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On the same six dates, three twigs were clipped from a 
sage brush plant located within 5 meters of each of the 10 
soil-sampling sites, thus giving a total of 30 samples for plant 
stress measurement. The twigs were placed in a plastic bag to 
prevent excess loss of moisture before measurement. A 
compression chamber of the type described by Waring and 
Cleary (1967) was used to measure the internal-plant stress of 
the twigs within a few minutes after they had been clipped. 

The all-contacts point-quadrat method of Levy and Madden 
(1933) was used to measure vegetation. 

Additional environmental measurements included 
precipitation, net radiation, wind movement, and wet- and 
dry-bulb air temperatures. These values were recorded at 
1Zminute intervals throughout the year. Wet- and dry-bulb 
temperatures were used to compute atmospheric stress and 
vapor-pressure deficit. Atmospheric stress was determined by 
means of the Kelvin equation, which relates relative vapor 
pressure to stress (Marshall, 1959). As wet-bulb temperatures 
were not measured at the study area in April and May, values 
for these months were obtained from records at the Eagle 
Airport, about 24 km from the study site. 

Although it is recognized that some of the measured 
variables are nonlinear functions of internal-plant stress, linear 
correlation has been assumed for the purpose of this study. 
Conclusions drawn in this paper are based, in part, upon the 
validity of this assumption. A step-forward regression 
(multiple correlation) analysis of the entire data set is also 
presented. 

Results and Discussion 

During 1968, the year of sampling, big sagebrush 
constituted 72% of the vegetation on one watershed and 86% 
on the other. Other associated species included winterfat 
(Euro tia lanata), rabbitbrush (Chrysothumnus vaseyana), 
Hood’s phlox (Phlox hoodii), and bottlebrush squirreltail 
(Sitanion hystrix). 

Seasonal patterns of daytime internal-plant stress and 
minimum soil-moisture stress are shown in Fig. 2. Minimum 
soil-moisture stress refers to the lowest stress measured in the 
entire profile on the date sampled. Seasonal values for 
internal-plant stresses range from 15.3 to 59.8 bars; for 
minimum soil stress the range was 0.2 to 36.4 bars. Except for 
the month of April, the relationship between these two 
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Fig. 2. Seasonal patterns of daytime internal-plant stress for big 
sagebrush and associated minimum stress in the soil profile on the 
dates sampled. Each data point is a mean value (30 plant stress and IO 
minimum soil-moisture stress measurements) for the date sampled. 
Vertical lines through data points indicate 95% confidence intervals. 
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Fig. 3. Depths in the soil profile at which minimum soil-moisture 
stress occurred on the dates measurements were made. 

variables was very close. Similar close relationships between 
internal-plant stress and soil-moisture stress were shown to 
exist for Acacia aneura in Australia (Slatyer, 1961) and 
between internal-plant stress and soil water content for red 
pine (Pinus resinosa) in Minnesota (Sucoff, 1972). Conflicting 
results are reported (Haas and Dodd, 1972) for honey 
mesquite (Prosopis glandulosa var glandulosa) in Texas where 
there was a lack of soil-water influence on maximum and 
minimum internal-plant stress. 

In agreement with the April data shown, our unpublished 
data from other areas indicate that when soil moisture is 
readily available to plants in the spring, factors other than 
soil-moisture stress seem to determine internal-plant stress. 
When soil moisture is readily available, it is probable that both 
plant stress and transpiration are related to atmospheric 
demand and that the following statement by Van Bavel et al. 
(1963) may partly apply: “We conclude that a full stand of 
sudangrass under conditions of high temperature [Tempe, 
Arizona], high light intensity, very low humidity of air, and 
sufficient soil moisture-in short a highly evaporative 
environment-can transpire on atmospheric demand.” 

As can be seen in Figure 3, lowest stress occurred in the A 
horizon in April but at-lower and variable depths later in the 
season. It should not be assumed from the graph that 
minimum soil-moisture stress was the same on the different 
dates shown. For example, the lowest minimum soil-moisture 
stress measured in the soil profiles in April was 0.2 bar in the 
A horizon; in July the lowest soil-moisture stress measured was 
10.5 bars in the upper part of the C horizon. The increase in 
depth to the lowest soil-moisture stress zone during April to 
July is related to high evapotranspiration and low 
precipitation; the decrease in depth to the lowest soil-moisture 
stress in August is the result of recharge of the soil profile by 
precipitation. 

The 10 sites sampled on six dates provided 60 sets of 
plant-stress measurements for testing against measured 
environmental variables. Simple linear correlation coefficients 
of internal plant stress with 13 measured variables are shown 
in Figure 4. Internal-plant stress was more highly correlated 
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with lowest soil-moisture stress than with other variables 
tested; however, soil-moisture stresses in the B and C, B, C, , 
and B, horizons were also closely reiated to internal-plant 
stress. Plant stresses are consistently more than 20 bars greater 
than minimum soil-water stresses (see Fig. 2), a difference 
somewhat more than might be expected. Gardner and Elig 
(1963) found differences between leaf- and soil-moisture 
stresses in pepper (Cizpsilum frutescence) plants to be 2 bars 
and in birdsfoot trefoil (Lotus corniculatus var tenuifolius) to 
be 10 bars. The 20-bar difference between stress in sagebrush 
twigs and minimum soil-moisture stress is considerably less 
than that from plant leaf to atmosphere. Atmospheric stress 
for the season during the hours of plant-soil measurements was 
700 to 2,300 bars. 

It is not well understood why internal-plant stress is more 
closely related to minimum soil stress than to mean stress 
values for soil horizons or atmospheric variables. A possible 
explanation is found in results reported by Gardner (1965), 
who found that roots of birdsfoot trefoil had considerably less 
resistance to water movement than the surrounding mineral 
soil, thus permitting water to move through roots across zones 
of high resistance from the zone of lowest soil-moisture stress. 
Or, stated differently, water flow through the plant is easier 
than flow through the soil. Soil-moisture stress in the A 
horizon was least related to plant stress, having the 
nonsignificant correlation coefficient of -0.05. Soil-moisture 
stress in the A horizon was variable and ranged from less than 
0.2 bar to more than 200 bars, a far greater range than for 
other horizons (Shown et al., 1972). Our data indicate (see 
Fig. 2) that maximum internal-plant stress achieved by big 
sagebrush is less than 60 bars. Thus, soil-moisture stress in the 
A horizon has little significance except in early spring when 
soil-moisture retention forces are lowest in this surface soil 
horizon. An example of the lack of relationship between 
surface-soil stress and internal-plant is shown by our 
unpublished data for a big sagebrush community near Grand 
Junction, Colorado. On May 23, 1972 soil-moisture stress in 
the 0 to 5 cm increment was 1,356 bars. At the time soil 
samples were obtained, internal-plant stress was 31 bars. Our 
analyses indicate that the plant stress was a response to a 
soil-moisture stress of 11 bars in the 50 to 60 cm soil depth 
and unrelated to the surface-soil stress. The least variability in 
soil-moisture stress occurred in the C horizon. 

For internal-plant stress to have maximum utilitarian value, 
it should correlate well with quantity of soil moisture stored in 
the profile. If reliable, plant-stress measurements could provide 
a rapid and inexpensive means of assessing quantities of water 
evapotranspired. Early growing season measurements might 
also be used to predict seasonal forage potential that could be 
used to adjust stocking rates for proper forage use. Although 
highly significant, the linear correlation coefficient (- 0.54) 
accounts for less than 30% of the total variability. A 
curvilinear analysis (least squares exponential curve) resulted 
in an almost identical correlation coefficient of -0.55**l. 
Some of this variability is attributable to methods of 
measurement of soil-moisture storage. One source of error is 
the use of augered soil samples, which unavoidably vary in 
diameter, in computing the bulk-density or volume-weight 
component of quantity of water stored. The better 
relationship between internal-plant stress and minimum 

* ** = significant at the 1% level. 
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Fig. 4. Correlation coefficients for internal-plant moisture stress with. 
soil-moisture stress, and additional variables: ** = significant at the 
I % level; * = significant at the 5% level; ns = not significant at the 5% 
level. 

soil-moisture stress may be partly the result of the more direct 
comparison of moisture-removal force exerted by the plant 
and moisture-retention force of the soil. Further work on 
application of plant-stress measurements to estimating soil 
moisture in the profile is currently underway. 

Unexpectedly, our data show a negative correlation 
between wind and internal-plant stress. This is probably not a 
cause-and-effect relationship but is related to the seasonal 
downward trend in wind movement and the opposing seasonal 
upward trend in internal-plant stress. It is remotely possible 
that high wind velocity may cause stomata1 closure and 
lowered plant stress (Hayden, 1969). However, it has been 
shown (Satoo, 1962) that air movements tend to hasten 
transpiration because vapor-pressure gradients become steeper 
near the leaf surface as transpired water is removed by wind 
movement; these results imply a lack of stomata1 closure and 
probable increase in leaf-moisture stress. 

1 
Essentially no correlation was found between minimum soil 

stress and previous 2-week or 4-week precipitation. 
Soil-moisture stored showed a negative more often than a 
positive relationship to previous precipitation. This anomalous 
result is partly explained by the fact that during April through 
September, much of the precipitation results from frequent 
afternoon showers of less than 5 mm, which contribute 
substantially to measured precipitation but have little effect 
on soil-moisture storage or transpiration. During the period of 
precipitation measurements (January through October), only 
three rainstorms during the spring-summer-fall period 
exceeded the 8 mm considered necessary by Love and West 
(1972) to have a significant effect on plant-moisture stress. 

Net radiation, both hourly and daily, was negatively 
correlated with internal-plant stress. These are expected results 
because net radiation is usually highest when soil water is most 
readily available for evapotranspiration. Under such con- 
ditions, the energy utilized in the vaporization of water is the 
largest component of net radiation. 

Although the primary objective of our study was 
measurement of seasonal changes in plant and soil stresses, the 
correlation coefficient for hour of day and plant stress was 
highly significant and indicates a progressive increase in 
internal-plant stress during the hours of measurement. If 
nighttime lows had been measured and included in the 
analyses, lows and highs of plant stress would have tended to 
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cancel each other and the resulting correlation coefficient 
would have been low and nonsignificant. All our 
measurements were made between the hours of 0800 and 
1600. Numerous authors (Scholander et al., 1965; Waring and 
Cleary, 1967; and Love and West, 1972) have shown that 
internal plant stress varies diurnally with usual peaks in mid or 
early afternoon and lows in the hours before sunrise. 
Maximum plant stresses in big sagebrush were recorded at 
1600 hours in our study or a few hours later than the 1200 to 
1300 hours reported for other species. 

Both soil and air temperatures are positively but not 
significantly correlated with internal-plant stress. Apparently 
soil and air temperatures for our study area are not as reliable 
as indicators of the energy budget as those measured in Utah 
(Dina et al., 1973), where highly significant correlations were 
found between these variables and internal-plant stress. 

Correlation coefficients for vapor-pressure deficit and 
atmospheric stress as related to plant stress were not 
significant. These results agree with those of Dina et al. 
(1973X who found a significant correlation coefficient 
between plant stress and vapor-pressure deficit for only one of 
nine species studied. They do not agree with results of Haas 
and Dodd (1972), who found highly significant correlations 
between vapor-pressure deficit and internal-plant stress. These 
differing results may be explained by the fact that 

soil-moisture was more readily available in Texas, resulting in 
transpiration being more closely related to atmospheric forces. 
As was true for wind movement, differing seasonal trends 
probably account for the low correlation coefficients for these 
variables. 

A multiple-correlation coefficient for all data measured at 
hourly or more frequent intervals (60 sets of measurements 
relating internal-plant stress to 12 environmental variables) was 
+0.78 ** or the amount of variability of the dependent 
variable, internal-plant stress, accounted for was 61%. The 
analysis retained only three independent variables (lowest soil 
stress, stress in the A horizon, and vapor-pressure deficit) and 
rejected nine inierrelated variables (B2 horizon stress, B and C 
horizon stress, B3 C1 horizon stress, wind, hour of day, 
atmospheric stress, net radiation, air temperature). Water stress 
in the A horizon and vapor-pressure deficit were poorly 
correlated with internal-plant stress but for the 60 
measurements of the 12 variables the correlation coefficient 
increased from to.67 ** for internal-plant stress and lowest soil 
stress to to.78 ** for the multiple relationship. The multiple 
regression may be helpful in accounting for variability but 
does not contribute greatly to an understanding of 
cause-and-effect relationships discussed in more detail above. 
Also, a false impression is given of the importance of the two 
independent variables, A horizon stress and vapor-pressure 
deficit, which in simple correlation analyses show almost no 
relationship to the dependent variable. 

Conclusions 

The highly significant correlation of internal-plant stress 
with lowest soil-moisture stress shown indicates that rapid and 
inexpensive plant-stress measurements might be used to 
estimate minimum soil-moisture stress. The low correlation 
coefficient for A horizon soil-moisture stress and highly 
significant correlations with B and C horizon soil-moisture 
show that plants have potential as sensors of subsurface 
soil-moisture conditions. The data also indicate that 
inexpensive plant-stress measurements might be used to 
estimate-soil water storage. Additional measurements of plant 
and soil stresses for different species occupying diffirent 
habitats are being made by the authors to further test the 
reliability of the hypothesis that plant stress can be used to 
estimate soil-moisture stress and soil-water storage. 
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