated specifically for this soil according 

to instructions provided by the manufacturer (CPN, Corp., 

1983).  Two calibration curves were developed.  One applied 

to the 0-150 mm soil horizon and the other applied to the 

depths greater than 150 mm.  Measurement depth intervals 

were 0-150 mm and then every 300 mm to a depth of 2250 mm. 

Soil water measurements on all plots were every 2 to 4 

days, which included a measurement just prior to each 

irrigation. 

Evapotranspiration (ET) was calculated using a 

modification of a water balance procedure (Cuenca, 1979). 

The modifications were measurement of soil water depletion 

between irrigations 2 to 3 times rather than once and soil 

water measurements of the surface (0-150 mm) layer of the 

soil.  Also, ET maximum was obtained from the 100% irriga- 

tion treatment level plots. 

All yield, WA and ET data were transformed to a per- 

cent of maximum yield, WA, and ET, respectively for each 

experiment and year for further comparisons of crop-water 

production functions. 
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Results and Discussion 

Yield vs. Water Applied 

The convex, quadratic functions for GHY as a function 

of WA for both experiments are shown in Figures 4.1 and 

4.2.  Maximum GHY was at 421 and 416 mm of water applied 

for the RGB and LS, respectively, in 1984.  At these WA 

levels the maximum GHY's are 20.99 and 20.61 mt ha-1 for 

the RGB and LS experiments, respectively. The minimum GHY's 

with precipitation only (125 mm) are 11.72 and 11.76 

mt ha~l for RGB and LS respectively. 

In 1985 the maximum GHY of 21.51 and 21.60 mt ha-1 

occurred at 514 and 458 mm for the RGB and LS experiments, 

respectively. The greater amount of water applied 

associated with these yields in 1985 is due to the greater 

requirement for water imposed by the generally warmer and 

drier growing season.  The minimum yields associated with 

the 99 mm of precipitation in 1985 were 10.45 and 10.03 mt 

ha  for the RGB and LS experiments which are lower than 

the minimums in 1984.  A greater amount of rainfall in June 

1984 enhanced non irrigated plot yields in 1984 compared to 

1985 where most precipitation occurred between May 30 and 

June 6. 

Table 4.3 shows a summary of key weather factors for 

1984 and 1985 with long term averages from the Hyslop Field 

Laboratory (Redmond, 1985), which is approximately 4.5 km 

from the experimental site.  Precipitation was above 

average in June 1984 and distributed throughout the month. 
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In contrast, June 1985 precipitation, also above average, 

occurred only during the first week.  Secondly, Table 4.3 

shows July, 1985 to have a 3.5 C warmer maximum temperature 

than average while July, 1984 was only 0.2 C above average. 

Corresponding to this, the pan evaporation was greater in 

July, 1985.  Overall, with the exception of the high pre- 

cipitation in June, 1984, the conditions of both years 

resulted in a higher demand for water than average condi- 

tions.  Therefore production function curves could show 

slight reductions in the maximum ET and depth of water 

applied could be lower in less demanding years. 

The convex nature of these crop-water production 

functions shown in Figures 4.1 and 4.2 indicated that 

deficit irrigations, at approximately 75% of maximum, can 

be used without reducing yields substantially, thereby 

reducing the amount of water applied.  The exact level of 

deficit irrigation depends on experimental precision and 

prices of water and value of sweet corn. 

Vaux et al. (1981) reviewed the variety of mathe- 

matical forms for yield as a function of water applied. 

The mathematical form selected depends upon theoretical 

assumptions and the fit of the data to the model.  Yaron 

(1971) reported a cubic polynomial function for sorghum in 

Southern Israel.  Stewart et al. (1977), Hexem and Heady 

(1978), and Barrett and Skogerboe (1978) reported several 

examples of convex production functions for the yield of 
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grain corn.  Petersen et al. (1985) reported a wide range 

of water applied associated with near maximum yields for 

sweet corn produced at the same location. Barrett and 

Skogerboe (1978), Hillel et al. (1972), and Stewart and 

Hagan (1973) indicated the importance of accounting for 

drainage of water through the root zone which may contri- 

bute to the convex nature of the production function of 

yield vs. WA.  Soil water measurements indicated deep per- 

colation was not a significant factor in the present study 

since WA at each irrigation rarely exceeded the amount 

required to refill the root zone to field capacity. 

Yield vs. ET 

Crop-water production functions, where GHY is a 

function of the amount of ET, are shown in Figure 4.3 for 

the RGB and LS experiments in 1984 and 1985.  ET of the 

100% irrigation treatment levels averaged 481 and 399 mm 

for the RGB and LS experiments in 1984.  According to the 

production functions in Figure 4.3 these ET levels resulted 

in GHY of 20.67 and 19.22 mt ha-1. Average ET for the non- 

irrigated plots was 327 and 289 mm, with corresponding 

yields, computed from the production functions, of 13.03 

and 13.27 mt ha   for the RGB and LS experiments, respect- 

ively.  The non-irrigated treatment was 68 and 72% of the 

maximum ET and 63 and 69% of the maximum yield for the RGB 

and LS experiments, respectively. 

The 100% irrigation treatments in 1985 resulted in 506 

and 530 mm ET with corresponding yields computed from the 
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production functions of 20.96 and 20.43 mt ha-1 (Figure 

4.3).  Maximum ET values were higher in 1985 than in 1984 

due to a drier and warmer growing season but, maximum 

yields were similar in both years.   Petersen et al. (1985) 

reported for sweet corn a maximum yield of 20 mt ha-1 with 

435 mm ET.  Evans et al. (1960) reported maximum yield of 

sweet corn at about 435 mm ET also, with a convex function. 

The average ET of the non-irrigated plots was 268 and 259 

mm ET, about 50% of the maximum ET for the RGB and LS 

experiments, respectively.  Minimum yields, computed 

according to the production functions, were reduced from 

maximum by about 50%, at 10.41 to 10.54 mt ha-1 for the RGB 

and LS experiments. R^ values were much higher in 1985 for 

the LS experiment and were improved for the RGB experiment 

as well. 

Relative Production Functions 

Relative good husked yield (GHY) as functions of 

relative water applied (WA) for 1984 and 1985 are shown in 

Figure 4.4 and relative GHY as functions of relative evapo- 

transpiration (ET) are shown in Figure 4.5. The relative 

GHY vs. relative ET for the 1985 LS crop-water function was 

linear, while all other functions of relative GHY vs. 

relative WA and relative ET were quadratic, convex.  The 

generally high R^ values indicate the functions account for 

most of the variation in the data. 

These relative GHY vs. relative ET crop-water produc- 
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tion functions are predominately quadratic, convex with 

only the 1985 LS function being linear. The second degree 

polynomial functions developed represent the best fit of 

the data points by the least squares method. In contrast 

Barrett and Skogerboe (1978) and Stewart and Hagan (1973) 

state most yield vs. ET crop-water  production functions 

reported are linear.  However, Stewart and Hagan (1969a and 

1969b) reported quadratic, convex functions for wheat and 

alfalfa.  Howell et al. (1984) and Grimes et al. (1969) 

reported convex production functions for cotton.  In some 

cases a range of ET points tend to cluster about a given 

maximum yield as shown for grain corn in Fort Collins, 

Colorado by Hanks (1983).  It is not physically reasonable 

to expect ET and yield to increase linearly without bound. 

Vaux et al. (1981) indicated that, theoretically, the yield 

versus ET production functions should have a section of the 

curve where additional ET does not result in further yield 

increases.  Downey (1972) indicated the difficulty of 

deriving a single unique function of yield related to ET 

and pointed out that timing of ET deficits can influence 

yield to a greater degree than seasonal ET. 

Yaron (1971) suggested that yield vs. ET function 

lines will move up or down with the same slope according to 

field and weather conditions.  However, in the present 

study variation among the functions between years appears 

to be due to variation in the base amount of ET, resulting 

from differences in distribution of rainfall.  Relative ET 
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in 1984 for non-irrigated plots was higher than 50% of the 

maximum ET, but for 1985 RET of the non irrigated plots was 

about 40% of the maximum ET.  Therefore, due to variation 

in rainfall patterns, large differences in the intercept of 

the relative GHY vs. relative ET function occurred. 

The low R2 of .59 for the 1984 relative GHY vs. 

relative ET function was most likely due to variability in 

WA at each irrigation between the repititions.  It may also 

have been due to the unequal gradient between treatment 

levels.   In 1985 these problems were corrected and the R 2 

was increased to .92. 

In an effort to derive the convex nature of the func- 

tion of ET vs. yield, mid-season plant yields (total fresh 

weight and dry weight)  and corresponding measurements of 

ET were made. This approach was similar to that suggested 

by Vaux et al. (1981). A series of multiple regression 

analyses were performed in order to build a model 

reflecting the importance of ET during various periods of 

growth.  The regressions with corresponding equations were 

done as follows for dry matter production: 

1) YIELDl VS. ET1 

YIELD1 = -0.1278+0.0200(ET1) r2=.62 [1] 

2) YIELD2 vs. YIELDl, ET2-ET1 

YIELD2 = 0.6041+1.7327(YIELDl)+1.2806E-02(ET2-ET1 ) 
r2 = .75 [2] 

3) YIELD3 vs. YIELD2, ET3-ET2 

YIELD3= -1.4825 + 2.2350(YIELD2) r2 = .78 [3] 
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where: YIELDl = yield from first harvest 
(7/19/85, 51 days) 

YIELD2 = yield from second harvest 
(8/03/85, 66 days) 

YIELDS = season total yield 
(9/05/85, 99 days) 

ET1 = ET occurring from planting to 7/19/85 
ET2 = ET occurring from planting to 8/03/85 
ET3 = ET occurring from planting to 9/05/85 
all Yield units are dry weight in mt/ha; 
all ET units are mm 

In the third multiple regression the ET3-ET2 variable 

was not significant.  Combining equations [1] through [3] 

into one results in the following: 

YIELD3 = -0.6272+0.07748(ETl)+0.02862(ET2-ET1)    [4] 

The same procedure was done for the fresh total yield 

and resulted in the following set of equations: 

1) YIELD1F vs. ETl 

YIELD1F = -13.400+0.2781(ET1) r2 = .68 [5] 

2) YIELD2F vs. YIELDlF, ET2-ET1 

YIELD2F = 0.2740+0.8550(YIELDlF)+0.2859(ET2-ET1) 
r2 = .83 [6] 

3) YIELD3F vs. YIELD2F, ET3-ET2 

YIELD3F = 0.4140+1.3492(YIELD2F) r2 = .82      [7] 

where: YIELDlF = yield from first harvest 
(7/19/85, 51 days) 

YIELD2F = yield from second harvest 
(8/03/85, 66 days) 

YIELD3F = season total yield 
(9/05/85, 99 days) 

ETl = ET occurring from planting to 7/19/85 
ET2 = ET occurring from planting to 8/03/85 
ET3 = ET occurring from planting to 9/05/85 
all Yield units are fresh weight in mt/ha; 
all ET units are mm 

The equation combining equations [5] through [7] is as 

follows: 
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YIELD3F = -14.6742+0.3208(ET1)+0.3857(ET2-ET1)    [8] 

This method of analysis incorporates into the coef- 

ficients the relationship between yield and ET at three 

dates through the season.  The coefficients, with consider- 

ation of the length of time for the corresponding ET 

periods, in the final equations, [4] and [8], indicate the 

ET of the 15 day period from 7/19 to 8/03, the silking- 

pollination period, was the most significant of the three 

sampling times, in determination of seasonal yields. The 

increment of ET between the second and last harvests (8/03 

to 9/05) is omitted because the multiple linear regression 

analysis indicated this increment of ET did not improve the 

prediction of yield.  This is an indication of why the 

functions of various yield parameters vs. ET are convex 

quadratics. 

Additional crop-water production functions were 

developed for 1984 and 1985, combining both the LS and RCB 

experiments.  These functions describe relative total 

unhusked yield (TUY), relative good husked yield (GHY), 

relative kernel yield (KY), and relative total dry matter 

(TDM) in response to relative WA and relative ET. 

Functions of the yield parameters in response to relative 

WA are shown in Figures 4.6 and 4.7, while the responses to 

relative ET are shown in Figures 4.8 and 4.9. The response 

of the four yield components to relative WA or relative ET 

is similar, with the  R2 values lower in the relative ET 
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functions compared to the relative WA versus yield produc- 

tion functions.  This is consistent with the similar fun- 

ctions developed for each experiment separately. 

Comparison of the production functions between years 

shows only small differences in the yield vs. relative ET 

functions.  Yield vs. relative WA production functions were 

almost identical for both years. 

The crop-water production functions for 1984 of 

relative TUY and relative GHY vs. relative WA in Figure 4.6 

show maximum yields at 91% and 84% of the maximum water 

applied (505 mm) for each function, respectively.  Thus 

water applied up to a range of 424 mm to 460 mm produced 

maximum yields.  In 1985 maximum yields were obtained at 

76% and 75% of the maximum water applied (653 mm), or about 

493 mm of water applied produced maximum yields. The yield 

depression beyond these ranges for maximum yield was 

slight.  As discussed earlier, maximum irrigation quan- 

tities caused very little deep percolation, indicating that 

deficit irrigations can achieve near maximum yields with 

substantial water savings. 

The relative TUY and relative GHY vs. relative ET 

production functions for 1984 and 1985 shown in Figures 4.8 

and 4.9 are all convex, quadratic.  Additionally, the 

response of the four yield parameters to relative ET is 

similar.  The functions are similar between years but the 

1985 functions have less unexplained variability as 

evidenced by greater R2 values.  The maximum yields were 
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obtained at 100% of the maximum ET.  In 1984 the relative 

ET for the minimum yields was about 65% while in 1985 about 

45% relative ET resulted in the minimum yields.  This 

difference accounted for some of the variation between 

years. 

The highest relative TUY and relative GHY, obtained 

with 91% to 84% of WA in 1984 and about 76% of WA in 1985, 

corresponded with approximately 100% of the maximum ET. 

The greater depths of water applied did not result in 

greater amounts of ET nor in increased yields. Such rela- 

tionships would not be expected to hold on sandier soil 

types due to the lack of soil water storage capability. 

In order to summarize the two years with two experi- 

ments per year, crop-water production functions were 

developed using all TUY, WA, and ET data.  The relation- 

ships between relative TUY and relative WA or relative ET 

are shown in Figure 4.10.  These same relationships are 

shown again on Figure 4.11 where the units are mt ha-l and 

mm of WA or ET.  The functions are similar to those 

developed for each year separately but are useful for study 

of the general relationships expected in the Willamette 

Valley.  According to the production function, maximum 

relative TUY occurred at 83% of the maximum water applied. 

Due to the nature of a regression analysis the maximum 

relative TUY is not 100% but 95%. Furthermore, 97% of the 

maximum relative TUY occurred with 100% of the relative ET. 
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In the case of no irrigation, 15% relative WA resulted in 

46% relative ET with 46% relative TUY.  These production 

functions are valuable from a water resource planning per- 

spective as well as for on-farm production guide lines. 

Water Use Efficiency 

Water use efficiency (WUE) was also computed for both 

experiments. Hillel and Guron (1973) defined WUE as the 

quotient of dry matter divided by ET.  In this study WUE is 

the kilograms of total fresh unhusked ear yield ha-1 mm-1 

of ET.  Although most literature reports WUE it may be more 

accurately termed as water use ratio.  WUE was then regres- 

sed with ET, where ET was the independent variable for the 

LS and RGB experiments in 1984 and 1985.  These regressions 

resulted in significant relationships only for the RGB 

experiment in 1984 and 1985. A high degree of variability 

found in ET measurements for the LS experiment caused the 

regression of WUE with ET to be nonsignificant. 

The WUE regressed with ET for the 1984 RGB experiment 

is shown in Figure 4.12.  The low WUE at the lower ET 

levels is because the ET of the non-irrigated plots is 

relatively high compared to the maximum ET while the yield 

was very low. WUE increases to a maximum of 68.0 kg ha-l 

mm""!  at 418 mm of ET, then decreases.  Lower WUE at the 

higher ET levels occurred because the yield increases at a 

decreasing rate with additional ET. 

The WUE vs. ET is shown for the 1985 RGB experiment in 

Figure 4.12. The equation form is convex, quadratic as in 
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1984.  In 1985 the maximum WUE occurred at 407 mm of ET, 

corresponding with a maximum WUE of 6 4.4 kg ha~l mm~^. 

Since the variability between years is about 5% it would be 

expected that maximum values averaging 66.2 kg ha-l mm--'- 

would characterize WUE for sweet corn on a silty clay loam 

soil in the Willamette Valley of Western Oregon. 

These WUE curves point out the importance of deciding 

whether maximum yield or maximum WUE is the primary produc- 

tion goal.  As shown by the following equations, maximum 

yields and maximum WUE do not occur at the same WA. 

1984 RGB: TUY = 4.126 + .119(WA) - 1.326E-04(WA~2) 
r2 = .94 [9] 

1985 RGB: TUY = 7.024 + 8.817E-02(WA)-8.509E-05(WA~2) 
r2 = .85 [10] 

The solution of equations [ 9 ] and [ 10 ] for the WA which 

results in maximum TUY is 449, and 518 mm for 1984 and 1985 

RGB experiments, respectively.  From the equations shown in 

Figure 4.12 the TUY level where maximum WUE occurs can be 

computed.  When these TUY levels are substituted into equa- 

tions [9] and [10], the quantities of WA associated with 

maximum WUE are 315 and 311 mm for the 1984  and 1985 RGB 

experiments, respectively.  These water application levels 

would result in an 8% and 12% yield reduction in 1984 and 

1985, respectively.  On the average for both years the 

maximum yield occurs at 484 mm WA while maximum WUE occurs 

at 313 mm WA, only 65% of the amount needed for maximum 

yield. Irrigating to achieve maximum water use efficiency 
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would result in a calculated average yield reduction of 

10%.  It would not be desirable to irrigate for maximum WUE 

when the cost of water for maximum yield is less than the 

return gained. 

Vaux (1981) showed a function of WUE similar to those 

presented in Figure 4.12 and points out that maximum WUE 

and maximum yield do not occur at the same level of water 

supply.  Viets (1966) pointed out a wide array of 

functional possibilities for WUE, but generally WUE in- 

creased with increased water availability. Viets (1966) 

also noted that WUE can decrease from a maximum if ET 

increases with less relative effect on yield, which was 

found in this study. Garity et al. (1982) measured a wide 

variety of WUE functions depending on when grain sorghum 

was stressed.  Hillel and Guron (1973) measured increases 

in WUE with increases in water applications. 

In summary, Stewart and Musick (1982) discuss the 

problems and opportunities associated with WUE and yield 

maximization.  They ask: 

"Is a fixed amount of irrigation water utilized 
more efficiently by the full irrigation of a 
small area that would otherwise be in dryland 
production? Also: Should limited irrigation be 
practiced on some crops to permit full irrigation 
on other crops?" 
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Table 4.1. Irrigation treatment levels and total water 
applied  (WA) for the LS and RGB  experiments, 
1984. 

Water Applied 

Line             Randomiz 
Source              Block 

;ed 

% of Maximum2    Depth^ % of Maximum2 

(%)         (mm)       (%) 
Depth^ 
(mm) 

100         428        100 
73         345         70 
40         246         50 
8         148         24 
0         125          0 

492 
382 
311 
214 
125 

z  % of the maximum irrigation water only, 
y  Depth includes 125 mm of precipitation. 
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Table 4.2. Irrigation treatment levels and total water 
applied  (WA) for the LS and RGB experiments, 
1985. 

Water Applied 

Line Random!z ed 
Source Block 

% of Maximum2 Depths % of Maximum2 Depth^ 
(%) (mm) (%) (mm) 

100 604 100 599 
77 487 77 484 
57 385 57 386 
26 228 26 230 
0 99 0 99 

z  % of the maximum irrigation water only, 
y Depth includes  99 mm of precipitation. 
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Table 4.3. Monthly  summary  of weather factors for  1984 
and 1985 and long term averages. 

Temp. Temp. Evaporation Precipitation Solar 
max.  min. Radiation 
(C)   (C)   (nun/month)  (mm/month) (MJ/m2/day) 

1984 June 20.9 8.1 124 106 22.9 
1985 June 24.1 8.6 172 82 25.8 
Average 22.6 9.1 144 31 20.8 
June 
1984 July 27.3 10.6 214 4 28.8 
1985 July 30.6 11.3 249 14 26.8 
Average 27.1 10.3 197 8 22.9 
July 
1984 August 27.4 9.6 191 0 22.9 
1985 August 27.2 10.0 190 3 21.4 
Average 26.9 10.4 177 21 19.0 
August 
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Figure 4.1.  Good husked yield (GHY) as a function of water 
applied (WA) for the RGB experiment, 1984 and 
1985. 
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Figure 4.2.  Good husked yield (GHY) as a function of water 
applied (WA) for the LS experiment, 1984 and 
1985. 
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Figure 4.3.  Good husked yield (GHY) as a function of ET 
for the RGB and LS experiments, 1984 and 1985 
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Figure 4.4.  Relative good husked yield (RGHY) as a 
function of relative WA (RWA) for the RGB and 
LS experiments, 1984 and 1985. 
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Figure 4.5.  Relative good husked yield (RGHY) as a 
function of relative ET (RET) for the RGB and 
LS experiments, 1984 and 1985. 
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Figure 4.6.  Four relative yield components as a function 
of relative WA (RWA) for the RGB and LS 
experiments combined in 1984. 
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Figure 4.7.  Four relative yield components as a function 
of relative WA (RWA) for the RGB and LS 
experiments combined in 1985. 
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Figure 4.8.  Four relative yield components as a function 
of relative ET (RET) for the RGB and LS 
experiments combined in 1984. 
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Figure 4.9.  Four relative yield components as a function 
of relative ET (RET) for the RGB and LS 
experiments combined in 1985. 
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Figure 4.10. Relative total unhusked yield (RTUY) as a 
function of relative WA (RWA) and relative ET 
(RET) for the 1984 and 1985 RGB and LS 
experiments combined. 
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Figure 4.11. Total unhusked yield (TUY) as a function of WA 
(WA) and ET (ET) for the 1984 and 1985 RGB and 
LS experiments combined. 
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Figure 4.12. Water use efficiency (WUE) based on total 
unhusked yield (TUY) as a function of ET for 
the RGB experiment, 1984 and 1985. 



80 

E 
E 
15 

70 

en  60 

LU 

50 : 

40 

■ 

a      o                                          \ 
I   WUE=- -28.059+0.455(E-n^5.595E-04(ET   ) 

L       R2 = .58 \           n °                                          j 
■ 

\     n 

^-^•^D 

• 
A \         fj £-* ^S^K ° 

[ y<L ^ F"^^ 
m A        n   A^fk. 
„ r      /    a ^V 
■ 

/ ^V13 A 
- 

/ d X A    o     ■ 
■ n     x WUE=-155.509+1.068(E7H.277E-03(ET   )    : 

. R   =.43 
^ 

Fig.   4.12. 

200     250     300     350     400     450     500     550     600 

ET (mm) 

1985 1984 oo 

a 



88 

Literature Cited 

Andrew, R.H. and G.G. Weis. (1974) Variation in effective- 
ness of supplemental irrigation on sweet corn yield 
components. Agron. J. 66:346-350. 

Barrett, J.W. and G.V. Skogerboe. (1978)  Effect of irriga- 
tion regime on maize yields. J. Irrig. Drain. Div., Am. 
Soc. Civ. Eng. 104:179-194. 

Braunworth, W.S. and H.J. Mack. (1986) Effect of deficit 
irrigation on yield and quality of sweet corn.  In press. 

Campbell Pacific Nuclear, Corp. (1983)  Operating 
instructions. Campbell Pacific Nuclear, Corp., Pacheco, 
California. (10/16/83). 

Cuenca, R.H. and J.I. Stewart. (1979)  Computerized evapo- 
transpiration model using neutron meter input. Presented at 
Symposium on Measurement and Estimation of Evaporation, 
Sixth European Geophysical Society Meeting, Vienna, 
Austria. September, 1979. 

Downey, L.A. (1972) Water-yield relations for nonforage 
crops. J. Irrig. Drain. Div., Am. Soc. Civ. Eng. 98:107- 
115. 

Evans D.D., H.J. Mack, D.S. Stevenson, J.W. Wolfe. (1960) 
Soil moisture, nitrogen, and stand density effects on 
growth and yield of sweet corn.  Oregon Agric. Expt. Sta. 
Tech. Bui. 53. 

Garrity, D.P., D.G. Watts, C.Y. Sullivan, and J.R. Gilley. 
(1982)  Moisture deficits and grain sorghum performance: 
Evapotranspiration-yield relationships. Agron. J. 74:815- 
820. 

Grimes, D.W., H. Yamada, and W.L. Dickens. (1969) Functions 
for cotton (Gossypium hirsutum L.) Production from irriga- 
tion and nitrogen variables: I.  Yield and evapotranspira- 
tion. Agron. J. 61:769-773. 

Hanks, R.J. (1983) Yield and water-use relationships: An 
overview. In: R.J. Hanks (ed.). Limitations to Efficient 
Water Use in Crop Production. ASA-CSSA-SSSA, Madison, 
Wisconsin.  pp.393-411. 

Hanks, R.J., J. Keller, V.P. Rasmussen, and G.D. Wilson. 
(1976) Line source sprinkler for continuous variable irri- 
gation crop production studies. Soil Sci. Soc. Amer. Proc. 
40:426-429. 



89 

Hanks, R.J., D.V. Sisson, R.L. Hurst, and K.G. Hubbard. 
(1980) Statisical analysis of results from irrigation 
experiments using the line-source sprinkler system. Soil 
Sci. Soc. Amer. J. 44:886-888. 

Hexem, R.W. and E.O. Heady. (1978) Water production 
functions for irrigated agriculture. The Iowa State 
University Press, Ames, Iowa. 215pp. 

Hillel, D. (1972) The field water balance and water use 
efficiency. In: D. Hillel, (ed.), Optimizing the Soil 
Physical Environment Toward Greater Crop Yields.  Academic 
Press, New York. pp.79-100. 

Hillel, D. and Y. Guron. (1973) Relation between evapo- 
transpiration rate and maze yield. Water Resources Res. 
9:743-748. 

Hillel, D., V.D. Krentos, and Y. Stylianou. (1972) 
Procedure and test of an internal drainage method for 
measuring soil hydraulic characteristics in situ. Soil Sci. 
114:395-400. 

Howell, T.A., K.R. Davis, R.L. McCormick, H. Yamada, V.T. 
Walhood, and D.W. Meek. (1984) Water use efficiency of 
narrow row cotton. Irrig. Sci. 5:195-214. 

Little, T.M. and F.J. Hills. (1978) Agricultural Experimen- 
tation. John Wiley and Sons, New York. 350pp. 

Petersen, K.L., H.J. Mack, and R.H. Cuenca. (1985) Effect of 
tillage on the crop-water production function of sweet corn 
in western Oregon. HortScience. 20:901-903. 

Redmond, K. (1985) Local Climatological Data for Corvallis, 
Oregon Agricultural Experiment Station, Oregon State 
University Special Report 744. 

Stewart, B.A. and J.T. Musick. (1982) Conjunctive use of 
rainfall and irrigation in semiarid regions. In: D. Hillel 
(ed.). Advances in Irrigation. Vol 1. Academic Press, New 
York. pp.1-24. 

Stewart J.I. and R.M. Hagan. (1973) Functions to predict 
effects of crop water deficits. J. Irrig. Drain. Div., Am. 
Soc. Civ. Eng. 99:421-439. 

Stewart, J.I. and R.M. Hagan. (1969a) Development of evapo- 
transpiration-crop yield functions for managing limited 
water supplies. Proceedings, Seventh Congress of the Inter- 
national Commision on Irrigation and Drainage, Mexico City, 
Mexico pp.23.505-23.530. 



90 

Stewart, J.I., and R.M. Hagan. (1969b) Predicting effects 
of water shortage on crop yield. J. of Irrig. Drain., Div. 
Am. Soc. Civ. Eng. 95:No. IR1, Proc. Paper 6443. pp.91-101. 

Stewart, J.I., R.D Misra, W.O. Pruitt, R.M. Hagan (1975) 
Irrigating corn and grain sorghum with a deficient water 
supply. Trans. ASAE. 18:270-280. 

Stewart, J.I., R.M. Hagan, W.O. Pruitt, R.E. Danielson, 
W.T. Franklin, R.J. Hanks, J.P. Riley, E.B. Jackson. (1977) 
Optimizing crop production through control of water and 
salinity levels in the soil. PRWG151-1, September, 1977 
Utah Water Research Laboratory, College of Engineering, 
Utah State University, Logan, Utah. 

Vaux, H.J., and W.O. Pruitt. (1983) Crop water production 
functions. In: D. Hillel (ed.). Advances in Irrigation. Vol 
2. Academic Press, New York. pp.61-97. 

Vaux, Jr., H.J., W.O. Pruitt, S.A. Hatchett, and F. 
DeSouza. (1981) Optimization of water use with respect 
to crop production. Technical Completion Report for 
California Dept. of Water Resources. Agreement no. B-53395. 
(6/30/81). 

Viets, F.G., Jr. (1966) Increasing water use efficiency by 
soil management, ed. W.H. Pierre, D. Kirkham, J. Pesek, and 
R. Shaw. in. Plant Environment and Efficient Water Use. 
ASA-SSSA, Madison, Wis. pp.259-274. 

Yaron, D. (1971) Estimation and use of water production 
functions in crops. J. Irrig. Drain. Div., Am. Soc. Civ. 
Eng. 97:291-303. 



91 

CHAPTER 5 

EVALUATION OF FOUR IRRIGATION SCHEDULING 

METHODS ON SWEET CORN 

Abstract 

Accurate irrigation scheduling, where water application 

timing and amounts are according to crop needs, can reduce 

irrigation costs while ensuring yield goals.  Four 

scheduling methods, evaluated in a two year study, 

included:  1) irrigation when 46% and 57% of available 

water was depleted in 1984 and 1985, respectively, as 

measured by a neutron meter (NM), 2} irrigation when 50% of 

available water was depleted as estimated by the Food and 

Agriculture Organization modified Penman equation (M PEN), 

3) irrigation at three growth stages which included silking 

(GS), and  4) irrigation according to a crop water stress 

index (CWSI), 1984 only. Water applied (WA) for the NM, M 

PEN, GS, and CWSI was 492 mm, 402 mm, 394 mm, and 446 mm, 

respectively, in 1984.  In 1985 the first three methods 

resulted in 599, 467, and 465 mm applied.  The CWSI method 

was not evaluated in 1985 since it was not usable for 

irrigation scheduling in 1984. Less water was applied for 

the M PEN and GS methods because the modified Penman equa- 

tion underestimated evapotranspiration (ET) compared to 

depletion measured by the neutron meter.  Yields of total 

unhusked ears and of good husked ears in 1984 for the GS 

method were significantly lower than the yields of the NM 
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method. The total unhusked ear yield of the M PEN method 

was lower than the NM method but not different from the GS 

or CWSI methods.  In 1985 irrigation according to the GS 

method resulted in less kernel and total dry matter yields 

than the NM method. However there were no significant 

differences in total unhusked and good husked ear yields 

among the three scheduling methods.  Kernel cut-off was 

lower with the GS than with the other methods in 1985. 

Other quality factors which included ear length, kernel 

moisture content and ear weight did not vary significantly 

with irrigation scheduling methods.  Since total unhusked, 

good husked yields and quality differences were minor, 

irrigation scheduling by any of these methods would appear 

to be satisfactory. 
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Introduction 

The need for more efficient water use will become 

increasingly important as water for crop production becomes 

more limited and costs of water increase.  The goal of 

irrigation scheduling is to accurately determine crop water 

requirements and match water applications to these require- 

ments in a timely and efficient manner. 

Irrigation scheduling schemes can be classified into 

two broad categories:  water balance methods and crop 

stress related indices.  Water balance methods are based on 

the following equation (18): 

Di = Di-1 + ETi " pi _ IRi -  DRi 

where: 

D^ = soil water depletion in root zone 

through day i 

D£_^ = depletion on day i-1 

ET^ = estimate of evapotranspiration 

P^ = effective precipitation 

IR^ = irrigation 

DR^ = drainage into or out of the active root zone 

Amount of water to apply is determined by: 

Di = CV 

where: 

CV = critical value, often 50% depletion of the 

available water (7) 

Irrigation scheduling methods in the water balance 
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group can be further classified according to how ET^ is 

determined.  Most commonly ET^ is computed by estimating 

daily ET for a reference crop, usually grass.  Equations 

such as the Blaney Criddle and Modified Penman (8) which 

require weather data are used.  Once an appropriate crop 

coefficient for day i has been determined, the product of 

the crop coefficient and the reference crop ET is the ET^ 

used to estimate D-. 

Another way of determining ETJ is by direct soil water 

measurements, where difference between soil water contents 

at the two measurement times, after adjustments for water 

applied and drainage, is the ET for the particular period 

of time. 

Crop water stress related methods are numerous, but 

only a few are usable in field production.  The most widely 

used crop stress method is irrigation at critical growth 

stages.  For sweet corn this should at least include the 

pollination (silking) period (1,9,10,11). 

A newer crop stress method, the crop water stress 

index (CWSI), described by Idso et al. (12) and Jackson 

(13), is based on the concept that the canopy temperature 

of a water stressed crop will be warmer than that of a non- 

stressed crop.  Canopy temperatures are easily and rapidly 

measured by an infrared thermometer. 

The objectives of this study were to:  (1) compare two 

water balance methods and two crop stress related methods 

for scheduling irrigations for sweet corn and, (2) to 
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evaluate the effects of irrigation scheduling methods on 

total water applied (WA) and several yield components and 

quality factors. 
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Materials and Methods 

A randomized complete block experiment was established 

on a Chehalis silty clay loam soil at the OSU Vegetable 

Research Farm, Corvallis in 1984 and 1985.  Irrigation 

scheduling treatments, replicated four times, were:  (1) 

using a neutron meter (NM) to measure soil water depletion, 

(2) use of the modified Penman equation (M PEN) to estimate 

evapotranspiration (ET), (3) irrigation at three growth 

stages (GS), and (4) use of a crop water stress index 

(CWSI).  Individual plot sizes were 6 m by 6 m with a 15 m 

border between plots, keeping these sprinkler irrigated 

plots separate. 

All plots were over seeded with 'Jubilee' sweet corn 

in 90 cm rows on May 31, 1984 and later thinned to a 

uniform plant population of 62,750 plants/ha.  All plots 

were fertilized at the rate of 55 kg N, 74 kg P, and 46 kg 

K /ha banded at planting. An additional 195 kg N /ha was 

side dressed on June 27.  Precipitation from planting to 

June 30 was 105 mm while after June 30 there was only 20 mm 

of precipitation until harvest, for a total of 125 mm. 

Mean monthly temperatures for June, July, August, and Sep- 

tember were 14.9, 19.3, 18.3 and 17.1 C respectively which 

were less than 1 C higher than average, except for June 

which was 1.7 C lower than average. Harvest at processing 

maturity, approximately 72% kernel moisture,  was on 

September 10, 102 days after planting. 

In 1985 planting was on May 30.  Plant population, row 
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spacing, banding and side-dress fertilization was the same 

as in 1984, with the side-dress application of N made on 

July 3. Precipitation from planting through June 6 was 82 

mm, another 17 mm of rain occurred later in the season for 

a total of 99 mm from planting to harvest.  Average temper- 

atures were 16.8, 20.8, 18.3, 16.7 C for June through 

September, respectively which were up to 3.5 C warmer than 

average.  Harvest was 99 days after planting, on September 

5. 

The neutron meter (Model 503DR Hydroprobe Moisture 

Depth Gauge, Campbell Pacific Nuclear Corp.) for measuring 

soil water content was calibrated specifically for the soil 

according to the manufacturer's manual (5). The access 

tubes were placed in the same holes from which gravimetric 

samples were taken for calibration. Separate calibrations 

were developed for the 0 to 150 mm soil depth and for the 

150 to 2250 mm soil depth. 

In order to establish the target amount of depletion 

allowed before the next irrigation a soil water release 

curve by Nagpal (14) was used.  Field capacity was 45% by 

volume, equivalent  to -0.015 mPa  of soil water potential. 

The wilting point was -1.000 mPa or 20% by volume.  The 

available water was 25% by volume which was used as the 

basis for the NM and M PEN scheduling methods. 

Timing of the first irrigation for the NM and M PEN 

methods in both years was determined by estimating 50% 
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depletion in the root zone using the Food and Agriculture 

Organization of the United Nations (FAO) modified Penman 

equation.  Root zones of 0-450 and 0-240 mm in 1984 and 

1985, respectively, were selectd in order to permit the 

first irrigation to occur at a reasonable time because 

early season measurements of ET by any method are usually 

not accurate. 

After the first irrigation, subsequent timing of irri- 

gations for the neutron meter method was when 50% of the 

available water had been depleted.  Amounts of water ap- 

plied were intended to be equal to the difference between 

soil water content at field capacity and that just prior to 

irrigation as measured by the neutron meter.  The objective 

was to refill the root zone to field capacity but, in 

practice, water was applied when 46% and 57% of the avail- 

able soil water had been depleted in the root zone for 1984 

and 1985, respectively.  The root zone was assumed as 0-450 

mm for the first irrigation in 1984 and 0-450 mm for the 

first three irrigations in 1985.  For subsequent 

irrigations the root zone was 0-750 mm. Occasional deple- 

tion of soil water at depths greater than 750 mm was also 

included in the amount supplied by irrigation. Neutron 

meter measurements were taken every 3 to 4 days in all 

plots for the 0-150 depth mm and then at 300 mm depth 

intervals to a total depth of 2250 mm. 

A weather station with a microprocessor was set up at 

the site to record required data which were used to 
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estimate reference ET according to the modified Penman 

equation as described by Doorenbos and Pruitt (8). A crop 

curve, providing crop coefficients for computing crop ET, 

was developed according to Burman et.al. (2).  Irrigations 

were scheduled when the modified Penman equation had esti- 

mated 50% depletion of available water in the root zone. 

The root zones assumed for the M PEN method were as 

follows:  0-450 mm for the first irrigation in 1984; 0-240 

mm, 0-380 mm, and 0-580 mm for the first three irrigations, 

respectively in 1985.  After these initial irrigations, 0- 

750 mm was assumed to be the active root zone. 

M PEN method root zones were selected based on crop 

development and do not match those used for the NM method. 

Since the neutron meter was calibrated and set up to 

measure the 0-150 mm layer and then every 300 mm, it was 

reasonable to select root zones of at least 0-450 mm and 

then increments of 300 mm could be added as field observa- 

tion dictated. 

In 1984 plots of the GS method received irrigations 14 

days before silking, 1 day after silking and 13 days after 

silking.  In 1985 irrigations for the GS method were 26 

days before silking, at silking, and 13 days after silking. 

This timing was assumed to be at critical growth stages of 

sweet corn development.  Silking date was when silks were 

visible on 10% of the ears.  The depth of water to be 

applied in the GS plots was determined by the cumulative ET 
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computed by the modified Penman equation, adjusted for 

rainfall. 

An infrared radiation thermometer (IRT) (Teletemp 

Corp., Fullerton, Calif., Model AG-42) was used to measure 

canopy temperatures (CT) at solar noon.  In addition the 

vapor pressure deficit was calculated from wet and dry bulb 

temperatures measured by a sling psychrometer.  The CWSI 

was computed according to methods described by Idso et al. 

(12) and Jackson (13).  Measured CT on a daily basis for 

all plots began August 2. The CWSI values were difficult to 

interpret for scheduling irrigations, and therefore were 

not used. Instead, irrigation dates were selected at dates 

much different than those of the GS method plots to provide 

differences in timing effects.  Irrigations occured at 23 

days before silking and at 9 and 21 days after silking. 

As in the GS plots, the depth of water applied was deter- 

mined by the cumulative ET since the last irrigation as 

estimated by the modified Penman equation.  In 198 5 canopy 

temperatures were recorded for all plots but the CWSI 

scheduling method was not included.  A more detailed 

discussion of the CWSI calculations in this experiment is 

presented by Braunworth (3). 

Yield parameters measured for all scheduling methods 

included total unhusked fresh weight of all ears (TUY), 

fresh weight of only good or usable ears after husking 

(GHY), fresh kernel yield at approximately 72% moisture 

content (KY) and total dry matter production (TDM).  TUY 
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and GHY were based on harvest of 3 middle rows of 7 in each 

plot, while KY was determined from a subsample of these. 

TDM was based on the harvest of all above ground plant 

material in the center row. Appropiate moisture samples 

were taken for calculation of the TDM. 

In addition to yield, quality factors measured were 

cut-off, ear length, moisture content of kernels, and mean 

ear fresh weight. 
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Results and Discussion 

Figures 5.1A and 5.IB show the total water applied 

(WA) for each method which includes 125 and 99 mm of pre- 

cipitation for 1984 and 1985, respectively.  The irrigation 

water applied (IWA) includes only irrigation. 

In 1984 the greatest WA of 492 mm was for the NM 

method which was statistically significantly greater than 

the CWSI method where 446 mm were applied.  WA for the GS 

and M PEN methods, 394 and 402 mm respectively, was statis- 

tically significantly less than for the NM and the CWSI 

methods.  The WA for GS and M PEN methods was 19% less than 

for the NM method. 

In 1985 the NM method again resulted in the greatest 

WA, 599 mm.  WA in the M PEN and GS methods was 467 and 465 

ram, respectively which was 22% lower than for the NM method 

(Figure 5.IB). 

Approximately 100 mm more water was applied in the NM 

plots in 1985 than in 1984 due to less rain and higher 

temperatures in June 1985, causing a greater ET demand.  In 

1984 intermittent rain occurred through June while in 1985 

there was no rain after June 6. As a result the first 

irrigation in 1985 was June 21 while in 1984 the first 

irrigation was July 16. 

Soil water measurements indicated irrigation by the NM 

replaced soil water used by the crop with little deep 

percolation. The IWA as a per cent of depleted available 

soil water (IWA-DPL) for the NM method averaged 89% in 1984 
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and 86% in 1985 and is shown for each irrigation in Figures 

5.2A and 5.2B.    If the IWA-DPL had been closer to 100% 

more water would have been applied to the NM plots. 

The M PEN method resulted in less water applied than 

the NM method because the ET estimated by the modified 

Penman equation averaged 85 and 74% of the measured soil 

water depletion (M.PEN-DPL) in 1984 and 1985, respectively 

(Figures 5.3A and 5.3B). As a result the IWA was an 

average of 88 and 79% of the amount required to refill the 

root zone to field capacity (IWA-DPL) in 1984 and 1985. 

Figures 5.3A and 5.3B also indicate that the IWA as a 

percentage of the ET estimated by the modified Penman 

equation (IWA-M.PEN), averaged 103% and 107% for 1984 and 

1985.  If this had been 100% as planned, the IWA-DPL would 

have been correspondingly less, amplifying the differences 

in IWA for the NM and M PEN methods. Since the IWA for the 

GS method was controlled by the estimates of ET by the 

modified Penman equation, the WA for this method was not 

different than for the M PEN plots.  The CWSI method also 

used the modified Penman equation to control the IWA, but 

the IWA was greater for this method because the last irri- 

gation, being late in the season, allowed accumulation of 

more ET. 

Earlier estimates by Watts et.al. (20) indicated 338 

mm total water applied would be adequate for sweet corn 

production in the Willamette Valley.  This was based on 
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average climate and precipitation conditions and indicates 

a general average for planning purposes. 

Variable results comparing various climate and soil 

water balance ET measuremnets have been reported.  Camp 

et al. (4) found that irrigation scheduling of sweet corn 

using the weather data based Jensen-Haise equation resulted 

in overestimating available soil water.  Irrigation 

scheduling by tensiometer resulted in greater depths of 

water applied in comparison to the Jensen-Haise equation. 

Stegman and Ness (19) compared several scheduling methods 

which ranged in sophistication from using the Jensen-Haise 

equation to simple supplementation of precipitation.  The 

Jensen-Haise method resulted in the least amount of water 

applied, but all methods had similar yields. 

Four yield component responses to the scheduling 

methods, shown in Figures 5.4A and 5.4B, indicate that in 

1984 total unhusked yields ranged from 28.48 mt/ha for the 

GS to 30.67 mt/ha for the NM method.  There were no sig- 

nificant differences for four yield components for the NM, 

M PEN, and CWSI methods.  The TUY and GHY were signifi- 

cantly lower for the GS method than for the NM for TUY and 

GHY, while the other yield components  did not differ 

significantly.  When compared to the M PEN plots, the GS 

had significantly less TDM. 

In 1985 total unhusked yields ranged from 27.72 mt/ha 

for the M PEN to 29.62 mt/ha for the NM method, slightly 

less than in 1984 (Figure 5.4B). There were no significant 
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differences in TUY and GHY for the three scheduling 

methods. Kernel yield (KY) and the total plant dry matter 

production (TDM) for the GS method were significantly less 

than for the NM method. 

In 1984, 20% less water was applied for the GS method 

compared to the NM with only 7% TUY decrease and 5% GHY 

decrease.  In comparison to the NM method there was 22% 

less water applied on the M PEN and GS plots, which 

resulted in 6% and 9% less TUY and GHY, respectively in 

1985 (Figure 5.IB).  The 1984 and 1985 results suggest that 

planned deficit irrigation for sweet corn would lead to 

water savings with near maximum yields.  Deficit irriga- 

tions occurred for the M PEN method compared to the NM 

method because it underestimated ET for these conditions. 

Yield reduction of only 5-7% for the GS method 

compared to NM likely is due to water being supplied at 

silking.  However, data in Tables 5.1 and 5.2 and in 

Figures 5.1A and 5.IB indicate that timing may be less 

critical when enough water is stored in the soil to support 

adequate crop growth at silking. The interval between irri- 

gation dates and total number of irrigations varied more in 

1984 then in 1985 for the scheduling treatments.  Stanberry 

et al. (16) and Denmead and Shaw (6) indicated the 

importance of adequate water at silking and pollination. 

Doorenbos and Kassam (7) indicated that allowing no 

more than 50% depletion of available water usually will 



106 

avoid yield limiting water stress. Stegman (17) found 

maximum yields of field corn were maintained with allevia- 

tion of water stress before available root zone storage 

capacity was 80-90% depleted during the 12 leaf to blister 

kernel period. Stanberry et al. (16) and Robins and 

Domingo, (15) reported that the silking stage may not be as 

sensitive to lower levels of soil water as reported in 

other environments. 

Levels of depletion for all methods at silking for 

1984 and 1985 are shown in Table 5.3. Although there was 

65% depletion of available soil water in the CWSI plots, 

there was very little yield reduction.  The depletion just 

before silking for the GS method was 46% and 72% in 1984 

and 1985, respectively, but an irrigation occurred 

immediately after this measurement, mimimizing stress 

during silking and pollination.  Depletion levels for the 

NM and M PEN were 15%, showing little potential for water 

stress during silking.  Since there were no substantial 

yield differences between scheduling methods, it would 

appear that water holding capacity of the soil and atmos- 

pheric demand should also be considered in determining 

critical stages of growth for supplying water to sweet 

corn. 

Four quality factors of sweet corn in 1984 were not 

affected by irrigation scheduling methods (Table 5.4). 

Results in 1985, shown in Table 5.5, indicate that irriga- 

tion scheduling methods had no significant effects on ear 
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length, moisture content of kernels or fresh weight of good 

ears.  However, the cut-off of the GS method was less than 

the NM method but not different than the M PEN scheduling 

method. 
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Table 5.1  Dates of irrigations and days since last 
irrigation for irrigation methods, 1984. 

Neutron Days  Modified Days  Growth Days  CWSI Days 
meter  since Penman  since stage  since     since 

last last        last      last 
irr. irr.        irr.      irr. 

7/16 7/16 7/26 7/17 
7/30 14 8/03 18 
8/10 11 8/20 17 8/10 15 8/18 32 
8/27 17 8/23 13 8/30 12 

8/09 was the silking date. 



109 

Table 5.2  Dates of irrigations and days since last 
irrigation for irrigationmethods, 1985. 

Neutron Days  Modified Days  Growth Days 
meter  since Penman  since stage  since 

last last        last 
irr. irr.        irr. 

6/21 __ 6/21 _. _ 

7/06 15 7/04 13 7/08 — 
7/15 9 7/15 11 
7/27 12 7/27 12 8/03 26 
8/12 16 8/16 20 8/16 13 
8/26 14 

8/03 was the silking date. 
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Table 5.3  Percent depletion of available water (0-750 mm 
root zone) for all scheduling methods at silking 
in 1984 and 1985. 

Scheduling 
Method 

Depletion of avai lable soil water 

NM 
MPEN 
GS 
CWSI 

8/09/84 
(%) 

45 
55 
46z 

65 

8/03/85 
(%) 

15 
15 
72* 

z irrigated  8/10/84 (reading made just before irrigation) 
y irrigated  8/3/84  (reading made just before irrigation) 



Ill 

Table 5.4  Effect of irrigation scheduling methods on four 
quality factors of sweet corn, 1984. 

Quality Factor 

Scheduling Ear   Kernel  Fresh weight 
method Cut off length moisture per good ear 

(%)    (cm)    (%)      (g/ear) 

Neutron 
Meter 62.5Z   19.9   72.9      278.7 

Modified 
Penman 59.2    19.4   72.6     279.0 

Growth 
Stage 61.5    20.4   72.7      278.5 

CWSI 63.0    20.4   73.0      284.0 

zMean  separation by Duncan's multiple range test 
showed  no significant differences (5% level). 
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Table 5.5  Effect of irrigation scheduling methods on four 
quality factors of sweet corn, 1985. 

Quality Factor 

Scheduling 
method 

Ear   Kernel  Fresh weight 
Cut off length moisture per good ear 

(%)    (cm)    (%)     (g/ear) 

Neutron 
Meter 66.1az  21.1a   72.8a    287.7a 

Modified 
Penman 65.9ab  20.8a   71.5a    284.4a 

Growth 
Stage 62.5b  20.8a   72.9a   256.8a 

zMean separation by Duncan's multiple range test, 
5% level. 
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Figure  5.1A.  Irrigation plus precipitation (WA) and 
irrigation only (IWA) for each scheduling 
method for 1984. 



NEUT. METER CWSI MOD. PENMAN  GROW. STAGE 

IRRIGATION SCHEDULING METHOD 
Fig.   5.1A. 

IRR+PREC IRRIGATION 
\/ / / / \ 

(* 125 mm precipitation) 
4^ 



115 

Figure  5.IB.  Irrigation plus precipitation (WA) and 
irrigation only (IWA) for each scheduling 
method for 1985. 
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Figure 5.2A.   Percent depletion of available water in the 
0-750 (DPL 0-750) and 0-1050 mm (DPL 0-1050) 
soil horizons, just before irrigation with 
the irrigation water applied as a percent of 
the depletion in the 0-1050 nun zone (IWA- 
DPL), for the neutron meter scheduling plots 
in 1984. 
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Figure 5.2B.   Percent depletion of available water in the 
0-750 (DPL 0-750) and 0-1050 mm (DPL 0-1050) 
soil horizons, just before irrigation with 
the irrigation water applied as a percent of 
the depletion in the 0-1050 mm zone (IWA- 
DPL), for the neutron meter scheduling plots 
in 1985. 
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Figure 5.3A.   Percent depletion of available soil water in 
the 0-1050 mm soil horizon (DPL 0-1050), ET 
estimated by the FAO modified Penman 
equation (M.PEN-DPL) and irrigation water 
applied (IWA-DPL) as a percent of depleted 
soil water just before each irrigation. 
Also the irrigation water applied is 
expressed as a percent of the Penman 
estimate of ET for 1984 (IWA-M.PEN). 
Irrigations were scheduled using the FAO 
modified Penman equation. 
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Figure 5.3B.   Percent depletion of available soil water in 
the 0-1050 mm soil horizon (DPL 0-1050), ET 
estimated by the FAO modified Penman 
equation (M.PEN-DPL) and irrigation water 
applied (IWA-DPL) as a percent of depleted 
soil water just before each irrigation. 
Also the irrigation water applied is 
expressed as a percent of the Penman 
estimate of ET for 1985 (IWA-M.PEN). 
Irrigations were scheduled using the FAO 
modified Penman equation. 
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Figure  5.4A.  The effect of irrigation scheduling on four 
yield components of sweet corn in 1984. 
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Figure  5.48.  The effect of irrigation scheduling on four 
yield components of sweet corn in 1985. 
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CHAPTER 6 

SOIL WATER AND CLIMATE BASED EVAPOTRANSPIRATION MEASUREMENT 

METHODS FOR IRRIGATION SCHEDULING OF SWEET CORN 

Abstract 

Irrigation scheduling can be improved with the estima- 

tion of evapotranspiration (ET). The use of three weather 

based methods and a water balance method for estimating ET 

for irrigation scheduling were compared in a two year field 

study.  The three weather data based equations used were 

the Food and Agriculture Organization of the United Nations 

(FAO) modified Penman and the FAO and Soil Conservation 

Service (SCS) Blaney Criddle methods.  A gradient of five 

irrigation treatments of 0 to 100%, with the 100% intended 

to refill the root zone to field capacity, was established, 

using a randomized complete block (RGB) experiment with an 

additional treatment for irrigation scheduling according to 

the modified Penman equation (M PEN). Irrigations were 

applied at approximately 50% depletion of available soil 

water, for the maximum (100%) water applied and the M PEN 

plots.  Soil water depletion and ET were measured using a 

neutron meter, and the FAO modified Penman equation. 

The modified Penman equation estimated 405 mm ET which 

was about 30 mm greater than the ET computed from the SCS 

and FAO Blaney Criddle equations in 1984.  ET measured by 

the water balance method for plots where the irrigations 

were scheduled using the modified Penman equation was 42 mm 
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more, or 10% greater, than the ET computed by the modified 

Penman equation in 1984. In 1985, the Modified Penman 

equation and the FAO Blaney-Criddle equations predicted 452 

and 448 mm ET, respectively, while the SCS Blaney-Criddle 

equation estimated 382 or 15% less ET than the FAO Blaney- 

Criddle method.  The water balance method of ET measurement 

resulted in 488 mm or 8% more ET than the modified Penman 

equation. 

There were no significant yield differences between 

plots irrigated according to the modified Penman equation 

and the irrigation gradient treatments of 50% and greater 

in both years.  Calculations demonstrated that the lower 

estimates of ET by the FAO and SCS Blaney Criddle methods, 

when used to schedule irrigations, would not cause yield 

decreases. 
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Introduction 

Irrigation scheduling offers a means of supplying 

water in a timely manner, alleviating stress in order to 

ensure yield goals, and helping minimize water costs by 

limiting deep percolation. Commonly used scheduling methods 

are based on a water balance approach where evapotranspira- 

tion (ET) must be either estimated from weather data or by 

soil water depletion measurements (Hillel, 1972; Tanner, 

1968). Accurate estimation of ET is useful for irrigation 

scheduling on a farm for optimal production and/or on a 

regional basis for good distribution of the water resource. 

Estimating ET for irrigation scheduling from weather 

data is low in labor requirements and could be the most 

desirable. Common weather data based ET estimating 

procedures are classified as temperature, radiation, 

humidity and combination methods.  The FAO modified Penman 

equation is a combination approach while the various forms 

of the Blaney-Criddle method are temperature based.  Data 

requirements are less for temperature based methods but in 

general these are not as precise as combination methods 

(Burman et al., 1983). 

A second method of estimating ET is measurement of 

soil water depletion. The use of a neutron meter has 

reduced labor requirements of this method and allows for 

continuous soil water monitoring.  A neutron meter can 

accurately measure the amount of water required to refill a 

soil profile to field capacity (Greacen, 1981). 
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Deficit irrigation is where the total amount of soil 

water depletion is not fully replaced with irrigation in an 

attempt to minimize yield losses while reducing irrigation 

amounts.  Thus, an additional aspect of irrigation manage- 

ment is determining an optimum level of deficit irrigation. 

Production functions usually incorporate a wide range 

of water levels to describe the relationship between yield 

and total water applied or ET.  Such functions can be used 

to evaluate the impact of deficit irrigations on yield 

(Vaux et al., 1981). 

The objectives of the present study were to: 

1) compare three weather data based ET estimating 

methods to soil water based ET measurements for sweet corn 

with optimum water supply. 

2) compare the calculated yields resulting from using 

each of the ET estimating methods as a guide for irrigation 

scheduling. 
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Materials and Methods 

A randomized complete block (RGB) experiment was 

established on a Chehalis silty clay loam soil at the OSU 

Vegetable Research Farm, Corvallis, in 1984 and 1985. 

'Jubilee' sweet corn was planted May 31 and May 30, and 

harvested on September 10 and September 5 in 1984 and 1985 

respectively.  Plant populations were equalized by 

thinning to 61,400 plants ha-1.  Further description of the 

experiments is given by Braunworth and Mack (1986A). 

The experiment was established in order to create a 

gradient of 5 water application treatments ranging from 0 

to 100% (Table 6.1).  The ET for each treatment level was 

computed using a modification of the water balance method 

described by Cuenca and Stewart (1979).  The modification 

was measurement of the 0-150 mm layer of soil and increased 

frequency of soil water measurements.  The yield component 

was the good husked ear yield (GHY), ears of acceptable 

processing size and approximately 72% kernel moisture. 

Crop-water production functions of yield vs. water applied 

and yield vs. ET and additional experimental information 

were presented by Braunworth and Mack (1986B). 

Timing of the first irrigation in both years was 

determined by estimating 50% depletion in the root zone 

using the FAO modified Penman equation. For the first 

irrigation, rooting depths were assumed to be 0-450 and 0- 

240 mm in 1984 and 1985, respectively.  The root zone used 

for scheduling subsequent irrigations in 1984 was 0-750 mm. 
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In 1985 timing of the second and third irrigations were 

based on a 0-450 mm root zone, with later irrigations using 

0-750 mm.  After the first irrigation, timing of other 

irrigations was when an average of 47% and 53% of the 

available water had been depleted in 1984 and 1985, 

respectively, as measured by the neutron meter.  Amount of 

water applied was based on measured soil water depletion in 

the root zone but occasionally included depletion below 0- 

750 mm in order to refill the root zone to field capacity. 

A weather station, set up within 50 m of the sweet 

corn experimental site, collected the following data: wind 

run (day and night), solar radiation, maximum and minimum 

temperatures, relative humidity for day and night, and 

precipitation. These data were used for calculation of ET 

by the FAO modified Penman method and both the SCS and FAO 

versions of the Blaney-Criddle method.  The FAO caculations 

and appropiate crop coefficient curve are described by 

Doorenbos and Pruitt (1977) and the SCS method of 

computation with corresponding crop coefficient curves is 

described by Burman et al. (1983). 

A sixth experimental treatment was where irrigations 

were scheduled using the modified Penman equation.  Water 

was applied to these plots when the Penman equation showed 

the cumulative ET (rainfall subtracted) to be 50% of the 

available water in the root zone.  The assumed root zones 

used for scheduling purposes were as follows:  0-450 mm for 
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the first irrigation in 1984, 0-240, 0-380 mm, and 0-580 nun 

for the first three irrigations, respectively in 1985. 

After these initial irrigations the root zone used was 0- 

750 mm for both years.  Further details are given by 

Braunworth and Mack (1986A). 

Root zones for the M PEN method were based on field 

observations, and in two cases, did not match those used 

for the NM method.  Since the neutron meter was calibrated 

to measure the 0-150 mm layer ancl then every 300 mm it was 

most reasonable to select root zones of at least 0-450 mm 

and then increments of 300 mm could be added as field 

observation dictated.  The M PEN method allows selection of 

a root zone independent of the measurement constraints 

found with the neutron meter. 

Analysis of variance and Duncan's multiple range mean 

separation tests were used for yield and ET differences in 

the RGB experiment. 
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Results and Discussion 

Figures 6.1A and 6.IB show the monthly and seasonal 

(planting to harvest) ET estimates for the FAO modified 

Penman, FAO Blaney-Criddle, and the SCS Blaney-Criddle 

methods in 1984 and 1985, respectively.  The modified 

Penman method estimated the greatest amount of ET, 405 mm 

for the 1984 season. The modified Penman monthly estimates 

of ET in June and July exceeded the Blaney Criddle methods, 

making the seasonal total greater. 

The FAO Blaney Criddle method predicted 33 mm ET in 

June while the SCS method estimated 61 mm of ET.  July 

estimates of ET for the FAO and SCS methods were similar 

(about 142 mm) while in August, 1984 the FAO method 

estimated 23 mm more than the 138 mm estimated by the SCS 

method.  The reversals in June and September nearly 

cancelled each other resulting in 373 mm total ET for the 

FAO method and 374 mm for the SCS method.  This was about 

30 mm or 7% less than the total estimated by the modified 

Penman method. 

In 1985 the modified Penman equation estimated ET from 

planting to harvest to be 452 mm, only 4 mm more than the 

FAO Blaney-Criddle method.  In contrast the SCS Blaney- 

Criddle method predicted 382 mm ET, 67 mm or 15% less than 

the FAO Blaney Criddle method, which was due to lower ET 

estimates in July and August. 

The modified Penman and FAO Blaney-Criddle methods in 

1985 estimated 47 mm and 75 mm more ET than in 1984 
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respectively.  The SCS Elaney Griddle method estimate was 

only 8 mm greater in 1985. 

Comparison of several methods of determining ET show 

varied results in the literature.  Jensen et. al (1971) 

found that ET measurements with a lysimeter were greater 

than depletion of soil water estimated by the Penman 

equation.  Although the Penman equation underestimated 

depletion, there was little negative impact on alfalfa 

production.  Hillel and Guron (1973) found that an evapora- 

tion pan had values about 15% higher than the Penman equa- 

tion for field corn.  Actual ET measured by lysimeter was 

75-80% of the seasonal potential ET estimated by the Penman 

equation.  Barrett and Skogerboe (1978) reported for field 

corn, that due to drainage, soil water balance measurements 

indicated greater ET than the Penman equation.  Long term 

studies with alfalfa reported by Burman et al. (1983) have 

shown the FAO Blaney Griddle method to be almost identical 

to lysimeter records while the SCS Blaney Criddle method 

estimated about 70% of the lysimeter measured ET.  Camp et 

al. (1985) reported the FAO Penman estimates of ET for 

field corn were about 90% of the Blaney Criddle method. 

Table 6.1 shows seasonal ET and the GHY in which ET 

values are based on water balance measurements using the 

neutron meter.  The 100% irrigation level resulted in 

yields of of 20.75 mt ha-1 in 1984 and 21.12 mt ha-1 in 

1985.  Levels of ET from the 100% irrigation level plot 
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were 481 mm and 506 mm for 1984 and 1985, respectively. 

Appendix Figures A.l through A.4 show the cumulative ET 

through the season for the gradient treatments. 

The modified Penman scheduled plots had water balance 

measured ET of 447 and 488 and yields of 20.44 and 19.92 mt 

ha-1 in 1984 and 1985, respectively.  The yields of the 

modified Penman plots were not different from those of the 

100%, 70%, and 50% irrigation treatment yield levels in 

1984.  However, the 447 mm ET of the modified Penman plots 

was less than the 481 mm ET for the 100% irrigation treat- 

ment level, but not different than the 70 and 50% treat- 

ments. In 1985 the yield and ET of the modified Penman 

plots were not different than those of the 100%, 77% or 54% 

irrigation levels. 

The ET values computed using the modified Penman 

equation were 405 mm and 452 mm for 1984 and 1985, 

respectively.  These computed values were 42 mm or 9% and 

36 mm or 7% less than the water balance method of measuring 

ET on the modified Penman plots.  These differences are 

small, pointing out the reliability of the modified Penman 

equation as a method of estimating ET. 

In general, lower water application levels resulted in 

reduced ET and lower yields in both years. The amount of ET 

which occurred with no irrigation, referred to as the basal 

ET, is shown in Table 6.1. Basal ET was 327 mm and 268 mm 

with yields of 11.45 and 10.11 mt ha"1 in 1984 and 1985, 

respectively. Basal ET's ranged from 68% to 53% of the ET 
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of the 100% irrigation treatment plots while the yields 

were 55% to 48% of this treatment. 

The foregoing results indicate that scheduling 

irrigations according to the modified Penman equation 

resulted in yields similar to those where irrigations were 

scheduled based on soil water depletion as measured by the 

neutron meter. 

Since data requirements are simpler in using the FAO 

and SCS Blaney Criddle methods, compared to the modified 

Penman equation, the yields expected in response to water 

applied if either of the Blaney Criddle methods were used 

to schedule irrigations were evaluated. 

Data in Table 6.2 demonstrate that either of the 

weather based methods of estimating ET result in near 

maximum yields.  The yields from the modified Penman and 

100% treatment are shown for comparison to the calculated 

yields if irrigations were scheduled according to the FAO 

and SCS Blaney-Criddle equations. The lack of yield reduc- 

tion with less water applied is explained by the convex 

quadratic production function between yield and water 

applied. Since it is possible to obtain near maximum yields 

with deficit irrigations the opportunity for water savings 

is obvious. 

According to data in Table 6.1 the 50% and 57% 

irrigation treatment levels had 311 mm and 386 mm of water 

applied in 1984 and 1985, respectively.  These amounts were 
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less than the amounts that would have been applied if 

either of the Blaney Criddle methods were used for 

scheduling (Table 6.2).  The yields of the 50% and 57% 

treatment levels are not significantly different than the 

100% level and thus provide a good guide for deficit 

irrigations of sweet corn.  These results could not be 

expected on soils with high sand contents or where daily 

maximum ET rates are much higher. 

The main reason the Blaney-Criddle ET estimates which 

were less than the water balance ET measurements can work 

well as as a guide for irrigation scheduling is due to soil 

water stored in the root zone.  Soil water can contribute 

to ET requirements when irrigation amounts are less than 

crop ET. At planting time in the Willamette Valley the soil 

profile is usually at field capacity providing a large 

reservoir of water for crop growth. In drier climates 

and/or sandy soils this reservoir may not be available and 

yield reductions are more likely when water applied does 

not meet ET requirements. 

The lack of differences between yields in response to 

irrigation scheduling methods has been reported by others. 

Stegman and Ness (1974) compared several irrigation 

scheduling methods which ranged from using the weather 

based Jensen-Hayes equation to simple regular supplementa- 

tion of rainfall and found that the yields were not 

significantly different between the methods.  Further, Camp 

et al. (1985) did not find significant yield differences 
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between scheduling with tensiometers and the Jensen-Haise 

equation.   In contrast Burman et al. (1983) states that 

irrigation scheduling with the SCS Blaney-Criddle method 

could result in a 20% yield reduction of alfalfa.  This 

would be due to undeiestimating the actual ET of alfalfa. 

However, this response was not verified in the field. 
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Table 6.1. Water applied (WA), evapotranspiration (ET), 
and good husked yield (GHY) for  the  gradient 
treatments  and the modified Penman scheduled 
plots in 1984 and 1985. 

1984 

Irrigation 
treatment WAZ ET GHY 

(%) (mm) (mm) ( [mt/ha) 

100 492 4 8 lay 20.75a 
70 382 443b 20.63a 
50 311 458ab 19.61a 
24 214 358c 17.12b 
0 125 327c 11.45c 

MPEN 402 447b 20.44a 

1985 

Irrigation 
treatment WAX ET GHY 

(%) (mm) (mm! > (mt/ha) 

100 599 506a 21.12a 
77 484 462a 20.15a 
57 386 494a 20.82a 
26 230 372b 16.71b 
0 99 268c 10.11c 

MPEN 467 488a 19.92a 

z Includes  125 mm of precipitation between planting and 
harvest 
y Mean  separation in columns by Duncan's multiple range 
test, 5% level. 
x Includes  99 mm of precipitation between planting and 
harvest. 



145 

Table 6.2. Evapotranspiration (ET), water applied (WA), 
and yield for four irrigation scheduling 
methods. 

1984 

ET Scheduling WA Measured or 
method computed good 

husked yield 
(mm) (mm) (mt/ha) 

100% RGB 492 481z 20.75 
Modified 402 405y 20.44 
Penman 
FAO Blaney 380x 373Y 20.67w 

Griddle 
SCS Blaney 378x 374y 20.64w 

Griddle 

1985 

ET Scheduling WA Measured or 
method computed good 

husked yield 
(mm) (mm) (mt/ha) 

100% RGB 599 506z 21.12 
Modified 467 452y 19.92 
Penman 
FAO Blaney 464x 

448y 21.29v 

Griddle 
SCS Blaney 410x 

382Y 20.93v 

Griddle 

z 
y 
X 
w 

V 

measured by water balance method 
computed from weather data 
estimated according to ET computation. 
computed from production function for 1984: 
GHY = 2.566 + 8.620E-02(WA) - 1.015E-04(WA~2); 
computed from production function for 1985: 
GHY = 3.769 + 7.305E-02(WA) - 7.607E-05(WA~2); 

R2=.93 

R2=.89 
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Figure 6.1A.  Monthly and seasonal (planting to harvest) ET 
for the FAO modified Penman (M PEN), FAO 
Blaney-Criddle (FAO BC), and SCS Blaney- 
Criddle (SCS BC) methods in 1984. 
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Figure 6.IB.  Monthly and seasonal (planting to harvest) ET 
for the FAO modified Penman (M PEN), FAO 
Blaney-Criddle (FAO BC), and SCS Blaney- 
Criddle (SCS BC) methods in 1985. 
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CHAPTER 7 

CROP WATER STRESS INDEX AS AN INDICATOR OF 

EVAPOTRANSPIRATION DEFICITS AND YIELD REDUCTIONS IN 

SWEET CORN 

Abstract 

Midday Crop Water Stress Index (CWSI) measurements after 

full ground cover was established, and hourly, diurnal CWSI 

measurements on four days, were made in sweet corn irriga- 

tion experiments in 1984 and 1985.  The gradient of water 

applied included five irrigation levels established from 0 

to 100%, with the 100% level intended to refill the root 

zone to field capacity, after 50% depletion of available 

water, at each irrigation.  Evapotranspiration (ET) was 

measured by a water balance procedure.  CWSI values, 

obtained hourly throughout the day, were highest between 

1200 and 1400 hours. CWSI values were higher in the less 

irrigated plots (40% and less) than in those which received 

greater amounts of water (57 to 100% treatment levels). 

Seasonal average CWSI values (midday measurements) were 

closely related to the seasonal ET deficit (r^ ranged from 

.45 to .96), but there was not the expected 1:1 relation- 

ship of CWSI and ET deficit.  The yield deficit of good, 

husked, ears was also closely related to CWSI (r ^ ranged 

from .82 to .93), but differences in these relationships 

between years and experiments indicate that CWSI measure- 

ments must be improved.  Degree of stress indicated by the 
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CWSI is difficult to interpret for timing of irrigations 

without a well-watered plot for comparison.  A further 

limitation for use of the CWSI for irrigation scheduling is 

the need for additional data from soil water measurements 

or weather based equations such as the modified Penman to 

determine the quantity of water application needed. 
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Introduction 

Irrigation scheduling techniques are usually based on 

measurement of soil water content or meteorological 

factors.  An approach to scheduling that considers the crop 

water status (rate of water use) should be advantageous 

since the crop is responding to both the soil and the 

aerial environment, although this would be less clear in 

the presence of diseases or other plant injuries. 

Canopy temperatures are a good indicator of plant 

water status (Bartholic, (1972), and  Ehrler (1973) 

suggested the use of foliar temperatures for irrigation 

scheduling.  Due to the large latent heat of vaporization 

of water, the evaporation of water from the leaf causes 

cooling relative to the air temperature.  When evaporation 

from the leaf surface is limited by water stress, the 

absorbed radiation is partitioned more to warming the leaf 

above air temperature, than to evaporating water. 

In earlier work by Idso et al. (1977), Jackson et al. 

(1977), and Bonanno and Mack (1983), stress degree days 

(SDD) were calculated by measurement of foliage minus air 

temperature and these were related to yield. An improvement 

of the stress degree day concept, the crop water stress 

index (CWSI), incorporated additional environmental factors 

of net radiation, vapor pressure deficit, and aerodynamic 

resistance (Jackson et al., 1981 and Idso et al., 1981). 

Jackson (1982) points out that the CWSI is theoretically 

equivalent to the ET deficit, with the ET deficit defined 
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as 1-ET/ETp, where ETp is the potential ET.  Yield 

deficits are defined as 1-Y/Ym where Y is the yield of any 

given plot and Ym is the maximum seasonal yield.  The CWSI 

was linearly related to ET and yield deficits (Idso et al., 

1981B; Diaz et al., 1983) where ET was measured by a water 

balance method.  Although these regression analyses had 

high correlation coefficients, the expected 1:1 ratio 

between ET deficits and average CWSI did not occur.  This 

points to the importance of local research over a variety 

of conditions, including planting dates and crop species, 

in order to calibrate the CWSI (Diaz et al., 1983). 

If a reliable index of crop water stress, based on 

canopy temperatures, could be developed, an immediate guide 

to when irrigations are necessary would be available. Addi- 

tionally, canopy temperature data may be a rapid, simple 

method for crop yield forecasting. 

The objectives of this study were to: 

1) test the theoretical 1:1 relationship between 

seasonal ET deficits and seasonal CWSI 

2) describe the relationship between yield deficits and CWSI. 

3) measure the CWSI of sweet corn on an hourly basis 

for several days in response to a gradient of water 

applications. 
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Materials and Methods 

Two experiments were established each year in 1984 and 

1985 on a Chehalis silty clay loam soil at the Oregon State 

University Vegetable Research Farm, Corvallis.  A gradient 

of treatments included 5 amounts of water applied for each 

experiment as shown in Table 7.1 for 1984 and 1985.  The 

experimental designs used were a line source (LS) and a 

randomized complete block (RGB), each with 4 replications 

of the water application treatments.  'Jubilee' sweet corn 

was planted May 31 and May 30, and harvested on September 

10 and September 5 in 1984 and 1985, respectively.  Plots 

were over-seeded and thinned to 61,400 plants ha--'- in 91.4 

cm rows.  Corn tassels were removed after pollination to 

facilitate measurement of canopy temperatures and improve 

water distribution from the sprinklers.  Yield of good 

husked ears (GHY) was measured at processing maturity 

(approximately 72% kernel moisture). A further description 

of the experiments is given by Braunworth and Mack (1986). 

Irrigations commenced in all plots when, in the 100% 

plots, 47% of the available water in the root zone was 

depleted.  Water applications averaged  70% and 91% of the 

amount required to refill the root zone to field capacity 

in the 100% plots for the LS and RGB experiments, 

respectively, in 1984. 

In 1985, 49% and 57% of the available water in the 

100% plots was depleted for the LS and RGB experiments 

before irrigations.  The irrigations replaced an average of 
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92% and 90% of the depleted water for the LS and RGB exper- 

iments, respectively. 

Assumed root zones varied from a minimum of 0-450 mm 

for early season irrigations to a maximum of 0-750 mm for 

the others.  This was discussed in greater detail by 

Braunworth and Mack (1986). 

A neutron meter (NM) (model 503DR Hydroprobe Moisture 

Depth Gauge, Campbell Pacific Nuclear Corp.), calibrated 

specifically for this soil, was used to measure soil water 

content, permitting computation of soil water depletion 

between measurement dates to a depth of 2250 mm.  The first 

increment for measurement was 0-150 mm while the others 

were every 300 mm.  Soil water content measurements were 

made every 2 to 4 days, and included a measurement before 

each irrigation.  Data on soil water measurements and 

amounts of water applied were used to compute evapotrans- 

piration (ET), as in the water balance method described by 

Cuenca and Stewart (1979). 

A hand-held infrared thermometer (IRT) (Telatemp 

Corp., Fullerton, Ca., Model AG-42) was used to measure 

canopy temperatures in each plot (Bonanno and Mack, 1983). 

The IRT has a field of view of 5 degrees, a sensing window 

of 10.5 to 12.5 ym, and a resolution of 0.1 C. Crop emis- 

sivity was assumed to be .97. The IRT was held 30 to 50 cm 

above the canopy at about a 20 degree angle from horizon- 

tal.  Crop row direction was north to south and foliage 
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temperatures were taken from the south end facing north. 

Two to four temperature measurements were averaged for each 

plot. Plant canopy temperatures were taken at solar noon 

(1300-1430) each day begining August 2, 1984 and July 17, 

1985, and continued until harvest. However in 1985, the 

temperatures were only taken if the sky was clear, because 

cloudy conditions caused rapid changes in the foliage and 

air temperatures resulting in less accurate CWSI values. 

Vapor pressure deficit measurements were made six times 

during daily measurement of canopy temperatures for all 

plots and the average of these six measurements was used 

for the CWSI calculation, according to Jackson (1982). 

In addition to daily, midday canopy, air temper- 

ature, and vapor pressure deficit measurements, diurnal 

CWSI measurements, taken each hour from sunrise to sunset, 

were made four times in each year on the LS experiment. 

The relationships of daily CWSI values for each plot, 

averaged for the season, and seasonal ET and yield were 

determined using regression analysis. 
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Results and Discussion 

The computation of the CWSI first requires determina- 

tion of an upper and lower base line, reflecting high water 

stress and well watered conditions, respectively.  These 

boundaries are computed using the following equation and 

are more fully discussed by Jackson (1982): 

Tf^~ Ta = [raRn/pcpl * [Y(1+ rc/ra)/( A+ Y(1+ rc/ra))] " 

t(e'a - ea)/( A + y(1 + rc/ra))] [1] 

where: 

Tj = foliage or canopy temperature ( C) 

Ta = air temperature ( C) 

ra = aerodynamic resistance (s m--*-) 

Rn = net radiation (W m *) 

p  = density of air (kg m--*) 

Cp = heat capacity of air (J kg--*- C--'-) 

Y = psychrometric constant (Pa C--'-) 

rc = canopy resistance (s m-1) 

A = slope of the saturated vapor pressure-temperature 

relation (Pa C-1) 

e^ = saturated vapor pressure (Pa) 

ea = vapor pressure of the air (Pa) 

For the upper limit, or base line, where a high water 

stressed condition exsists, r  approaches <=° .  When this 

occurs the maximum Tf - Ta occurs and equation [1] 

becomes: 

Tf ' Ta = raRn/Pcp [2] 
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When there is no water stress the plants are assumed to act 

as a free water surface and rc can be set to 0.  In this 

case equation [1] becomes the following: 

Tf - Ta = [raRn/pc /] * [Y/( A+Y )] 

- [(e'a - ea)/( A + y)] [3] 

Equation [3], a theoretical lower base line, is a linear 

relationship between T^ - T and the vapor pressure 

deficit, when Rn, ra, and air temperature are held con- 

stant. An estimate for maximum, midday Rn in the Willam- 

ette Valley is 550 W m- , while ra was assumed to be 10 s 

in~l.  The temperature used for these calculations was the 

average maximum air temperature, 26.4 C, for August, 1984 

and the average canopy temperature of 24.4 C for the 100% 

irrigation treatment plots in August, 1984.  With these 

assumptions the upper limit was 4.6 C and the equation for 

predicting the lower base line was: 

Tf - Ta = 1.178 - 3.861(e'a - ea) [4] 

where: ea is in kPa and Tf - Ta is C. 

Figure 7.1 shows the upper and lower base lines as 

discussed above with a field observation example (point B) 

of T^  - T= = -2.0 C at a vapor pressure deficit of 2.0 KPa. L. a. 

Point C is -6.5 C, representing the Tf  - T when there is 
I-      a. 

no water stress.  The corresponding highly stressed condi- 

tion is point A where Tf - T  = 4.6. ■^    a 

The CWSI is (B-C)/(A-C) = [-2.0-(-6.5)]/[4.6-(-6.5)] = .4. 

Jackson (1982), including more detail, points out the 
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CWSI is an estimate of the ET deficit as follows: 

CWSI = 1 - ET/ET [5] 

where: ET  = evapotranspiration 

ET = potential evapotranspiration 

Since the CWSI is an estimate of the ET deficit, a CWSI of 

.4 corresponds to an ET rate of .6 of the ET . 

The theoretical base lines used for computing the CWSI 

are limited because air temperature, aerodynamic resist- 

ance, and net radiation are considered constant.  Further, 

the aerodynamic resistance term is not specifically 

measured since wind speed above the crop in question is not 

often measured (Thorn and Oliver, 1977).  While these 

variables are assumed to be constant, daily CWSI measure- 

ments occur under variable conditions.  Further, the 

asssumption of the well watered crop having a canopy resis- 

tance to vapor transport (rc) of 0 s m
-1 could be chal- 

lenged.  High evaporative demands even when soil water 

content is high can cause temporary ET deficits (Hsiao, 

1983). 

The upper and lower base lines can be determined from 

field data.  Idso et. al. (1981) and Bonanno and Mack 

(1983) show these relationships for alfalfa and snap beans. 

The Tf - T predicted by the vapor pressure deficit for 

well-watered sweet corn in 1984 was as follows: 

Tf - Ta = 0.022 - 1.299 (e^ - ea) ; r2 = .30       [6] 

where: e, is in kPa and T_ - T_ is C. 

The data used for this regression were obtained daily 
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through the season from the 100% treatment plots.  When 

this lower base line was used, some observations fell below 

the lower limit making the CWSI a negative value.  The 

field data-based lower limit could have been used if the 

regression coefficient was higher and differences between 

well watered and small water deficit plots were greater. 

The advantage of the field measured lower limit is 

that it averages the variable conditions for those terms 

set to a constant for the theoretical lower limit discussed 

earlier.  The other advantage is that all measurements of 

plots with less water applied will be compared to a field- 

measured, well-watered base line, rather than a theoretical 

lower limit which may be much lower than the field- 

measured, lower limit. 

Figures 7.2-7.5 show hourly, diurnal CWSI measurements 

for the five irrigation treatment levels in the LS 

experiment in 1984 and 1985.  The two measurement dates 

were at approximately one week after silking and at the 

kernel filling stage.  Since the results from the four 

additional diurnal measurements were similar, the figures 

are shown in Appendix Figures A.5 through A.8.  Available 

water content for 0-750 mm soil horizon is also shown for 

each treatment level.  When solar radiation is near the 

maximum, at 1200-1400 hours, the CWSI values are at maximum 

values and reflect differences between irrigation treatment 

levels.   Less available water was associated with higher 
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CWSI values and corresponded with the gradient of the 

treatments. 

The CWSI values in 1984 for the non-irrigated (0%) and 

8% irrigation treatment levels were consistently highest, 

with maximum values of about .6.  Greater CWSI values 

occurred for plots at the 40% level of water applied 

compared to the 73% and 100% levels, but there were only 

small differences in the CWSI between the 73% and 100% 

treatments. Minimum midday CWSI values were about .3, 

making the CWSI range only .3 for the 5 irrigation levels. 

In 1985 the highest hourly CWSI measurements were .9 

for the 0% level, while the CWSI values at the 26% level 

were lower than at the 0% level at each measurement date 

(Figures 7.4 and 7.5).  There was very little difference in 

CWSI values between the 100%, 77% and 57% levels of water 

applied.  Minimum midday values were about .2, making a 

maximum difference between CWSI extremes of .7. 

Idso et al. (1981) measured CWSI for alfalfa grown at 

differential water levels and reported well-defined differ- 

ences between the treatments.  In contrast to our results 

on sweet corn, they showed only minor differences in CWSI 

throughout the day.  Sharratt et al. (1983) measured ET 

through the day with a portable chamber and showed curves 

similar to our CWSI curves, where ET rates were very low 

both early and late in the day.  Similarly, Idso et al. 

(1982) showed diurnal curves of CWSI which reached a maxi- 

mum at about 1400 hours for cotton.  Wanjura et al. (1984) 
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showed diurnal curves for cotton where the differences 

between irrigation treatments were obvious but hourly CWSI 

reached the highest values at 1700 hours, rather than at 

1200-1400 hours for sweet corn shown in our results. 

Figure 7.6 shows the relationship between the seasonal 

ET deficit (1- ET/ETm) and CWSI for each experiment in both 

years with a comparison to the expected 1:1 relationship. 

ETm is the maximum seasonal ET for the well-watered (100%) 

plots and was assumed equal to ETp. The slopes of all 

regression lines were significantly different than 1, 

except the 1984 LS experiment, while the intercepts of all 

the equations were significantly different than 0. The 

slopes of the 1984 and 1985 LS and 1985 RCB experiments 

were similar to each other, but the slope of the 1984 RCB 

regression analysis was different from the others.  The 

amount of unexplained variation about the line (r^) ranges 

from a high of .45, to a low of .96, which indicates that 

the CWSI can be a good indicator of ET deficit.  However, 

the CWSI is dependent on an emperical adjustment which 

would vary between years and crop species.  The relation- 

ship between ET deficit and CWSI is more meaningful when 

ETjjj is known. 

Development of a relationship nearer to 1:1 between ET 

deficit and CWSI could occur from improvements in the upper 

and lower base lines.  Recomputing the base lines each 

time the foliage temperature was measured for any experi- 
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mental plot would improve accuracy. This would require a 

more accurate measurement of the minimum midday value for 

canopy resistance to vapor transport (rc) of a non-stressed 

crop and measurement of net radiation, aerodynamic 

resistance, vapor pressure deficit, and air temperatures. 

Improved base lines would be expected to result in CWSI 

values closer to 0 for the well watered plots.  Further, 

with this correction the the relationship between ET defi- 

cit and CWSI would be nearer to 1:1. 

Jackson et al. (1977) and Diaz et al. (1983) have 

shown close relationships between ET or soil water deple- 

tion and the stress measurements based on canopy tem- 

peratures for wheat.  Jackson (1983) also indicated a close 

relationship between daily CWSI and water extracted. 

Figure 7.7 shows the yield deficit (1 - GHY/GHYm) as 

estimated by the seasonal average CWSI in which regression 

lines in 1984 and 1985 are not very similar, but 

differences between experiments within years is small.  The 

goodness of fit was high, ranging from .82 to .93.  The 

quadratic function for the RGB experiment in 1985 was 

expected since the relationship between yield and ET was 

similar (Braunworth and Mack, 1986). 

The high r2 for yield deficit vs. CWSI indicates the 

potential usefulness of remotely sensed canopy data for 

crop production estimates.  Differences between years could 

perhaps be narrowed by the improvements suggested earlier. 

There are many reports where the CWSI or stress degree 
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days (SDD) have been shown to be a good estimator of yield 

deficits.  Idso et al. (1979) and (1981) reported this for 

wheat.  Reginato (1983) found that lint cotton yield was 

linearly related to the seasonal average CWSI.  Walker and 

Hatfield (1979) reported that the sum of the SDD's was a 

good estimator of kidney bean yield, but the relationship 

was best for the period from flowering to maturity.  Idso 

et al. (1980), found the cumulative SDD's and yield to be 

closely related for a variety of crops in which yield was 

normalized for solar radiation. 

In using CWSI to schedule irrigations in western 

Oregon, it appears that there are two major limitations. 

The first is that although canopy temperatures can indicate 

stress, the degree of stress is difficult to assess with 

out comparison to a well-watered crop.  The lack of fit to 

a 1:1 relationship between ET deficit and CWSI indicates 

the importance of a well-watered plot for comparison. 

Secondly, the CWSI, while quantifying the amount of stress, 

does not indicate the amount of water required to eliminate 

stress.  This information would have to come from soil 

water measurements or ET estimates from equations such as 

the modified Penman (Doorenbos and Pruitt, 1977). 
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Table 7.1. Irrigation treatment levels and total water 
applied (WA) for the line source and randomized 
complete block experiments. 

1984z 

Random: Line Lzed 
source complete block 

Treatment    Water Treatment Water 
applied^ applied^ 

(%) (mm) (%) (mm) 

100 428 100 492 
73 345 70 382 
40 246 50 311 
8 148 24 214 
0 125 0 125 

1985 X 

100 100 604 599 
77 487 77 484 
57 385 57 386 
26 228 26 230 
0 99 0 99 

2 Includes 
harvest. 

99  mm of precipitation  from planting  to 

y % of the maximum irrigation water only. 

x Includes  125  mm of precipitation  from planting  to 
harvest. 
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Figure 7.1.    Upper and lower base lines for computing 
CWSI with sample observation point. 
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Figure 7.2.    CWSI evaluations on an hourly basis on 
August 09,  1984, with available water con- 
tent for each irrigation treatment level as 
follows:  61%, 55%, 43%, 35%, 33%, for the 
100%, 73%, 40%, 8%, and 0% treatment levels, 
respectively. 
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Figure  7.3.   CWSI evaluations on an hourly basis on Sep- 
tember 3, 1984, with available water content 
for each irrigation treatment level as fol- 
lows:  86%, 81%, 60%, 31%, 26%, for the 
100%, 73%, 40%, 8%, and 0% treatment levels, 
respectively. 
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Figure 7.4.    CWSI evaluations on an hourly basis on 
August 16,  1985, with available water con- 
tent for each irrigation treatment level as 
follows:  88%, 77%, 68%, 40%, 10%, for the 
100%, 77%, 57%, 26%, and 0% treatment 
levels, respectively. 
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Figure 7.5.    CWSI evaluations on an hourly basis on 
August 26,  1985, with available water con- 
tent for each irrigation treatment level as 
follows:  60%, 48%, 28%, 20%,  6%, for the 
100%, 77%, 57%, 26%, and 0% treatment 
levels, respectively. 
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Figure  7.6.   ET deficit measured by a water balance 
method as a function of CWSI, on a seasonal 
basis, for the LS and RGB experiments, 1984 
and 1985. 
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Figure  7.7.   Good husked yield (GHY) deficit as a 
function of CWSI for the LS and RGB experi- 
ments, 1984 and 1985. 
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CHAPTER 8 

SUMMARY AND CONCLUSIONS 

The following summary and conclusions can be made from 

the irrigation scheduling and production function experi- 

ments conducted in 1984 and 1985 on 'Jubilee' sweet corn. 

The good husked yield (GHY) did not differ 

significantly for the treatments when 50% or more of the 

water required to refill the root zone to field capacity 

was applied.  The GHY of about 21 mt ha--'- were obtained 

with a range of water applied (WA) from 311 to 492 mm in 

1984 and from 386 to 599 mm in 1985, which indicated that 

deficit irrigation could be used to save water and maintain 

yield. 

The GHY in the non-irrigated treatment ranged from 45 

to 54% lower than maximum yields of the well-watered 

treatments.  At lower WA levels there were large decreases 

in number of good ears per hectare and less weight per ear, 

as well as significant reductions in kernel cut-off. 

Crop-water production functions describing GHY as a 

function of water applied and evapotranspiration (ET) were 

convex, quadratic except for the GHY vs. ET for the 1985 

line source (LS) experiment which was linear.  Combining 

data from both experiments allowed development of a family 

of production functions where four yield parameters, total 

unhusked yield (TUY), good husked yield (GHY), kernel yield 

(KY) and total dry matter yield (TDM) were predicted from 
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WA and ET.  All of these production functions were best 

described by a convex, quadratic equation.  Differences 

between years in relative good husked yield (RGHY) vs. 

relative ET (RET) functions were due to the ET of the non- 

irrigated plots, shifting the intercept of the functions. 

Functions also indicated that maximum RTUY and near maximum 

ET could be obtained at 83% of the maximum water applied. 

Periodic sampling of the total plant yield and ET in 

1985 showed the 15 day pollination period from 7/19 to 8/03 

was most significant in determination of seasonal yields. 

The ET during 8/03 to 9/05, the latest portion of the 

season, did not significantly contribute in prediction of 

seasonal yield.  This is an indication of why the functions 

of the various yield parameters vs. ET are convex 

quadratics. 

Maximum water use efficiency (WUE), defined as TUY in 

kg ha--*- mm--'- of ET, occurred between 407 and 418 mm of ET 

which corresponded to about 313 mm WA.  Irrigation to 

achieve maximum WUE would result in a predicted 10% reduc- 

tion in TUY.  Where irrigation water is limited, there is a 

need for clear water use goals in relation to WUE. 

When irrigation scheduling using weather-based equa- 

tions for estimating ET and by growth stages (GS) were 

compared to direct measurement of soil water depletion 

using a neutron meter (NM), the NM method resulted in 11 

and 16% more ET in 1985 and 1984, respectively, than was 
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predicted by the FAO modified Penman equation.  The 

modified Penman equation estimated from 0 up to 15% more ET 

than the SCS and FAO Blaney-Criddle methods.  Water applied 

for the NM method was significantly greater than the other 

scheduling methods due to the higher estimates of ET. 

Although some of the yield components of the GS method were 

less than the yields of the NM method, most other 

differences in yield between scheduling methods were not 

significant.  It would appear that since yield and quality 

differences were minor, irrigation scheduling by any of 

these methods would be satisfactory. 

A crop water stress index (CWSI) based on canopy 

temperatures, measured each midday, and averaged for the 

season, closely predicted the seasonal ET deficit. 

However, there was not the expected 1:1 relationship 

between CWSI and ET deficit.  The yield deficit of GHY was 

also closely related to seasonal CWSI.  From several 

diurnal measurements of CWSI, it was found that maximum 

CWSI values were obtained between 1200 and 1400 hours and 

that values were higher in non-irrigated plots than in 

well-watered plots.  Although the CWSI can indicate 

differences in water stress between irrigation treatment 

levels in sweet corn, interpretation of these values for 

timing of irrigations is difficult and there is a need for 

additional data to determine the proper amount of irriga- 

tion water to apply. 
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Figure A.l    Cumulative ET for the gradient treatments of 
the line source experiment, 1984. 
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Figure A.2     Cumulative ET for the gradient treatments of 
the line source experiment, 1985. 
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Figure A.3     Cumulative ET for the gradient treatments of 
the randomized complete block experiment, 
1984. 
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Figure A.4     Cumulative ET for the gradient treatments of 
the randomized complete block experiment, 
1985. 
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Figure A.5.    CWSI evaluations on an hourly basis on 
August 07,  1984, with available water con- 
tent for each irrigation treatment level as 
follows: 68%, 79%, 52%, 40%, 38%, for the 
100%, 73%, 40%, 8%, and 0% treatment levels, 
respectively. 
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Figure A. 6.    CWSI evaluations on an hourly basis on 
August 17,  1984, with available water con- 
tent for each irrigation treatment level as 
follows:  85%, 80%, 68%, 37%, 31%, for the 
100%, 73%, 40%, 8%, and 0% treatment levels, 
respectively. 
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Figure A.7.    CWSI evaluations on an hourly basis on 
August 09,  1985, with available water con- 
tent for each irrigation treatment level as 
follows:  68%, 55%, 39%, 39%, 14%, for the 
100%, 77%, 57%, 26%, and 0% treatment 
levels, respectively. 
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Figure A.8.    CWSI evaluations on an hourly basis on 
August 17,  1985, with available water con- 
tent for each irrigation treatment level as 
follows:  83%, 71%, 53%, 34%, 10%, for the 
100%, 77%, 57%, 26%, and 0% treatment 
levels, respectively. 
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