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Summary. A field study was conducted on cotton (Gossypium hirsutum L. c.v. 
Acala S J-2) to investigate the effects of  soil salinity on the responses of stress 
indices derived from canopy temperature, leaf diffusion resistance and leaf 
water potential. The four salinity treatments used in this study were obtained by 
mixtures of  aqueduct and well water to provide mean soil water electrical 
conductivities of  17, 27, 32 and 38 dS/m in the upper 0.6 m of soil profile. The 
study was conducted on a sandy loam saline-alkali soil in the lower San 
Joaquin Valley of California on 30July 1981, when the soil profile was 
adequately irrigated to remove any interference of soil matric potential on the 
stress measurements. Measurements of  canopy temperature, leaf water potential 
and leaf diffusion resistance were made hourly throughout the day. 
Crop water stress index (CWSI) estimates derived from canopy temperature 
measurements in the least saline treatment had values similar to those found for 
cotton grown under minimum salinity profiles. Throughout the course of the 
day the treatments affected CWSI values with the maximum differences 
occurring in mid-afternoon. Salinity induced differences were also evident in 
the leaf diffusion resistance and leaf water potential measurements. Vapor 
pressure deficit was found to indicate the evaporative demand at which cotton 
could maintain potential water use for the various soil salinity levels studied. At 
vapor pressure deficits greater than 5 kPa, cotton would appear "stressed" at in 
situ soil water electrical conductivities exceeding 15 dS/m. The CWSI was as 
sensitive to osmotic stress as other, more traditional plant measures, provided a 
broader spatial resolution and appeared to be a practical tool for assessing 
osmotic stress occurring within irrigated cotton fields. 

Crop water stress results from water deficiencies in plant tissues that impair the 
plant's growth processes. Generally, water stress results from droughts in dryland 
production or untimely or inefficient water application in irrigated production. 

* Contribution from the United States Department of Agriculture, Agricultural Research 
Service, Western Region and the University of California, USA 
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Irrigation in the semi-arid and arid western United States can result in an accumu- 
lation of soluble salts. These salts increase soil salinity which decreases the osmotic 
potential in the soil water. The osmotic and matric potential components together 
create the total potential against which the plants must work to extract water. 

Many methods have been proposed to use plant indicators of water deficit to 
schedule irrigations. Leaf temperature has been proposed as a measure of plant 
water deficit. Hiler and Clark (1971) and Hiler et al. (1974) proposed a "stress day 
index" to quantify crop water stress. This concept used a plant-based water deficit 
measure, such as leaf water potential, canopy-air temperature differential, stem 
diameter, etc. and a crop-based factor which depended on crop species and its yield 
sensitivity to imposed water deficit. Although Hiler and Clark (1971) proposed leaf 
temperature as one possible indicator of plant stress, leaf water potential was found 
to be a better indicator of  plant water deficit (Hiler and Howell 1983). Stegman 
et al. (1976) modified the stress day index to account for air temperature and soil 
moisture. However, Ehrler (1973) found that leaf temperature was a sensitive 
indicator of  plant water deficit in cotton provided the effect of ambient air vapor 
pressure was also considered. 

Idso etal. (1977) proposed canopy-air temperature differences as a stress 
indicator. Later Idso et al. (1981a) incorporated vapor pressure deficit with the 
canopy-air temperature difference to develop an environmentally responsive 
indicator of  plant stress. The indicator of  plant stress was called "crop water stress 
index" and was shown by Jackson et al. (1981) to have theoretical validity and by 
Idso etal. (1981b), Idso etal. (1982) and Reginato (1983) to have empirical 
validity. Jackson (1982) recently summarized the state-of-the-art of canopy tem- 
perature measurement to evaluate crop water stress. 

The crop water stress index has been proposed as a tool for scheduling 
irrigations (Pinter and Reginato 1981; Hatfield 1983; Reginato 1983). Clawson and 
Blad (1982) proposed that canopy temperature variability could also be used as a 
basis for scheduling irrigation. In the semi-arid and arid western region of the 
United States, irrigation scheduling must also consider soil salinity (Rhoades et al. 
1981). 

The "total" plant stress can be considered to consist of (1) an atmospherically 
induced component, (2) a soil water deficit (matric) induced component and (3) a 
soil water salinity (osmotic) induced component. Plant based measurements of 
stress generally determine the "total" plant stress or a more precise terminology 
might be "instantaneous" stress. Idso et al. (1982) showed the relationship between 
atmospherically induced and soil deficit induced stress of cotton. The purpose of 
this paper is to quantify the relationship of the salinity (osmotic) induced stress 
component with the atmospherically induced component of cotton water stress 
measurements. 

Materials and Methods 

Diurnal measurements of leaf diffusion resistance, leaf water potential and canopy tem- 
perature were made on 30 July 1981, at a field experiment where cotton (Gossypium hirsutum 
L. c.v. Acala SJ-2) was irrigated with waters of various salinities (Rhoades et al. 1980). The ex- 
periment was located on the Riverwest Farms, Inc., near Lost Hills, Calif., on the west side of 
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Table 1. Composition of irrigation and drainage water during 1981 at Lost Hills, California 

Water EC Ca Mg Na K HCO3 C1 NC+ B SAR 
Source dS/m g/Mg 

Meq/1 

[Irrigation waters] 

Aqueduct 0.68 1.65 136 3.42 0.10 1.58 2.77 6.33 0.6 2.9 
Mixed 4.91 14.83 7.48 28.69 0.16 2.24 27.70 51.16 3.0 8.6 
Well 7.93 25.98 13.04 50.55 0.20 2.45 49.50 89.78 5.5 11.4 

]Ground water] 

Drain a 45.8 26.09 20.51 519.4 0.37 3.48 345.3 566.2 56 107.7 

a Pumped from manifolded well-point drain wells installed around experimental area 

the San Joaquin Valley. The soil is classified as a Twisselman clay loam (Typic Torriorthents, 
saline-alkali). A very saline (46 dS/m) water table underlaid the experimental site at a depth 
of 1.3 m at the time of these measurements. Measurements were taken in plots treated as 
follows: 

1. Irrigated with California aqueduct water of 0.5 dS/m electrical conductivity for both 
preplant and postplant irrigations and a high level of leaching [HAA]; 

2. Irrigated with mixed aqueduct water and saline drainage water of a 4.9 dS/m electrical 
conductivity for both preplant and postplant irrigations with a high level of leaching 
[HMM]; 

3. Irrigated with aqueduct water of 0.5 dS/m electrical conductivity for preplant irrigations 
and mixed aqueduct and saline drainage water of 4.9 dS/m of electrical conductivity for 
the postplant irrigations and a low level of leaching [LAM]; and 

4. Irrigated with saline drainage water of 8.0 dS/m electrical conductivity for both preplant 
and postplant irrigations and a low level of leaching [LWW]. 

The average irrigation and drainage water quality during 1981 is presented in Table 1. In 1981 
the leaching applications were not applied; thus the only significant treatment variable (with 
the exception of previously developed soil salinity regimes) was water quality. Each plot was 
12 m by 30 m in size and had 1.0 m spaced beds with two rows each 0.5 m apart. All plots had 
been irrigated 3 days before by a furrow application of 137 ram. Therefore, the plots were 
under little if any soil water deficit; however, the plots were under varyhlg levels of salinity 
stress. The mean soil electrical conductivity in the top 0.6 m of the soil profile was 17, 27, 32, 
and 38 dS/m, for the HAA, HMM, LAM, and LWW, respectively, based on in situ measurements 
of soil water electrical conductivity (Rhoades 1982). Soil moisture profiles determined by the 
neutron method indicated insignificant soil water depletion below 0.6 m during the 1981 
season (Rhoades 1980). Therefore the mean salinity in the upper 0.6 m represented the 
rootzone. The salinity profiles of each treatment on the measurement date are shown in Fig. 1. 
With the exception of LWW, all the soil water electrical conductivity profiles were uniform. 
The leaf area indices were 1.9, 1.1, 1.0 and 0.9 for the HAA, HMM, LAM and LWW treat- 
ments, respectively, on this date. The crop heights varied from 0.37 m for LWW to 0.46 m for 
HAA. 

Micrometeorological parameters of reflected solar radiation, net radiation, soil heat flux, 
wind speed (1.3 m) and dry- and wet-bulb temperatures at 0.3 m and 1.3 m elevation over the 
crop were measured and recorded on a Campbell Scientific CR-211 each minute and 
averaged for each 30-rain time period from 0600 to 1800 h (PST) over the HAA plot. Solar 
radiation was measured at a weather station adjacent to the plots. Measurements of leaf dif- 

1 Mention of trade names does not imply any endorsement by the USDA or the University 
of California 
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Fig. 1. Soil water electrical conductiv- 
ity profile of each treatment on July 
30, 1981 

fusion resistance, leaf water potential and canopy temperature were made each hour from 
0500 to 1800 h (PST). Dry- and wet-bulb temperatures were measured at 0.5 m above the 
crop in each plot. The canopy temperature was measured with a Teletemp AG-421 infrared 
thermometer with a 4 ° field of view. Vapor pressure was determined from a battery-operated 
psychrometer and standard meteorological tables. Six canopy temperature measurements 
were made at oblique and perpendicular angles to the row and at an oblique angle of 20 ° to 
30 ° below the horizon. Since the ground cover was not complete in these plots, extreme care 
was exercised to view only the crop with minimal soil background. Leaf diffusion resistance 
was measured with a Li-Cor model 1600 steady-state diffusion porometerL The diffusion 
resistance was measured on both sides of the leaf, and the combined diffusion resistance was 
computed assuming the two sides in parallel. The leaf water potential was measured with a 
Soil Moisture Equipment pressure chamber ~. The leaf measurements were made on the most 
recent fully expanded leaf (usually the third or fourth leaf from the apex). Three individual 
leaf readings were taken for both diffusion resistance and water potential in each plot and if 
the variation was large more readings were taken. 

Results and Discussion 

The micrometeorological measurements  are shown in Table 2. The vapor pressure 
and temperature gradient data were used to compute the Bowen ratio. The evapo- 
transpiration from the HAA plot was estimated from the soil heat flux, net  
radiation and Bowen ratio. The hourly computations showed a max imum water use 
rate of 1.1 m m / h ,  which agreed with calculations of potential evapotranspiration by 
the Van Bavel (1966) equation with a z0 of 0.04 m. Therefore, the HAA treatment 
appears to be under  min imal  stress and should reflect only the atmospherically in- 
duced stress component .  

The ambient  vapor pressure deficit was used to indicate the atmospherically 
induced evaporative demand.  Figure 2 illustrates the response of the leaf diffusion 
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Fig. 2. The relationship between leaf 
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treatment HAA on July 30, 1981 , 

resistance (Fig. 2 a), leaf water potential (Fig. 2 b) and canopy-air temperature dif- 
ferential (Fig. 2 c) for the HAA treatment to the evaporative demand on this day. 
The maximum leaf diffusion resistance under full sunlight barely exceeded 
100 s/m, a value typically associated with "unstressed" cotton (Reginato 1983). The 
leaf water potential and canopy-air temperature differential response of this treat- 
ment indicated similar "unstressed" conditions to those reported for cotton by Idso 
et al. (1982). 

The equation Tc-Ta = 2.06-1.73 (VPD), with the temperatures in °C and vapor 
pressure in kPa, represented "unstressed" daytime conditions (900 to 1700 PST h) 
for cotton. This baseline was similar to ones determined for other locations and 
other soil types with minimal soil salinity (Howell et al. 1983; Idso etal. 1982; 
Reginato 1983). All of the plant stress measurements and the energy balance 
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measurements indicated that HAA was not exposed to any significant level of either 
salinity or soil water deficits on this day. 

The crop water stress index was computed by the procedures presented in Idso 
et al. (1981 b). Figure 3 shows the crop water stress index for the four treatments. 
The LWW treatment (the highest soil salinity) exhibited a relatively large CWSI 
during the morning which remained almost constant during the remainder of the 
day. Both the HMM and LAM treatments (moderate to high soil salinity) started 
the morning at low CWSI levels but the CWSI increased as the evaporative 
demand increased during the day. In fact by 1700 h (PST) the CWSI of LWW, 
HMM and LAM treatments were about the same and somewhat higher than HAA. 
The relationship between mid-afternoon CWSI (1500 h) and the mean rootzone 
soil water electrical conductivity is shown in Fig. 4 a. The relationship indicated a 
CWSI increase of  0.01 per unit increase in mean soil water electrical conductivity. 

The diurnal variation in the leaf water potential (Fig. 5 a) showed that the HMM 
and HAA treatments were similar until about 1500 h when the HMM treatment 
leaf water potential decreased more than the HAA treatment. The LWW and LAM 
treatments exhibited lower leaf water potentials than the other treatments through- 
out the day. The mid-afternoon and pre-dawn leaf water potentials are shown in 
relation to the mean rootzone soil water electrical conductivity on this day in 
Fig. 4b. A decrease of 13kPa for the mid-afternoon and 9.9kPa from the pre- 
drawn leaf water potentials occurred with a 1 dS/m increase in soil water electrical 
conductivity. 

The diurnal variations in the leaf diffusion resistance among the treatments are 
shown in Fig. 5 b. The leaf diffusion resistance of the HAA treatment implies a 
greater mid-morning stomatal opening with a minimum resistance of 65 s/m. The 
plants in the LAM, HMM and LWW treatments exhibited signs of increased 
stomatal resistance in mid-afternoon indicative of stomatal control of  transpiration. 
By 1500 h (PST) the leaf resistance was above 100 s /m in these treatments. The 
mid-afternoon leaf diffusion resistances are shown in relation to the mean soil 
water electrical conductivity in Fig. 4 c. The leaf diffusion resistance increased by 
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1.47 s / m  per  d S / m  increase in soil water  electrical conductivity.  This difference was 
due to the effect of  the increased soil salinity on the p lant  water  potential .  

The results clearly indicate  an increase in the crop water stress as the soil 
osmotic potent ia l  decreased as a result o f  increases in soil salinity. In  addit ion,  the 
CWSI appeared  to be as sensitive as either p re -dawn or mid-af te rnoon leaf  water  
potent ial  and leaf  diffusion resistance. For  managemen t  purposes this stress index 
would provide a me thod  which could be used in the field to quantify salinity 
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effects, ldso et al. (1982) showed that there is a relationship between the vapor 
pressure deficit of  the air at which cotton could maintain "unstressed" transpiration 
rates and the fraction of  extractable soil water. This concept was based on a 
particular soil and rooting pattern defined as a crop response to evaporative 
demand relation similar to the one proposed by Denmead and Shaw (1962). A 
similar relationship was developed for the vapor pressure deficit of  the air at which 
cotton could maintain "unstressed" transpiration rates and the mean rootzone soil 
electrical conductivity. The relationship (Fig. 6) indicates that cotton could main- 
tain "unstressed" transpiration at zero soil electrical conductivity up to a vapor 
pressure deficit o f  7 kPa. The mean rootzone soil electrical conductivity (measured 
on saturated extracts) of  soil samples of  the Panoche clay loam soil at the 
University of  California, West Side Field Station in another narrow row cotton 
experiment (Howell et al. 1983) was about 1.0 dS/m in the top meter of  the soil. 
This data and that of  Idso et al. (1982) at a similar mean soil electrical conductivity 
(Reginato, personal communication) illustrated that cotton under small osmotic 
and matric soil water stress could transpire at an "unstressed" rate with vapor 
pressure deficits exceeding 6.5 kPa. Therefore, the intercept in Fig. 6 is quite 
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realistic, and the slope indicates that the vapor pressure deficit for "unstressed" 
transpiration decreased by 0.12 kPa per dS/m of  soil electrical conductivity. The 
relationship shown in Fig. 6 is probably crop, soil and instrumentation specific. 
With a soil electrical conductivity of 14 dS/m, cotton could maintain "unstressed" 
transpiration until the ambient vapor pressure deficit exceeded 5.4 kPa. Hoffman 
et al. (1980) reported that cotton would withstand mean soil water electrical con- 
ductivities (saturated extract basis) of 7 dS/m before the yield began to decline 
(note the equivalent in situ soil water electrical conductivity would be about 
14 dS/m for this soil). The relationship illustrated in Fig. 6 is consistent with this 
yield threshold since (1) ambient vapor pressure deficits exceeding 5.4 kPa are in- 
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frequent and of short duration even in semi-arid environments and (2) salinity 
response experiments are managed to minimize soil water matric stresses. 

Since all these plots were irrigated at the same time and with the same amount 
of water, the seasonal mean CWSI for these treatments should be linearly related to 
the CWSI on this one day. The CWSI on this day should reflect the baseline salinity 
effects. The yield decline rate based on the mid-afternoon CWSI on this day and 
the final yield (Rhoades 1982) is shown in Fig. 7 to be about 4,550 kg/ha per CWSI. 
This was larger than the sensitivity of 3,000 kg/ha per CWSI found by Howell et al. 
(1983) for the seasonal period from first square to half-open bolls of narrow row 
cotton with matric stress (soil water deficit) in the absence of any osmotic stress 
(soil salinity). I f  the matric stress was added (particularly the irrigation cutoff 
response), the yield decline rate would be expected to flatten such that the rate 
would approach more closely that of  Howell et al. (1983). 

Conclusions 

Although these results represent experimental measurements of only one day, the 
close correspondence to previous research on cotton response under no or little 
salinity variation indicates that the developed concepts offer useful procedures for 
evaluating cotton stress under both matric and osmotic stress. One of the authors' 
purposes of presenting these results was to encourage other scientists conducting 
salinity oriented experiments to include crop water status measurements and, in 
particular, crop canopy temperature measurements. 

These results indicate that the crop water stress index, which requires 
measurements of  canopy temperature (with an infrared thermometer), ambient 
vapor pressure deficit and ambient air temperature, does indicate the water stress 
in cotton which develops when the soil salinity increases in the absence of soil 
water matric stress. Previous research has indicated the performance of the crop 
water stress index to measure cotton performance under soil water matric stresses 
in absence of soil osmotic stress. The infrared thermometer offers a handy instru- 
ment for field use to integrate the crop stress over a larger area than can be 
accomplished by measurements of  individual leaves. Although the results reported 
in this paper indicate a good correlation between final lint yield of cotton and the 
crop water stress index, the authors believe that additional future research should 
be conducted to determine if such relationships are similar if the stress vectors are 
different (i.e. osmotic versus matric) and to identify the effects of crop osmotic 
adjustment on the relationship. 
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