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ABSTRACT 

A study of the effects of different water and 

nitrogen fertilizer levels on the crop water stress index of 

cotton was conducted in a drip irrigated cotton field at 

Maricopa, Arizona. Determination of the relationships among 

the CWSI , soil moisture deficiency, crop yield, and plant 

height were included in this research also. The analysis of 

variance showed significant effects of the different water 

treatments on the crop water stress index; however, the 

different fertilizer treatments had no effect on that index. 

The good correlation obtained between the crop water stress 

index and soil moisture deficiency suggested the use of the 

CWSI as a tool for scheduling irrigation. Finally, it was 

also demonstrated that the parameters crop yield and final 

plant height were highly correlated with the crop water 

stress index of cotton. 



INTRODUCTION 

A hard task for researchers has been to ac-curately 

determine when and how much water to apply in the irrigation 

of a certain crop. In the southwestern United States, the 

cost of irrigation water is increasing rapidly because of 

increased demand and increasing energy costs. 

Advances in infrared thermometry have resulted in 

the development of new methods of water management which 

seem to obtain the greatest benefits from the water used. 

The crop water stress index is one of these developments. 

This index, together with soil moisture measurements, seems 

to be a good tool to predict when and how much water to 

apply in the irrigation of a certain crop (Reginato, 1983; 

Idso et al., 1982a; Pinter and Reginato, 1982). In 

addition, the crop water stress index has been suggested as 

a technique to predict crop yield (Reginato, 1983; Diaz et 

al., 1983). Finally, this index has been shown to be 

independent of daily and seasonal variations in air 

temperature and humidity, daily and seasonal variations in 

net and solar radiation (as long as clouds do not obscure 

the sun), wind speed, and crop variety (if there are not 

large morphological differences among the varieties of that 

specie) (Idso et al., 1984). 

1  



OBJECTIVES OF THE STUDY 

During recent years the crop water stress index has 

been studied extensively to find specific relationships 

among it and plant stress parameters such as leaf water 

potential, leaf stomatal conductance, leaf diffusion resis

tance and photosynthesis. Relationships among the CWSI, 

soil moisture, and crop yield, as well as the use of the 

crop water stress index as a tool for scheduling irrigations 

have been studied also. 

This research had the following objectives: 

1. Determine the effects of different water and 

nitrogen fertilizer levels on the crop water stress 

index of cotton. 

2. Determination of the relationship between the CWSI 

and : 

a. soil moisture deficiency, 

b. crop yield, and 

c. plant height. 

2 



LITERATURE REVIEW 

A key aspect of irrigation science is when and how 

much water to apply; in other words, irrigation scheduling. 

Jackson (1982) classified irrigation scheduling techniques 

into three categories: soil based, meteorologically based, 

and plant based. An example of a soil based technique is 

the monitoring of soil water content within a field. 

Knowing the "field capacity" and the "wilting point" of the 

field soil, soil water content information allows estimation 

of the amount of water lost in evapotranspiration and 

drainage below the root zone. When the soil water content 

falls to a certain value, the amount required to bring the 

soil profile back to field capacity is to be added by 

irrigation. The use of gravimetric samples to determine the 

weight of water in a sample and of neutron moisture meter 

are two examples of soil based techniques to monitor soil 

moisture content in a field. 

Parameters such as air temperature, net radiation, 

vapor pressure, and wind speed were examples of meteoro

logical methods (Jensen and Haise, 1963; Heerman et al. , 

1976; Jensen and Wright, 1978; Wright and Jensen, 1978). 

3 
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The needs of irrigation based on evapotranspirati on values 

could be determined using those methods. 

Plant based methods included the use of pressure 

bomb and the leaf diffusion porometer (Scholander et al., 

1965; Kanemasu, 1975). One disadvantage of those methods 

was that the measurements needed to be made on individual 

plant parts such as leaves and petioles. In addition, other 

parameters such as the stress day index (SDI) (Hiler and 

Clark, 1971; Hiler et al., 1974) were based on plant stress 

responses. Moreover, Stegman et al. (1976) studied the 

relationship betwen ambient air temperature, xylem pressure 

of leaves, and the available soil moisture. In other 

words, he related soil, meteorological and plant factors. 

Leaf temperature was found to be a good indicator of stress 

if the vapor pressure effects were accounted for (Ehrler, 

1973). 

Plants respond to their aerial and soil environment; 

therefore, plant based methods appear to be superior to soil 

and meteorologically based methods. However, plant based 

methods are time-consuming because the measurements must be 

made on individual plant parts and many samples must be 

taken in order to characterize a field. 

In the past few years, the advances in IR 

thermometry have permitted scanning a large number of plants 

rapidly. Canopy temperatures instead of individual leaves 
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can be measured using IR thermometers. Therefore, a field 

can be characterized in a short period of time (Jackson, 

1982). 

This review of literature progresses from the 

studies of some indices that have characterized water stress 

of plants using IR thermometry to the development of the 

crop water stress index. In addition, some relationships of 

the CWSI with other plant stress parameters, soil moisture, 

nitrogen fertilizer, and crop yield are studied. Finally, 

the use of the CWSI as a tool for scheduling irrigation is 

also presented. 

The Stress Degree Day 

One of the first indices developed in the last few 

years was the stress degree day (SDD). It was defined by 

Jackson et al. (1977) as the plant canopy temperature T^ 

minus the air temperature Tg 150 cm above the soil, summed 

over N days beginning at day i. In equation form the SDD 

was: 

SDD = (T - T )n (1) 
c a 

Although this equation gives a general indication of 

when irrigation could be needed, it was not a quantitative 

indicator. Jackson et al. (1977) assumed that a plant had 

adequate water supply when T - T was near to zero or 
C 3 

negative and plant was stressed when T^ - T^ was greater 
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than zero. Thus, the sum of the positive values of T - T 
C 3 

might serve as an index of when to irrigate. In addition, 

Jackson et al. (1977) used a SDD value of 10 as an index for 

the time to irrigate, showing that irrigation scheduling 

would be possible based on remotely sensed plant canopy 

temperature. 

Idso et al. (1977) showed that under the arid 

climatic conditions of Phoenix, Arizona, yields would be 

reduced if the SDD became positive. In addition, Idsp et 

al. (1977) and Jackson et al. (1977) showed that canopy 

temperature data could be used to determine crop water 

stress. To do that, they used several wheat plots that 

received different amounts of irrigation water and plotted 

the cumulative SDD from heading to maturity as a function of 

time . 

Walker and Hatfield (1979) suggested the use of SDD 

as a tool for scheduling irrigation. They concluded that 

the SDD was representative of the effect of water stress on 

yield. Moreover, Geiser et al. (1982) scheduled irrigation 

combining T - T with net radiation and vapor pressure 
C 3 

data. Comparing several methods of scheduling irrigation, 

they found that the temperature method gave better results. 

The Temperature Stress Day 

The Temperature Stress Day was defined by Gardner et 

al. (1981b) as the seasonal accumulation of the daily 
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mid-day temperature differences between well-watered and 

stressed crops. They concluded that crop temperatures 

provided a sensitive indicator of sorghum water stress and 

could be used "to evaluate the efficiency of various 

irrigation scheduling techniques. In addition, they showed 

that a TSD greater than 0.5°C indicated a need for 

irrigation of the stressed plot. This demonstrated that the 

TSD could be used as a viable irrigation scheduling 

technique. In the same paper, Gardner et al . (1981b) found 

a quadratic relationship between the TSD and maximum grain 

yield for two sorghum hybrids and concluded that this index 

could be used to predict yield in sorghum. 

Using irrigated corn, Gardner et al . (1981a) found 

that the average midday difference in canopy temperatures 

between stressed and nonstressed area was as large as 7°C. 

The standard deviation was about 0.3°C in the fully 

irrigated plot but in nonirrigated areas it reached 4.2°C. 

Therefore, they suggested that crop temperature and standard 

deviation of midday canopy temperature of a well-watered 

plot could be used to evaluate various methods to schedule 

irrigations. In that research, they suggested a value of 

standard deviation above 0.3°C indicated a need for 

irrigation, showing that TSD could be used to schedule 

irrigations in corn. 
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The Canopy Temperature Variability 

Another temperature based index was the canopy 

temperature variability (CTV). It was defined by Clawson 

and Blad (1982) as the range (maximum-minimum) in canopy 

temperature within a plot during a particular measurement 

period using an IR thermometer. They suggested a value 

exceeding 0.7°C indicated a need for irrigation. 

Although the three indices (the SDD, the TSD and the 

CTV) have worked well in tests with a variety of irrigated 

crops in some areas, they have their shortcomings. For 

example, the CTV may be influenced by the degree of 

variability of soil properties inherent within a field 

(Jackson, 1982). In addition, the TSD requires a reference 

plot that is nonstressed to be in close proximity to the 

field in question. Finally, the SDD has had its variations 

in results from site to site because of differences in 

environmental conditions. However, the three indices have 

shown that canopy temperatures can be used to predict the 

needs of some crops for irrigation and those indices seem to 

be related to crop yield also. 

Development of the CWSI 

Because of the shortcomings of the three indices 

discussed previously (the SDD, the TSD, and the CTV), a new 

index was developed. This index is not influenced by 

environmental variability, not influenced by the degree of 
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variability of soil properties, and does not require a 

reference wetted plot. The new index was called the crop 

water stress index (CWSI) which was experimentally developed 

by Idso et al. (1981a) and theoretically developed by 

Jackson et al. (1981). 

Theoretical Basis of the CWSI 

Jackson et al. (1981) defined theoretical limits for 

the canopy-air temperature difference as related to the 

vapor pressure deficit. In other words, they reviewed 

energy balance considerations to show how Tc - Ta was 

related to VPD and net radiation. Using the Penman-Monteith 

equation (Monteith, 1973), Jackson et al. (1981) defined the 

CWSI as: 

CWSI = 1 - (E /E ) (2) 

P 

in which ET is the actual evapotranspiration and E„ is the 
1 ip 

potential evapotranspiration. Jackson (1982) used a Penman 

equation wind function developed by Thorn and Oliver (1977) 

to incorporate the wind factor in the determination of the 

CWSI . 

Experimental Basis of the CWSI 

Idso et al. (1981a) experimentally found a tempera

ture based index which was similar to the CWSI developed by 

Jackson et al . (1981). The index itself grew out of the 
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more basic discovery that for terrestrial plants exposed to 

the full sun and well supplied with water (so that they 

transpired at the maximum rate possible under the given 

meteorological conditions, i.e., at the potential rate), a 

plot of foliage-air temperature differential (Tp - ) 

versus air vapor presure deficit (VPD) yielded a unique crop 

specific straight line over the greater portion of the 

daylight period, that is, from about 2-3 hours after sunrise 

to 2-3 hours before sunset. This non-stressed baseline was 

independent of environmental variability except cloud cover 

(Id so, 1982). 

Now in all the plants investigated to date, this 

non-water-stressed baseline exhibits a small to moderate 

positive zero intercept (the a of Figure 1). This implies 

that if the VPD were reduced to zero by completely saturat

ing the atmosphere, there would still be a positive flux of 

water vapor from the foliage to the air. This occurs 

because the saturated vapor density at the temperature of 

the foliage would be greater than the saturated vapor 

density at the lower temperature of the air. Thus even 

under conditions of 100% relative humidity, there would 

still be a small transpiration flux. 

To determine what temperature the foliage would rise 

to in the limit that obtains when transpiration is reduced 

to zero, it is thus necessary to conceptually destroy this 
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Figure 1. The general form of the relationship between 
foliage air temperature differential (Tp - ) 
and air vapor pressure deficit (VPD) (from Idso 

et al., 1982a) . 
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Figure 2. Leaf-air temperature difference as a function of 
vapor pressure deficit for non-stressed cotton 
plants (from Pinter and Reginato, 1982). 
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foliage to air vapor pressure gradient (VPG) that exists at 

the point of atmospheric saturation. One way to do this is 

to allow the atmosphere to become supersaturated, that is, 

to let the air VPD become negative and equal in absolute 

magnitude to the foliage to air VPG described above. This 

is done by extending the non-water-stressed baseline into 

the negative VPD region, as shown in Figure 1. 

With the upper and lower Tp - T^ limits thus defined 

for conditions of zero and maximum transpiration, the plant 

water stress index for a set of data that locates the 

foliage-air temperature differential at point P in Figure 1 

is defined as the ratio of the vertical distances, c/d (Idso 

et al . , 1982a). A numerical example was given by Pinter and 

Reginato (1982). They considered a certain point (called A 

in Figure 2) which represented a leaf temperature of 37°C at 

a TA of 40°C and a VPD of 5.0 KP^ . Using a non-water 

stressed baseline equation of Tp - T^ = 1.71 - 1.90 (VPD), 

they found that if plants had sufficient water to transpire, 

the T„ - T. should have been -7.8°C. In addition, with the 
F A 

upper baseline at Tp - T^ = 3°C, the range total over which 

Tp - T^ could vary due to water stress would be +3°C -

(-7.8°C) = 10.8°C. Because point A had a Tp - T^ = -3°C (in 

other words, 37°C - 40°C = -3°C), the range for point A 

would be -3°C - (-7.8°C) = 4.8°C and the CWSI would be the 

ratio 4.8/10.8 or equal to 0.44. 
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Relationship of the CWSI to Other 
Plant and Soil Parameters 

CWSI and Leaf Water Potential 

Reginato (1983) showed that as the CWSI increased 

the leaf water potential decreased. He used a procedure de

scribed by Idso et al. (1981b) to evaluate the soil-induced 

leaf water potential. In additon, Pinter and Re-ginato 

(1982) found that when the CWSI was combined with the age of 

the crop and the evaporative demand of the atmosphere, the 

leaf water potential of cotton could be predicted throughout 

the entire growing season. 

CWSI and Leaf Stomatal Conductance 

Reginato (1983) showed that the leaf stomatal 

conductance had a slight tendency for a midday maximum 

similar to the non-water-stressed baseline of Tp - versus 

VPD. He concluded that as the CWSI increased, so the leaf 

stomatal conductance decreased. 

CWSI and Leaf Diffusion Resistance 

Idso et al . (1982b) found a relationship between 

leaf diffusion resistance and the CWSI in cotton. They 

concluded that the leaf diffusion resistance values 

increased with increasing values of CWSI. 
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CWSI and Photosynthesis 

Idso et al . ( 1982b) showed that the relationship 

between CWSI and net photosynthesis could be considered 

linear. They found that the photosynthesis was suppressed 

completely when the CWSI reached a value of unity and the 

relationship also implied that any water stress sufficient 

to reduce transpiration below the potential rate was 

sufficient to reduce photosynthesis. 

The CWSI and Soil Moisture 

Jackson et al. (1981) graphed the relationship 

between the CWSI and soil moisture using CWSI and extract-

able water used for differently irrigated wheat plots. From 

those graphs, they suggested that the relationship between 

these two parameters was not unique for two main reasons. 

First, they observed that the CWSI and extractable water 

used increased with time. However, the extractable water 

used dropped to a minimum following an irrigation and the 

CWSI values did not drop to a minimum following an 

irrigation. Instead, the CWSI required 5-6 days to reach a 

minimum after an irrigation. Second, the values of the CWSI 

for an irrigation did not coincide with the values of the 

CWSI of a prior irrigation. However, the relationship 

between both parameters (the CWSI and soil moisture) could 

be considered unique if factors such as development of new 

root hairs, degree of stress experienced by the plants, 
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changes in rooting volume with time due to plant growth, 

location of available water, plant senescence, spatial 

variability of soil, and variations between intra and/or 

interspecies were taken into account. 

The CWSI and Nitrogen Fertilizer 

There are no reported papers which show specific 

relationships between the CWSI and nitrogen fertilizer. 

However, many studies report that nitrogen nutrition exerts 

complex effects on cotton plant water relations. Hearn 

(1975) and Crowther (1934) found significant interactions of 

nitrogen and water on plant cotton yield. Frota and Tucker 

(1978) found that the water absorption and the absorption 

rates of ammonium and nitrate were reduced in plants 

subjected to salt and water stress. 

Radin et al. ( 1985) found that N fertilizer 

increased seed cotton yield much more in fully irrigated 

plots than in water stressed plots. Moreover, they found 

that the water use efficiency (WUE) increased much more in 

fully irrigated plots with applied nitrogen than in water 

stressed plots without addition of nitrogen. 

In spite of those results, many researchers agree 

that the effects of nitrogen on stress or water use are very 

complex and no one has a satisfactory answer to those 

effects. Therefore, it is very difficult to give explicit 

conclusions about the N effects on stress, and much research 
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has to be done to achieve satisfactory responses to that 

problem. 

The CWSI and Plant Yield 

Reginato (1983) conducted an experiment in the south 

San Joaquin Valley at West Lake Farms, Stratford, 

California. Two replicates of five different irrigation 

treatments for cotton were studied. Using yield data and 

seasonal average crop water stress index data, he fitted (as 

first aproximation) a linear relationship between those two 

parameters. Reginato (1983) suggested the relationship 

should be linear because the final yield was a result of the 

stress the crop undergoes during critical stages of its 

growth. However, he suggested that more data were necessary 

to better define the nature of the relationship. 

Hinks et al. (1983) conducted an experiment in 

Phoenix, Arizona using different irrigation treatments for 

wheat. A mathematical model and computer program that 

monitored crop water stress index were developed for the 

purpose of optimizing irrigation scheduling and projecting 

optimal crop yield. Preliminary computer runs showed that 

the assumption of a linear relationship between the CWSI and 

grain yield was correct. In other words, the relation 

between crop yield and the CWSI proved to be linear again. 

Diaz et al. (1983) used different irrigated wheat 

plots to determine a relationship between seasonal crop 
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water stress index and grain yield. They indicated that 

seasonal mean CWSI may prove to be a useful parameter for 

assessing yield due to water stress. 

Howell et al . (1984) determined a linear relation

ship between lint yield and mean CWSI (mean average) for 

cotton (Gossypium hirsutum L. cv . Acala SJ-2) which had 

different water treatments and different irrigation methods 

(furrow and trickle). Moreover, they developed relation

ships for narrow rows (0.5 m row) and conventional row 

cotton (1.0 m row) and found that at low to moderate water 

stress, narrow-row cotton yielded more than conventional row 

cotton for equal CWSI. However, when the CWSI is severe, 

narrow-row cotton yields were less than conventional row 

cotton. Finally, they concluded that the CWSI and lint 

yield for cotton were related linearly and inversely. 

Garrot (1984) used different irrigated guayule plots 

to determine a linear relationship between mean seasonal 

CWSI and rubber yield. He found that both parameters were 

well and inversely correlated. 

The CWSI as a Tool for Scheduling Irrigations 

The advances in IR thermometry have permitted 

surveying a great number of plants in a short period of time 

in order to determine plant canopy temperatures. 

Furthermore, hand-held psychrometers are very useful to 

determine wet and dry bulb temperatures to calculate the 
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vapor pressure deficit. Those two parameters permit us to 

build a non-water-stressed baseline which is the origin 

point to calculate the CWSI . However, we can ask the 

following question: is the CWSI a tool for scheduling 

irrigation? 

Many studies have been conducted to answer that 

question. For example, Idso et al. (1982a) evaluated the 

effects of an irrigation event on the CWSI. They showed a 

graphic representation of the variation of the CWSI (for 

mildly and moderately stressed cotton) with time, preceding 

and following irrigation events. They suggested that the 

recovery of the plants was complete for each treatment 

before the day was out. In other words, the CWSI returned 

to its minimum value before the day was out following an 

irrigation. Therefore, Idso et al. (1982a) suggested this 

index as an irrigation scheduling tool. However, they did 

not show any specific value for the CWSI that indicated when 

to irrigate. 

Using the review made by Pinter (1982), Jackson 

et al. (1980), and the data obtained by Jackson and Pinter 

(1981) in differently irrigated wheat plots, Jackson (1982) 

made some suggestions about the CWSI values that would 

determine when to irrigate. He showed that if the CWSI 

became greater than 0.3, a reduction in growth was imminent. 

If it reached 0.5, net growth would cease and may decrease. 
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Therefore, he suggested irrigations should be given when the 

CWSI was within the range 0.3-0.5, the precise value being 

determined by water availability and other management 

factors. 

Pinter and Reginato (1982) suggested the use of IR 

thermometry for scheduling irrigation. Furthermore, they 

discussed the advantages of that technique compared to the 

tedious and time-consuming pressure bomb technique. 

However, Pinter and Reginato did not give any specific 

values for the CWSI as an irrigation scheduling tool. 

Reginato (1983) suggested the use of the CWSI as a 

tool for scheduling irrigations. Using seasonal trends of 

the CWSI for one irrigation treatment for cotton growing in 

California during 1981, he showed the variations of the CWSI 

with respect to time following an irrigation. However, 

Reginato (1983) did not define a specific CWSI value which 

would indicate when to irrigate. 

Hinks et al. (1983) presented a mathematical model 

and computer program that could monitor CWSI from germina

tion to harvest for the purpose of optimizing irrigation 

scheduling. A detailed analysis of data collected from 

experimental plots of wheat grown in Phoenix, Arizona were 

used to evolve the mathematical model and computer program. 

Preliminary computer runs indicated that the program could 

solve some problems such as the number of irrigations 
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required, volume of water applied at each irrigation, and 

the time within the growing season that the crop would be 

irrigated. However, they recommended further development of 

the computer program before the technique can be applied to 

realistic irrigation scheduling problems. In other words, 

the model needed to be improved before it could be used in 

practical applications. 

Garrot (1984) conducted an experiment in Tucson, 

Arizona using different irrigation treatments for guayule. 

He found that the parameters CWSI and soil moisture deficits 

were highly correlated, and Garrot (1984) concluded that the 

CWSI could be used accurately to determine soil moisture 

deficits and when to irrigate. 



MATERIALS AND METHODS 

This experiment was conducted during the summer of 

1984 at the University of Arizona's Maricopa Agricultural 

Center, Maricopa, Arizona. Cotton (Gossypium hirsutum L. 

cv. Deltapine 62) was planted on beds 1 m apart and 

irrigated by a buried drip system that had 14 mil perforated 

tubing with outlets every 30 cm and delivered 114 liters per 

hour/30.5 m. The cotton was grown on a sodic saline soil of 

the series Casa Grande sandy clay loam. This soil is in the 

fine-loamy, mixed, hyperthermic Typic Natragids family 

(Post, personal commmunication, 1985). 

Three water treatments and six fertilizer levels 

replicated in three blocks were randomly selected and 

applied on 54 plots of 17.7 m x 5.1 m (Figure 3). 

The water treatments were defined in accordance with 

the curve for mean consumptive use for cotton presented by 

Erie et al. (1965) (Figure 4). Those water treatments were: 

Water Level I: 60% of the mean consumptive use require'd 

for the respective date. 

Water Level II: 90% of the mean consumptive use 

required for the respective date. 
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SEASONAL 
SOIL MOISTURE DEPLETION 
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Figure 4. Mean consumptive use of cotton 
Arizona, 1954—62 (from Erie et 

at Mesa and Tempe, 

al., 1965). 
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Water Level III: 120% of the mean consumptive use 

required for the respective date. 

The total depths of water applied during the season 

were approximately 70, 95, and 122 cm for water treatments 

I, II and III, respectively. Figure 5 shows the accumulated 

depths of water applied with time after planting and per 

water treatment. 

Table 1 describes the date and amount of N fertili

zer treatments applied during the experiment. In addition, 

it describes the plant growth stage by date of application. 

Determination of the CWSI 

On days 71, 74, 11, 91, 94, 98, 105, 115, 129, 136, 

143, and 150 after planting, measurements of foliage, air 

wet and dry bulb temperatures were made from 1100 to 1300 hr 

on all the plots in the experimental field. 

Canopy temperatures were made with an infrared 

thermometer and the measurements were obtained by viewing 

the crop (looking down the row) from the east and from the 

west and averaging three readings from each direction (six 

readings in total). 

Air wet and dry bulb temperature measurements were 

made with a portable aspirated psychrometer situated about 

one meter above crop canopy and at the intersection point of 
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Table 1. Nitrogen treatments for each three-week period. 

Treatment (Amount N Applied, kg/ha) 

Plant Growth Stage 1 2 3 4 5 6 

Late vegetative to 
first flower 28 28 56 56 112 
(May 28-June 18) 

First flower to 
heavy flowering 28 56 56 112 112 
(June 18-July 9) 

Peak flower to 
late flower 28 28 56 56 112 
(July 9-July 30) 

Late flower to 
large bolls 28 0 56 0 112 
(July 30-August 20) 

Total N Applied 112 112 224 224 448 
(kg/ha) 
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the chosen plots. These measurements were used to calculate 

the vapor pressure deficits. 

The non-water-stressed baseline for cotton grown in 

Phoenix, Arizona presented by Reginato (1983) and Idso 

et al. (1982a) was used in this study. It was based on the 

conclusion by Idso et al. (1984) which stated that a single 

baseline was found to adequately describe the data for seven 

wheat varieties, and Howell et al. (1984), who reported that 

a non-water-stressed baseline appeared applicable over a 

wide growing region of cotton. (We did not check the 

non-water-stressed baseline, but we assumed that it was the 

same for Phoenix and Maricopa.) 

The equation which described the lower baseline was: 

Y = 2.0 - 2.24X (3) 

where 

Y = canopy-air temperature differential (°C) 

X = air vapor pressure deficit (KPa) 

In order to calculate the upper limit or upper 

baseline, or the T,., - T, differential where there is no 
F A 

transpiration, the procedure presented by Idso et al. 

(1982a) was used. 

The measurements of. canopy, air and wet bulb 

temperatures were loaded on a computer program which 

calculated the unadjusted CWSI, the adjusted CWSI, the 
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canopy-air-temperature differential, the vapor pressure 

deficit, the supersaturated vapor pressure, and the relative 

humidity for each plot. 

Determination of Soil Moisture Content 
and Soil Moisture Deficiency 

To determine soil moisture content, a neutron probe 

calibration equation was derived from the correlation 

between gravimetric samples and neutron probe readings for 

the experimental field. That equation was: 

Y = 0.41 + 1.85X (4) 

where 

Y = volumetric water content (in/ft) 

X = count/standard ratio 

On randomly selected plots (24 access tubes, 1 tube 

for each plot) that were representative of the three water 

levels, measurements with a neutron probe were obtained for 

a total soil depth of 120 cm at 30 cm increments. These 

readings were made twice a week from days 49 to 150 after 

planting. 

Tensiometer measurements were obtained on selected 

plots (12 tensiometers) for the three water treatments and 

for soil depths of 30 and 60 cm. These readings were made 

twice a week from days 64 to 119 after planting. 
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Using Equation A, the neutron probe readings were 

transformed to volumetric water content. The equation was 

checked by comparing the neutron probe readings with water 

content obtained from gravimetric samples periodically. 

The water stored in only the top 60 cm was used to 

make the average water content stored in the soil per water 

treatment and per date. The reasons for using the top 60 cm 

of soil were that: first, we considered that the great 

portion of the effective or active root zone of the cotton 

plants was located in the top 60 cm of soil; and second, 

during the entire experiment, the volumetric water content 

changes in the 90 and 120 cm soil depths were small. 

Field capacity for the field was determined to be 11 

cm of water in the top 60 cm of soil using the data obtained 

by Santos (1985). He measured the water content in nine 

points of a furrow irrigated field adjacent to our drip 

irrigated plots. The measurements were made at a depth of 

180 cm (at increments of 30 cm); however, only the data for 

the top 60 cm of soil were used. The average soil moisture 

content for the top 60 cm of soil of the nine points was 

considered the field capacity for our research. 

Finally, the soil moisture deficiency was calculated 

using the average soil moisture content values of our plots 

obtained per water treatment and per date, and subtracting 

them from the field capacity value. 
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Determination of Plant Yield 

Two rows per each plot were harvested in by a 

double-row picker. The seed cotton was put in bags and 

weighed. Cotton seed yield was obtained per plot, and the 

values presented as seed cotton yield in kg/ha. 

Determination of Plant Height 

On plots chosen to determine soil moisture content 

and on the same row where the access tubes were located, the 

height of ten plants was measured and the average height 

from the ten plants was obtained. These measurements were 

made once a week from day 59 to day 108 (after planting) 

when no more growth was observed. 



RESULTS AND DISCUSSION 

Effects of Different Water and Fertilizer 
Levels on the CWSI of Cotton 

A two-way classification analysis of variance 

(Appendix A) was performed on the mean seasonal CWSI values 

per water and nitrogen fertilizer treatments (Table 2). For 

this research, only the water treatments showed significant 

differences with respect to the CWSI. Fertilizer levels did 

not affect the CWSI of cotton. This lack of effects seem to 

be explained by the fact that there was enough soil nitrogen 

present to grow the cotton without further addition of 

fertilizer. That assumption was based on the comparison 

between a soil analysis made for NOg-N (Table 3) and the 

values suggested by Ray et al. (1964) (Table 4). After 

comparing both values, the soil where the experiment was 

performed had enough NO^-N to grow the crop; therefore, any 

additional fertilizer would not affect the crop. Another 

assumption could be that N does not cause plant stress. 

The lack of interaction between the water and 

fertilizer treatments is shown in Figure 6. As it can be 

seen, regardless of the nitrogen fertilizer level 

considered, the three lines which represent the CWSI values 

for the different water levels show no change with 

fertilizer application. 
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Table 2. Mean seasonal CWSI per water and N fertilizer 
treatment. 

Water Level 

N Fertilizer Level I II III 

1 0. 36 0.21 0. 14 

2 0. 36 0. 22 0.13 

3 0.38 0.22 0.12 

4 0. 40 0. 25 0. 13 

5 0.42 0. 23 0.15 

6 0.41 0.21 0.11 

Mean 0. 39 0. 22 0.13 

Standard Deviation 0. 03 0. 02 0. 01 
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Table 3. Initial soil NO^-N value (ppm).* 

Sample Depth (m) 

Location 0.00-0.31 0.31-0.61 0.61-0.91 0.91-1.22 

AI6 21, . 0 9.0 5. 2 3. 5 

All 6 21. , 9 6.3 5. 9 7. 3 

AIII6 20. , 7 10.0 8. 2 9. 1 

BI6 20, . 7 12.3 8. 4 7. 0 

BII6 16, .6 8.4 4. 8 2 . 1 

BIII6 21. , 0 10.6 8. 1 6. 7 

CI 6 23 , .1 3.9 4. 6 6. 7 

CII6 23. , 5 7.5 6. 2 5. 0 

CIII6 17. ,9 9.5 6. 7 6. 2 

Mean 20 , , 7 8.6 6. 5 6. 0 

* Samples taken 35 days after planting. 
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Table 4. Relation of initial soil nitrate level to early 
season nitrogen needs of cotton. 

Soil Nitrate Stage of Growth at Which Nitrogen Fertilizer 
ppra NOg May be Needed 

0-10 As soon after planting as practical 

10-20 By 6 leaf to square stage 

20-30 By time of first flower 

30+ Use petiole test to determine needs 
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Figure 6. Mean seasonal CWSI for the three water treatments 
and fertilizer levels. 
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The CWSI for the different water treatments can be 

seen in Figure 7. This figure shows that the greatest CWSI 

values were found in the driest plots (water treatment I) 

and the lowest CWSI values were found in the wettest plots 

(water treatment III). The non-sequential responses of the 

different nitrogen treatments for the different CWSI values 

per water treatments helped to confirm the lack of 

interaction between both main treatments. 

The CWSI and Soil Moisture Deficiency 

The mean soil moisture content values per water 

treatments and days after planting are given in Table 5.. 

The graphic representation of these values are shown in 

Figure 8. As can be seen, the three lines of soil moisture 

content for the different water treatments show almost the 

same tendency, with water treatment III having the highest 

water content. In the same figure, it is important to note 

that the values for water treatment III are close to the 

values for water treatment II near the end of season. 

Although there is not a specific reason for that, the 

decline in late season of the consumptive use of cotton as a 

result of limited new growth, cooler weather and maturation 

of the crop seems to be the reason for these soil moisture 

results. 

Figures 9 and 10 and Appendices B and C show the 

tensiometer readings for the three water treatments, days 
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Table 5. Mean soil moisture content (cm) in the top 60 cm 
of soil for the three water levels and days after 
planting. 

Water Level 

Days After Planting I II III 

49 9.12 9. 07 -

52 7. 77 8. 86 -

56 7.19 8.10 -

59 7.16 8. 53 11. 56 
64 7. 32 8. 28 9. 86 
67 7.26 8. 28 10.29 
71 7. 26 8. 28 9. 86 
74 7.70 8.43 9. 86 
77 6. 93 7.16 8.13 
80 7 . 52 8.84 10. 01 
84 8. 08 8. 48 9. 53 
87 7.09 8.46 10. 03 
91 8. 46 9. 40 . 10.16 
94 7.98 9. 22 10.49 
98 8. 51 9. 60 10. 46 
101 8.13 10.13 11.18 
105 7. 82 9. 27 10. 64 
108 7.52 9. 73 10. 80 
112 7. 98 9. 47 10. 82 
115 7.14 9. 78 10. 69 
119 7. 57 9. 22 10.19 
123 8.86 10. 57 11. 00 
129 8. 18 9. 86 10. 39 
136 7. 77 9.60 9. 58 
143 7. 85 9. 75 10. 67 
150 7. 70 9. 83 10. 26 

Mean 7.76 

Standard Deviation 0.55 

9.08 

0. 77 

1 0 .  2 8  

0. 69 
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Figure 8. Soil moisture content for the different water 

treatments and days after planting. 
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Days After Planting 

Figure 9. Tensiometer readings during the season for a soil depth 
of 0-30 cm and the three water treatments. 
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Figure 10. Tensiometer readings during the season for a soil depth of 
30-60 cm and the three water treatments. 
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after planting, and for soil depths of 30 and 60 cm, 

respectively. As can be observed, both figures show that 

the highest tensiometer readings were for the driest water 

level and the lowest tensiometer readings were for the 

wettest water treatment. As in Figure 8, Figures 9 and 10 

show that the tensiometer values for water treatment III are 

close to the values for water treatment II near the end of 

the season. 

The different CWSI responses for water treatment and 

days after planting are shown in Figure 11. As can be 

observed, the CWSI values were differrent for the different 

water levels. The highest CWSI values occurred with the 

driest water level (lowest soil moisture content) and the 

lowest CWSI values were for the wettest water level (highest 

soil moisture content). These results suggested that a 

possible relationship could exist between the parameters 

soil moisture and the crop water stress index. 

In order to show that relationship, average values 

of soil moisture deficiency and CWSI per water treatments 

for days after planting (Table 6) were used to make a linear 

regression analysis. Average values were used to try to 

account for factors such as development of new root hairs, 

degree of stress experienced by the plants, changes in 

rooting volume with time due to plant growth, location of 

available water, plant senescence, and spatial variability 
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Figure 11. CWSI response for the three water treatments for 
days after planting. 



Table 6. Average soil moisture deficiency (cm) in the top 
60 cm for the three water levels and days after 
planting. 

Days After 
Planting 

Water Level I Water Level II Water Level III 

Days After 
Planting 

SMD* 
( cm) 

CWS1 SMD* 
( cm) 

CWSI SMD* 
( cm) 

CWSI 

71 3, . 74 0, . 26 2, . 72 0, . 18 1 , . 14 0, . 1 3 

74 3, . 30 0, , 20 2, . 57 0. .14 1. ,14 0. ,08 

77 4, . 07 0, . 40 3, . 84 0. . 30 2. , 87 0. .21 

91 2. . 54 0. ,51 1, .60 0. . 35 0. .84 0, . 26 

94 3. , 02 0. , 34 1, . 78 0. .18 0. . 51 0. . 09 

98 2. .49 0. .26 1. , 40 0. ,15 0. , 54 0. , 05 

105 3. . 18 0. , 38 1, , 73 0. ,13 0. , 36 0. , 06 

115 3. , 86 0. .49 1. . 22 0. .09 0. ,31 0. , 01 

129 2. , 82 0. .41 1. .14 0. , 17 0. ,61 0. , 08 

136 3. 23 0. , 58 1. .40 0. 32 1. 42 0. ,18 

143 3 . .15 0. , 48 1. . 25 0. 33 0. 33 0. 22 

150 3. 30 0. .64 1. ,17 0. 34 0. 74 0. 19 

Mean 

Standard 

3. 

0. 

23 

49 

0. 

0. 

41 

.13 

1. 

0. 

74 

, 85 

0. 

0. 

22 

10 

0. 

0. 

82 

63 

0. 

0. 

,13 

08 

* SMD = soil moisture deficiency 
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of soil which could affect the relationship between the CWSI 

and soil moisture deficiency parameters. 

The statistical analysis yielded the following 

equa ti on: 

Y = 0.71 + 4.99X (5) 

where 

Y = soil moisture deficiency (cm) in the top 60 cm 

of soil 

X = CWSI 

r = 0.67 

Figure 12 shows the statistical relationship. This 

figure shows that as the CWSI values increase, the soil 

moisture deficiency values also increase. Therefore, the 

CWSI is greater when there is less available water in the 

soil for uptake by the crop. 

The above described relationship lets us suggest the 

use of the CWSI as tool for scheduling irrigations and 

confirms the findings made by Idso et al. (1982a), Jackson 

(1982), Pinter and Reginato (1982), Reginato (1983), Hinks 

et al. (1983), and Garrot (1984). 

Finally, it is necessary to say that although the 

coefficient of determination r for the described relation

ship was somewhat low (r = 0.67), the complexity of the 

relationship and the multiple sources of errors involved in 
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Figure 12. Relationship between the CWSI and soil moisture 

deficiency. 



47 

the determination of those two parameters seem to be the 

main causes for the low r value. 

CWSI and Crop Yield 

Table 7 shows the seed cotton yield responses for 

the different plots, average yield per water treatment, per 

fertilizer treatment, and the respective mean seasonal CWSI 

value for each water and fertilizer treatment. 

The graphic representation of these values in Figure 

13 shows that the crop yield responses were different for 

the different water levels. The highest yield occurred with 

the wettest water treatments (water level III) and the 

lowest yield values were for the stressed water levels 

(water treatment I). This plant behavior suggested that the 

yield response could be related to the CWSI values. This 

suggestion was based on the findings made by Reginato 

(1983), Hinks et al. (1983), Diaz et al. ( 1983), Howell 

et al. (1984), and Garrott (1984), who confirmed that a 

linear relationship existed between the crop water stress 

index and crop yield parameters. 

To study that relationship for this research, a 

linear regression analysis was performed between the two 

parameters. The statistical analysis yielded the following 

equation: 
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Table 7. Seed cotton yield (kg/ha) and seasonal CWSI. 

Water Treatments 

N Fertilizer Level I II III 

A1 4446 5401 6321 
B1 3288 4855 6065 
CI 3969 5264 5656 
Mean 3901 5173 6014 
CWSI 0.36 0.21 0.14 

A2 3594 5503 6065 
B2 3339 5741 6031 
C2 3731 4361 5588 
Mean 3555 5202 5895 
CWSI 0.36 0.22 0.13 

A3 3527 5401 5451 
B3 2641 5179 5963 
C3 3731 5384 5996 
Mean 3300 5321 5803 
CWSI 0.38 0.22 0.12 

A4 3646 5911 5911 
B4 3765 4975 5708 
C4 4293 5451 5299 
Mean 3901 5446 5639 
CWSI 0.40 0.25 0.13 

A5 4241 5963 5469 
B5 3594 5111 6219 
C5 3407 5536 4940 
Mean 3747 5537 5543 
CWSI 0.42 0.23 0.15 

A6 3612 5060 5673 
B6 3118 4702 6287 
C6 3475 5247 5127 
Mean 3402 5003 5696 
CWSI 0.41 0.21 0.11 
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and four fertilizer levels. 
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Y = 6917 - 8184X 

where 

Y = seed cotton yield (kg/ha) 

X = seasonal average CWSI 

r = 0.95 

Figure 14 shows that relationship and that as the CWSI 

values increase, the seed cotton yield responses decrease. 

This indicates that crop yield is affected directly by the 

degree of stress at which the crop is subjected during its 

growing season. In other words, yield responses are 

influenced directly by the degree of crop stress. The high 

coefficient of determination r for that relationship (r = 

0.95) confirms that a strong correlation exists between the 

parameters crop yield and the CWSI. This supports the use 

of the CWSI as a tool to predict crop yield. 

CWSI and Plant Height 

The results of the average plant heights per plot 

where the measurements were made on selected days after 

planting are shown in Table 8. The respective seasonal 

average CWSI values are also presented in that table. 

Figure 15 shows the plant height responses for the 

water treatments and days after planting. In that figure we 

can see that the highest plant height responses were for 

water treatment III, the least stressed water level, and the 
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Figure 14. Relationship between the mean seasonal CWSI and 
seed cotton yield (kg/ha). 



Table 8. Average plant height (cm) by time after planting and average seasonal 
CWSI values for selected plots. 

Days After Planting 
Seasonal 
Average 

Plot No. 59 67 74 80 87 94 101 108 CWSI 

cm 

All 33.2 44. 0 50. 9 55. 2 59. 2 65. 3 69. 8 72. 2 0. 36 

AI2 35. 2 45. 5 53. 1 57 . 1 62. 1 64. 2 ' 67. 6 70. 9 0. 42 

AI3 34.1 42 . 5 48. 0 51. 3 54. 2 57 . 7 60. 7 62 . 2 0. 41 

AI4 30. 2 40. 6 48. 1 51. 6 54. 9 58. 9 60. 8 63. 7 0. 44 

AI5 35.9 46. 9 54. 1 58. 1 61. 6 61. 9 68. 2 70. 8 0. 41 
AI6 33. 7 44. 6 49. 4 54. 5 56. 3 60. 5 63. 5 64. 9 0. 36 
BI6 36.8 44. 9 53 . 3 55. 7 58. 3 59. 6 59. 7 60. 6 0. 42 
AII3 37.3 54. '5 62. 5 65. 1 73. 6 85. 6 93. 6 93. 9 0. 23 

AII4 36. 9 52. 7 62 . 5 68. 5 73. 7 86. 2 91. 6 99. 3 0. 23 
BII3 38. 9 51. 1 61. 4 62. 6 73. 5 83. 7 90. 3 95. 4 0. 23 

BII4 33.2 46. 3 57. 0 53. 4 71. 6 83 . 8 92 . 9 98. 0 0. 26 
CII3 40.3 53. 7 60. 5 65. 8 72. 8 84. 0 88. 7 93. 4 0. 21 

CII4 36.5 44. 7 54. 4 62. 2 72. 1 81. 3 87 . 6 94. 9 0. 26 

Aim 40. 6 60. 4 75. 6 83. 7 96. 0 112. 1 117. 8 126. 6 0. 14 

BIII2 41.1 57 . 1 77 . 7 80. 7 86. 3 102 . 2 113. 9 121. 9 0. 13 
CIII5 38.1 54. 5 67. 3 76. 6 85. 5 102. 3 112. 7 119. 2 0. 19 

CIII6 41.8 55. 8 63. 2 67 . 1 72 . 6 85. 9 88. 1 91. 8 0. 12 
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Days After Planting 

Figure 15. Plant heights during the season for three water 
treatments. 
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lowest values were for water level I, the most stressed 

water level. This suggests that as the CWSI was an 

indicator of soil moisture, it could be an indicator of 

plant height as well. 

To determine that relationship, the final values of 

plant height were linearly correlated with the seasonal 

average CWSI values for each plot where measurements of 

plant height were made. The statistical analysis yielded 

the following equation: 

Y = 137 - 173X (7) 

where 

Y = final plant height (cm) 

X = CWSI 

r = 0.90 

Figure 16 shows that linear regression analysis 

where it can be observed that as the CWSI increased, the 

final plant height response decreased. It is not surprising 

because the development of a crop is influenced directly by 

the degree of stress to which the crop is subjected during 

its growing season. Therefore, different degrees of stress 

will influence the development of a crop differently. 

The high coefficient of determination value r = 0.90 

suggests that both parameters were well-correlated and 

another potential use for the CWSI is to predict final plant 
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Plant Height = 137 - 173 CtVSI 

r = 0.90 

Figure 16. Relationship between the 
hei ght. 

CWSI and final plant 
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height. However, more research has to be done to confirm 

this. 



CONCLUSIONS 

The results obtained from this study showed the 

usefulness of the crop water stress index as an index for 

scheduling irrigations, estimating crop yields and 

predicting final plant heights in cotton. However, more 

research has to be done for other crops and other climatic 

regimes to confirm these suggestions. 

The studies of the effects of different water and 

nitrogen levels on the CWSI, and the relationships between 

the CWSI and soil moisture deficiency, the CWSI and crop 

yield, and the CWSI and final plant heights lead to deriving 

the following conclusions: 

1. Different water levels had significantly different 

effects on the crop water stress index of cotton. 

The greatest CWSI values were obtained from the 

driest water treatment and the lowest CWSI values 

were obtained from the wettest water treatment. 

2. Different nitrogen fertilizer treatments had no 

significant effect on the CWSI. This lack of effect 

was possibly explained by the high initial nitrogen 

(NO^-N) content in the experimental field. 
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3. The correlation made between the crop water stress 

index and soil moisture deficiency showed that this 

index was a good indicator of soil moisture content. 

b. A high correlation was found between the crop water 

stress index and seed cotton yield. 

5. The parameters' final plant height and the crop 

water stress were highly correlated. 



APPENDIX A 

TWO-WAY CLASSIFICATION ANALYSIS OF VARIANCE 
FOR THE MEAN SEASONAL CROP WATER STRESS INDEX 

VALUES PER WATER AND NITROGEN FERTILIZER TREATMENTS 
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Table A.l. ANOVA. 

SS DF MS F 

Water Treatment 0. 2053 2 0. . 1027 351. , 71* 

Nitrogen Treatment 2. 49E-03 5 4. . 98E-04 1. , 71 

Error 2. 92E-03 10 2. , 92E-04 

Total 0. 2107 17 

* Significance for 1% and 5%. 



APPENDIX B 

TENSIOMETER READINGS (MEAN AND STANDARD DEVIATION) 
DURING THE SEASON FOR A SOIL DEPTH OF 0-30 CM 

AND THE THREE WATER TREATMENTS 
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Table B.l. Tensiometer readings (mean and standard devia
tion) during the season for a soil depth of 0-30 
cm and the three water treatments. 

Water Level I Water Level II Water Level III 

Mean S.D.* Mean S.D.* Mean S.D.* 
Days After 
Planting _________ centibars --------

64 65 7.2 9 2.1 5 3.2 
67 27 14.8 12 2.7 6 5.3 
71 53 33.9 46 26.7 8 4.0 
74 16 0.0 13 2. 7 9 3.8 
80 74 7.1 26 5.1 11 3.5 
84 54 10.1 39 11.9 12 6.4 
87 77 0.0 27 9.7 9 2.1 
91 10 0.0 7 1.0 6 2.8 
94 34 26. 2 13 9.8 6 2.9 
98 16 4.8 14 2.3 9 2.7 

101 13 3.0 9 1.2 3 4.2 
105 33 26.3 11 2 .1 4 3.5 
108 73 2.8 19 10.6 8 5.2 

112 47 41.7 15 9.7 7 2.7 
115 33 1. 2 18 8.5 8 3.2 

119 72 0.0 23 17.1 17 12.1 

Treatment Mean 44 19 8 

Treatment 
Standard 24 11 3 
Deviation 

* Standard deviation 



APPENDIX C 

TENSIOMETER READINGS (MEAN AND STANDARD DEVIATION) 
DURING THE SEASON FOR A SOIL DEPTH OF 30-60 CM 

AND THE THREE WATER TREATMENTS 
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Table C.l. Tenslometer readings (mean and standard devia
tion) during the season for a soil depth of 
30-60 cm and the three water treatments. 

Water Level I Water Level II Water Level III 

Mean S . D . Mean S . D . * Mean S . D . * 
Days After 
Planting _________ centibars ________ 

64 63 22 . 0 54 15.7 24 5.3 
67 69 12. 2 57 15.0 19 7.0 
71 80 2. 1 61 16. 9 22 2.9 
74 81 1. 7 79 7.4 48 27 . 1 
80 82 0. 0 51 29 . 3 13 3.5 
84 83 2 . 1 62 16.1 16 3.6 
87 81 3. 1 73 12.9 17 6.8 
91 85 2. 3 64 19. 5 14 8.7 
94 83 0. 6 53 28.1 16 13.9 
98 84 1. 5 18 6.8 11 5.8 

101 82 1. 5 14 3.4 7 6.4 
105 83 1. 0 22 10. 0 9 4.4 
108 83 1. 5 19 6.8 14 5.1 
112 82 0. 0 42 24. 8 10 5.2 
115 82 3. 5 17 5.4 11 4.6 

119 83 0. 0 27 12.6 18 7.5 

Treatment Mean 80 45 17 

Treatment 
Standard 6 22 10 
Deviation 

* Standard deviation 
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