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Field experiments were conducted in 1981 and 1982 to 

develop a method for using remotely measured leaf canopy- 

air temperature differences (stress-degree-days (SDD)) to 

schedule irrigations and to evaluate the effects of 

differential irrigation on snap bean cultivars, 'Oregon 

1604' and 'Galamor'. Effects on soil water potential 

(SWP), leaf water potential (Y), leaf osmotic potential 

(fir ), leaf turgor potential (H'p), leaf transpiration, 

leaf diffusive resistance, plant growth and development, 

yield components, and pod quality factors were measured. 

To schedule irrigations, various levels of positive 

SDD's, measured daily at midday, were allowed to 

accumulate between irrigations. When air vapor pressure 

deficits (VPD) were small, water stressed plants had 

positive. SDD's and well watered plants had negative 

SDD's.  When VPD's were large, SDD's were always negative 



(i.e., canopy temperatures were cooler than air 

temperature). At these high VPD's, temperature 

differences between leaves of well watered and stressed 

plants were as much as 5-7 C. A model is presented in 

which SDD's can be adjusted based on the expected SDD of 

well watered plants at a given VPD. With this 

modification, irrigations can be adequately scheduled 

using only canopy temperatures, air temperatures, and 

relative humidity measurements. 

In both seasons, yield was strongly related to 

average SWP at 0-45 cm depth. In 1981, evaporative 

demand on the crop was much higher than in 1982. As a 

result, yields in 1982 were at least 5 t/ha greater at a 

given SWP than in 1981. Under water stress, total leaf 

area per plant was reduced more by a decrease in area per 

leaf than by a reduction in leaf number. 

Leaf water potential was not consistent with level 

of plant water stress. Although some osmotic adjustment 

occurred in stressed plants, ^p was still generally lower 

than in well watered plants throughout the day. As V 

decreased from early morning through midday, 

transpiration rates increased due to increasing 

evaporative demand. Leaf diffusive resistance also 

increased with decreasing V, but a "threshold value" for 

stomatal closure was not demonstrated. 
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EFFECT OF IRRIGATION SCHEDULING, USING REMOTELY 

SENSED CANOPY-AIR TEMPERATURE DIFFERENTIALS 

ON WATER RELATIONS, YIELD, AND QUALITY OF 

SNAP BEANS (Phaseolus vulgaris L.) 

CHAPTER 1 

INTRODUCTION 

In most western areas of the United States, 

irrigation is required to supply crops with adequate 

vater to obtain optimum yield and quality of harvested 

plant parts. Improved methods are needed for assessing 

when crops need water, so that they not be irrigated 

arbitrarily and so that water may be used more 

efficiently. Irrigation timing has been based primarily 

on water status of the soil rather than that of the 

plant. The status of water in the plant represents an 

integration of the atmospheric demand, soil water 

potential, rooting density and distribution, as well as 

other plant characteristics. Therefore to obtain a true 

measure of plant water deficit, the measurement should be 

made on the plant and not in the soil or atmosphere. 

The snap bean (Phaseolus vulgaris L.), is a popular 

vegetable in the diet of more developed Western nations 

where  it  is a vitamin and mineral  source.   Snap  bean 



production for fresh market and processing in the  United 
5 

States  was  over  8.1 x 10  metric tons in 1980  with  a 

value exceeding 200 million dollars (25).   Oregon  ranks 

second,  nationally,  in the production of snap beans for 

processing.   The 1981 crop, produced on 11,000 ha, had a 

farm gate value of 23.8 million dollars (176). 

Adequate  irrigation,   effectively  scheduled,   is 

essential  for  maximizing the yield and quality of  snap 

beans.   Yields  on  an area and per plant basis  can  be 

increased  20  to 40% by  improved  irrigation  practices 

(42,43).   Since  irrigation equipment and labor  account 

for  over  16%  of snap bean production  costs  (29),  an 

improved  method  for  irrigation  scheduling  would   be 

valuable. 

The objectives of this study, made during 1981 and 

1982, were to develop a method for using measurements of 

leaf canopy temperature to schedule irrigations and to 

evaluate the effects of differential irrigation 

treatments on 2 snap bean cultivars. These effects were 

measured on soil water potential, leaf water potential, 

leaf osmotic potential, leaf turgor potential, 

transpiration rates, plant growth and development, yield 

components, and pod quality factors. 



CHAPTER 2 

REVIEW OF LITERATURE 

I. Effect of Water Deficit on Crop Development and Yield 

A. Introduction 

Snap beans have a relatively shallow rooting depth 

(89) and are responsive to more frequent irrigation than 

deep rooted crops (32, 42, 110, 154). Many researchers 

agree that, at critical stages, water should be applied 

before more than one half of the available water is 

depleted (24, 42, 100, 155, 178). Vittum et al. (178) 

showed that in the northeastern United States, plants 

irrigated at 50% available moisture depletion yield as 

well as plants with an optimum application of 2.5 cm of 

water every week. However, Maurer et al. (110) concluded 

that irrigations should be applied at only 22% available 

soil moisture depletion. 

When adequate moisture is not present, plant growth, 

development and final yield may be reduced. This section 

deals with the sensitivity of crops, mainly snap beans, 

to water deficits at various stages of growth and to 

water deficit effects on the quality of harvestable 

yield. 



B.  Sensitivity at Different Stages of Growth 

Many experiments have been conducted to determine if 

plants are equally sensitive to water deficits at every 

stage of growth. Water deficits occurring at various 

stages or combination of stages have been found to affect 

yield in snap beans: vegetative and blossoming (149), 

blossoming and pod development (24, 31, 87, 110), pod 

development (23), and all stages (32, 101, 106). 

In general, stress at the vegetative stage has been 

shown to have little effect on yield, especially when 

post-bloom irrigations have been high (24, 87, 96, 110, 

165). Kattan and Fleming (87) observed that irrigation 

during the period from planting to the beginning of bloom 

has no significant influence on yield of snap beans, 

provided that the soil moisture is adequately maintained 

during the rest of the season. However, Maurer et al. 

(110) noted that plants recover from vegetative stress if 

ample water is applied but that yield is not as high as 

for plants which receive ample water throughout the 

growing season. Robins and Domingo (142) observed that 

yield was reduced 20% under visible prebloom stress as 

evidenced by a reduction in the number of pods harvested. 

This same effect was also observed by McMaster et al. 

(112). 

Although water stress during the vegetative growth 

stage  of  snap beans may have varying effects  on  final 



yield, it has been substantiated that vegetative stress 

can reduce size and growth rate of the plants (79, 101, 

117, 142). Millar and Gardner (117) noted that water 

stress decreased dry matter production rates by 47Z at 

leaf water potentials below -8 bars. Hack (101) observed 

that moisture stress throughout the growing season 

reduced plant weight more than pod weight. 

Reduced growth due to vegetative stress has also 

been observed in other crops (123, 150, 158, 166, 167). 

Turk et al. (167) working with cowpea (Vigna unguiculata 

L.) noted that the increase in percent ground cover with 

time is slowed down or delayed by drought. They also 

observed that increasing levels of drought result in 

progressively less leaf area, shoot dry matter, number of 

leaflets and average leaflet area. Total leaf area had 

the greatest sensitivity and leaflet size, the least 

sensitivity to drought. 

Momen et al. (123) noted that limited soil moisture 

influenced soybean (Glycine max L.) performance by 

reducing plant height, the size of the assimilating leaf 

area, and the size and number of potential storage sites 

for dry matter. 

In their review, Salter and Goode (144) concluded 

that there was not complete agreement on the effects of a 

shortage of water on beans during the preblossom stage. 

However,  there  is general agreement that water shortage 



during flowering and fruit development could lead to a 

yield reduction (24, 32, 42, 49, 142), and that the 

response of plants to water deficits was cultivar 

dependent (101, 102, 105, 113, 123, 157). 

Robins and Domingo (142) observed that stress during 

bloom reduced the number of pods formed and the number of 

seeds per pod while water stress during the pod 

development stage reduced per pod weight. Dubetz and 

Mahalle (32) found that subjecting bean plants to a soil 

water stress of -8 bars at the flowering and post 

flowering stages, resulted in total yield reductions of 

71 and 35 % respectively. Singh and Alderfer (149) 

observed that for snap beans grown in late summer and 

early autumn, the flowering period is the most sensitive 

to water stress. 

In soybeans, plants stressed during flower induction 

and flowering, produce fewer flowers, pods and seeds than 

well irrigated controls because of a shortened 

reproductive period and abortion of flowers (150). 

Stress during early pod formation causes the greatest 

reduction in number of pods and seeds at harvest. 

However, seed yield is reduced most by stress during 

early pod formation and filling (150). Similar results 

for soybeans were obtained by Doss et al. (31). 

Grimes (50) working with cotton (Gossypium hirsutum 

L.) noted that a severe plant water deficit imposed for 9 



days during the peak flowering period reduced yield more 

than stress periods of comparable length imposed either 

early or late in the flowering period. Water stress 

early in the flowering period reduces yields by 

increasing abscission of buds while stress late in the 

flowering period reduces flowering rates and retention of 

bolls . 

For southern peas (Vigna sinensis L.), the flowering 

period was found to be the most sensitive stage, 

regardless of deficit level, while the pod development 

stage was the least sensitive to level of deficit (58). 

In cowpeas, Turk, et al. (165) noted that drought during 

either the flowering or pod filling stages substantially 

reduces yields. However, cowpea has an indeterminate 

flowering habit (161) and partial yield recovery was 

observed where drought caused all flowers to abscise and 

the subsequent environment, after irrigation was resumed, 

permitted a new flush of flowers to produce pods. 

Soil water stress may also influence the maturation 

rate of snap beans (57, 87, 112, 142). McMaster et al. 

(112) observed that the most notable effect of irrigation 

treatments was that adequate early irrigation results in 

early maturing plants and produces a greater total yield 

of seeds. Robins and Domingo (142) indicated that plant 

development is retarded by stress before blooming and 

hastened  during  the  reproductive  stage.   Conversely, 
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Kattan and Fleming (87) found that soil moisture stress 

does not affect the time of first anthesis indicating 

that stress does not delay development. The time between 

silking and pollen shed in corn (Zea mays L.) was found 

to be lengthened by 3 to 4 days in water stressed plants 

(57). 

Although, in most cases, plant water stress effects 

are thought to result from low or inadequate soil 

moisture, they could also result from low humidity in the 

air. The adverse effects of low humidity have been 

observed in soybeans by Woodward and Begg (189). They 

noted that low humidity reduces the yield of snap beans 

through a reduction in pod number. Low humidity also 

reduces the dry weight of stems, total plant tops, and 

the number of nodes per plant. 

On the other hand, increasing the humidity by 

misting the plants has beneficial effects (23, 24, 90, 

125). Crandall et al. (24), working with snap beans, 

found that mist applications reduces canopy temperature 

and raises the relative humidity so that plants are 

protected from water and heat stress. However, when 

plants are adequately watered, misting does not have any 

beneficial effects (24, 90). 

In some studies the effect of excess moisture on 

plant growth has been observed (42, 106, 112). Gableman 

and  Williams  (42) found that excess irrigation of  snap 



beans at all growth stages does not result in yields that 

are different from treatments in which water is applied 

at less than 50% depletion of available soil moisture. 

Hackay and Evans (106) also noted this and, in addition, 

observed that excess moisture does not seriously increase 

leaching losses of essential nutrients. 

C.  Water Deficit Effect on Quality of Yield 

The quality of the yield of horticultural crops, 

such as snap beans can also be adversely affected by 

water deficits during growth and development. Parameters 

such as percent fiber in the pod, size of the seeds, pod 

sieve size and pod straightness are all important to the 

marketability of the crop. 

It is generally believed that moisture stress during 

pod development causes high fiber content in the pods 

(90, 105, 178), but according to Gableman and Williams 

(42), this effect is probably due to high canopy 

temperatures more than to insufficient irrigation. Other 

researchers have shown that the major factor influencing 

fiber content is the maturity of the pods (23). Still 

others have observed that there is no difference in fiber 

between pods of stressed and unstressed plants (87). 

Seed size, measured as the percent seed weight per 

total pod weight is negatively correlated with yield. 

Those  plants  with a low yield as a result  of  moisture 
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stress tend to have seeds which are larger and more 

mature than those from adequately irrigated plants (23, 

87, 102, 105, 178). Although seed size is larger under 

moisture stress, pod sieve size may be lower (23, 49, 

178). Researchers in Australia (23) noted that water 

stress results in fewer and smaller pods. Only 20 % by 

weight were larger than sieve size 5 compared to 60 % on 

well watered plots. Finally, Vittum et al. (178) noted 

that irrigation decreases the percentage of pods that are 

badly crooked and severely malformed indicating that 

adequate moisture improves the external appearance and 

usability as well as the internal quality of snap bean 

pods. 

A great deal of inconsistency is evident in the 

results obtained from imposing water stress on plants. 

The term, stress, as used in most studies in certainly a 

qualitative one and its meaning varies greatly among 

researchers. Salter and Goode (144) pointed out the 

importance of clearly specifying the criteria of stress 

conditions and plant response. The next 2 sections deal 

with more quantitative approaches in imposing as well as 

measuring plant responses to water stress. 

II.  Measurement of Leaf Water Potential 

A.  Thermocouple Psychrometer 
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An accurate method for measuring leaf water 

potential (V) in plants is essential in assessing stress 

levels. Many instruments are available for this use, 

each with its own level of accuracy. 

In most cases, the thermocouple psychrometer is the 

most accurate of these (13, 93). Since, however, a wet 

bulb depression of 1 C approximates a value of of -80 

bars, strict temperature control was, until recently, 

required for accurate measurements of ¥ with the 

thermocouple psychrometer (4, 184, 185). In addition, 

long equilibration times prevented frequent sampling 

unless a multi-chambered system was utilized (116). 

Because of this, thermocouple psychrometers have been 

less widely used in the field than in controlled 

environments (4). It was not until the development of 

temperature-compensated thermocouple psychrometers (62, 

114) and dew point hygrometers (124) that the requirment 

for strict temperature control was reduced. This has led 

to the development of "in situ" psychrometers and 

hygrometers for the measurement of ^ in leaves (17, 124). 

B.  "In Situ" Psychrometers and Hygrometers 

"In situ" psychrometers and hygrometers have been 

used in a number of field studies (4, 17, 59, 186) but no 

rigorous comparisons with thermocouple psychrometers have 

been undertaken. 
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Baughn and Tanner (3) used a dew point hygrometer to 

compare the "in situ" ^ of a leaf of greenhouse grown 

plants with the f of a piece of excised tissue from the 

same leaf and measured by a hygrometer or psychrometer. 

Excised tissue potentials average 1.0 to 3.0 bars lower 

depending on species and y range, than the "in situ" 

y for potato (Solanum tuberosum L.-)» sunflower 

(Helianthus annuus L.), pepper (Capsicum annuum L.), and 

soybean. They concluded that measurements of y requiring 

excised tissue are likely to incur significant errors 

from the excision, especially in the wet range. However, 

Boyer (9), systematically compared "in situ" measurements 

with those made on excised tissue. He found agreement 

within 0.3 bar for sunflower and concluded that the "in 

situ" dew point measurements can avoid most, if not all, 

of the problems associated with excised tissue 

psychrometry. 

Campbell and Campbell (17) compared ¥ measured with 

an "in situ" leaf hygrometer with that measured with 

pressure chamber for wheat and a number of tree species 

in a plant growth room. Their comparisons between 

readings gave regression lines with slopes of 1.0, but 

the average pressure chamber reading was 0.4 to 1 bar 

lower than that obtained with the leaf hygrometer. 

However, the range of measurements for the "in situ" 

hygrometers was generally 2 bars and increased to 7  bars 
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for values of V above -2 bars. The authors attribute the 

scatter to failure of the hygrometer to properly sense 

the dew point when H* was above -2 bars and to errors in 

the hygrometer calibration. Under field conditions, 

temperature gradients between leaf and psychrometer 

thermocouples may increase the scatter still further. 

Therefore, it seems that the "in situ" psychrometer 

or hygrometer could only be useful in observing the 

dynamic change in "F, since it is a non-destructive 

technique, or in pinpointing the correct timing for 

absolute readings by destructive means when only a 

limited amount of plant material is available. 

C.  Pressure Chamber 

The rediscovery of the pressure chamber by 

Scholander et al. (145, 146) made "measurements of Y under 

field conditions both simple and routine. With the 

technique, a leaf or branch is cut and placed in a 

chamber that can be pressurized, with the cut surface 

just protruding into the atmosphere through a seal in the 

top of the chamber. Pressure is slowly applied to the 

leaf until the meniscus in the xylem just returns to the 

cut surface. This balancing pressure approximates ^ (4, 

8, 139, 181). 

Tyree et al. (175) showed that this technique is 

largely  insensitive  to temperature and that  V  usually 
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varies less than ±2.0 bars over the temperature range 

from 0 to 36 C. In addition, readings can frequently be 

obtained in less than 2 minutes, allowing a large number 

of observations to be made whenever sufficient plant 

material is available for destructive sampling (4). 

Waring and Cleary (181), in an effort to simplify field 

use, designed an efficient portable system weighing less 

than 18 kg. 

To extend pressure chamber readings to xylem 

potentials occurring in the intact plant, 2 assumptions 

must be made. First, the y of the xylem sap and leaf 

cells must be in equilibrium during the time of 

measurement. Equilibrium, however, occurs so rapidly 

that a significant change in Y cannot be detected after 

the initial balancing pressure is applied to the tissue. 

The 2nd assumption is that water is arranged spatially in 

the same manner in the shoot under pressure as it is in 

the shoot while intact on the plant. This assumption 

implies that the dimensions of the conducting system 

during measurement represent those in the intact plant 

and that the stem tissues are filled with water in the 

same manner in the 2 situations. In species not subject 

to stem deformation and with small amounts of pith, these 

assumptions are sound (8). 

When making measurement, care must be taken to avoid 

water loss from the tissue after excision (172).   Turner 
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and Long (172) found that in rapidly transpiring leaves, 

the ¥ of uncovered leaves measured in a pressure chamber 

were 2 to 7 bars lower than the f of leaves that were 

covered with a plastic sheath from just prior to their 

excision to the completion of the measurement. The error 

in the ¥ of uncovered leaves arose from rapid water loss 

in the first 30 seconds after excision. The degree to 

which ¥ was lowered, depended on the species, the rate of 

transpiration, f at the time of excision, and whether 

the plants were grown in the glasshouse or field. 

Puritch and Turner (133) noted that, although drying 

can begin as soon as the tissue is excised, drying may be 

especially serious within the chamber during measurement 

due to large temperature increases from compression. 

Wenkert et al. (182) observed that for uncovered leaves 

initially at -3 to -5 bars, V decreased as much as 1 bar 

during a single measurement due to drying associated with 

high tissue temperatures during compression. When the 

leaves were wrapped in more than 1 layer of plastic, they 

were effectively insulated from the temperature increase 

in the chamber and decreases in ^ were reduced to 0.1 to 

0.2 bar per measurement. 

When selecting leaves for sampling in the pressure 

chamber, care must be taken to select those which would 

characterize the entire living system. Begg and Turner 

(5),   working  with  tobacco  (Nlcotiana  tabacum   L.), 
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observed that y became more negative higher In the 

canopy, refuting the results of Hoffman and Splinter (60) 

that the lowermost leaves in the canopy were the most 

negative. Begg and Turner (5) concluded that the 

vertical gradient observed by Hoffman and Splinter 

occurred because the lower leaves were senescing in their 

study and thus gave inaccurate results. 

It has also been observed that the diurnal range of 

f, as well as many other stress indicators, was greater 

for leaves in the upper canopy than for those in the 

lower canopy (20, 169, 170). Begg and Turner (5) noted 

that at 1200 hr, H* was 3 bars lower in the upper canopy 

of tobacco than at 1000 hr, while in the lower canopy, V 

was only 1 bar lower at 1200 hr than at 1000 hr. Theory 

predicts and data support the existence of appreciable 

spatial variability of Y within crowns of herbaceous 

plants (139). Thus, the formation of sampling schemes 

must include either preliminary testing or 

standardization of sampling procedure. 

As was stated earlier, the most accurate method of 

determining ^ is with a thermocouple psychrometer (4). 

This method, unlike the pressure chamber technique (145, 

146), does not afford many measurements to be taken in a 

short period of time. Comparisons of pressure chamber 

measurements with the thermocouple psychrometer have 

indicated  the agreement varies between species (8,  30), 
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and thereore it is necessary to evaluate the pressure 

chamber for each species. Boyer and Ghorashy (11), 

working with soybeans, compared these 2 methods and found 

a correlation coefficient of 0.957 when <? ranged from -3 

to -25 bars. 

Finally, it should be noted that the pressure 

chamber measures only the gravitational and frictional 

components of ¥ in the xylem or transpiration stream and 

does not measure the osmotic or matrix components. The 

combined gravitational and frictional components are 

referred to as P or the xylem pressure potential (139). 

Therefore, when the pressure chamber is used to estimate 

y, calibrations with the thermocouple psychrometer are 

desirable. However, when P values are used only as 

relative indicators of water status, calibration may not 

be necessary, as P itself is a meaningful index of plant 

water stress. 

For certain plant species, the pressure chamber 

technique can yield accurate results in a short period of 

time and is a useful tool for estimating ^ and, thus, 

plant water stress levels on a relative basis. 

111.  Stress Effects on Leaf Water Potentials 

A.  Effects of Stress on Leaf Water Potential 

Many researchers have shown that V ,  measured with a 
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pressure chamber, is very responsive to plant water 

stress levels (5, 20, 27, 115, 134, 171). Working with 

southern peas, Clark and Hiler (20), showed that during 

the vegetative stage of growth, readings of V from the 

stressed plants were 4 to 0.7 bars lower than non- 

stressed plants, at predawn and midday, respectively. 

During pod development, the V of stressed plants were 

about 1 bar lower than non-stressed plants throughout the 

day. 

Turner et al. (171), noted that the mean daily 

minimum ¥ in irrigated sorghum (Sorghum bicolor L.) and 

sunflower did not decrease below -17 and -20 bars, 

respectively, but did decrease to -21 bars in the 

unirrigated sorghum and -26 bars in the unirrigated 

sunflower. Day et al. (27) determined the effects of 

drought on ¥ in spring barley (Hordeum vulgare L.). 

Irrigations ranged from none to well watered. During the 

day, y decreased to a minimum of -15 to -18 bars for 

irrigated plants and was generally 3 bars lower for those 

non-irrigated. 

Also, it has been shown that at high soil water 

potentials, Y is dependent on diurnal environmental 

fluctuations (46). At low soil water potentials, 

however, V is closely related to the soil water 

potential (46, 143, 151). 

B.   Diurnal Fluctuations of Leaf Water Potential 
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In many cases, diurnal measurement of Y can be used 

to better assess the plant's response to the environment 

over a period of many hours. The diurnal fluctuation of 

y is a function of the water imbalance resulting from the 

excess of transpiration over absorption (36). The 

diurnal fluctuation of H* occurs in 2 major forms. When 

soil moisture is adequate, V , measured diurnally in the 

field, generally reflects the atmospheric evaporative 

demand curve. As soil moisture becomes limiting, 

however, and resistances to water flux increase, the 

diurnal curve tends to plateau near midday and even to 

display a brief recovery (139). 

Many researchers have observed diurnal fluctuations 

in y (20, 27, 84, 152, 169, 191). Day et al. (27) 

working with spring barley noted a 12 bar decrease in ^ 

from predawn to midday, with unirrigated treatments 

generally being 3 bars lower than irrigated treatments 

throughout the day. In chickpea (Cicer ariet inum L.), 

Sivakumar and Virmoni (152) observed that when the soil 

is dry, ¥ remains very negative past midday and even as 

late as 1700 hr indicating that plants are suffering 

marked stress. When soil moisture is adequate, however, 

only a single negative peak is reached at midday, after 

which the plants quickly recover. For arid zone species, 

diurnal curves tend to begin at low V values and 

gradually  decrease throughout the day,  only  recovering 
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slightly at night (139). 

IV.  Adaptation of Plants to Water Deficits 

A.  Morphological Adaptations 

Morphological adaptations of plants to water 

deficits result primarily through modifications in both 

cell division and cell enlargement. Cell division, 

however, appears less sensitive to water deficits than 

cell enlargement (22, 47). Evidence for this view is 

given by the observation that cell number is frequently 

of the same general order in plants exposed to water 

stress compared with controls, although cell size is 

greater in the latter (14). 

One of the most important consequences of the 

sensitivity of cell enlargement to small water deficits 

is a marked reduction in leaf area (4, 10). Because the 

rate of evapotranspiration is determined by leaf area 

(4), particularly at leaf area indices less than 3 (140, 

168), reduction of cell size and, thus, leaf expansion 

can produce a mechanism for reducing water loss from the 

plant and delay the development of more severe stress. 

Adaptation by this method insures survival but does 

not necessarily insure optimum yield. Turk et al. (167), 

working with cowpea, noted that increasing levels of 

drought result in progressively less leaf area, shoot dry 
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matter, number of leaflets, and average leaflet area, 

with total leaf area having the greatest sensitivity. 

They stated that these responses are partially 

responsible for extreme drought avoidance by this crop, 

but that they may also cause yield reductions. One of 

the most damaging features of a reduction in leaf area is 

that the effect is permanent and in the case of a 

determinant crop there is no chance for compensation via 

an increase in the number of leaves (4). 

One other method of morphological adaptation is by 

early senescence of older leaves (40, 41, 99). This 

reduces water loss without causing an appreciable 

decrease in net photosynthesis. 

B.  Physiological Adaptations 

Plants may adapt physiologically to water deficits 

through adjustments in osmotic potentials ( VTT) as well as 

modification in stomatai regulation (52). 

Osmotic adjustment, a net solute increase leading to 

a lowering of osmotic potential is 1 proposed mechanism 

whereby crops may adapt to limited water availability and 

maintain growth (61). With the lowering of ^ and the 

maintenance of f, plants are then able to maintain turgor 

( y p) and thus continue to function. Jones and Turner 

(83) demonstrated that osmotic adjustment occurred in 

sorghum  leaves.   Stressed plants maintain higher tissue 
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water contents than control plants at the same V. Also, 

Vir for the same ^ is lower in pre-stressed plants. 

Turner et al. (171), working with sunflower and sorghum, 

showed that osmotic adjustment does occur on a short term 

basis. The soluble sugar concentration increased lineraly 

in both sunflower and sorghum with osmotic adjustment. 

After relief of stress, however, the accumulated solutes 

apparently disappear. 

Working with non-stressed peach (Prunus persica L.) 

seedlings, however. Young et al. (191) showed a 

significant positive correlation between Vp and ¥ while 

^TT remained fairly constant. There appeared to be no 

rapid, diurnal osmotic adjustment to maintain constant 

¥p, although there may have been some slight, long term 

adjustment over the 2 week experimental period. When ^p 

approached zero, a depression of ^^ due to water loss 

through transpiration maintained ^p above zero. 

Measurement of stomatal resistance has customarily 

been made with a ventilated diffusion porometer (173). 

When calibrated properly, this instrument has proven to 

be extremely accurate in measuring stomatal resistance. 

Major problems with this method, however, include 

adjustments for temperature and humidity. Currently, 

steady state porometers are available which do not 

require calibration (97). 

Stomatal opening is generally governed by irradiance 
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level; as irradiance increases so does stomatal 

conductance (61). Begg and Turner (5) found that 

stomatal resistance is higher in the lover canopy due 

to lower irradiance levels there. 

Recent evidence has given more basis to the 

relationship betveen stomatal closure and crop vater 

status (18, 45, 61, 82, 88, 153, 169, 171). Turner et 

al. (171) shoved that the ¥ at which stomata close varies 

from -15 to -26 bars in sorghum and -17 to -27 bars in 

sunflower. Carlson et al. (18), working with 2 soybean 

cultivars, tried to establish a relationship between 

¥ and stomatal closure. They found that leaf conductance 

is significantly correlated with ¥ over most days, but 

other factors, such as atmospheric demand, time of day, 

and some types of moisture stress hardening contribute as 

significant sources of variation. 

Other researchers (170, 191), however, suggest that 

there is no clear relationship between ¥ and stomatal 

closure. Turner and Begg (170) observed that the 

relationship between stomatal resistance and irradiation 

is hyperbolic in maize, sorghum and tobacco but varied 

with species, leaf surface, ~ and leaf senescence. 

Although ¥ varied over a considerable range throughout 

the day, low ¥ had no observable effect on stomatal 

resistance in any of the 3 crops. Young et al. (191) 

working   with  peach  seedlings  noted   that   stomatal 
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resistance  remained low throughout the day,  even though 

y dropped below -16 bars. 

A  possible  explanation for non-closure of  stomata 

even  with  low y was discussed by Hsiao  (61).   In  his 

review, he suggested that growing environment, greenhouse 

or field, as well as ambient CO  levels could affect this 
2 

response (85,  86,  118).   Also,  it has been  suggested 

(132)  that  light may modify stomatal response to  water 

deficit.   At higher light levels,  a greater deficit was 

required to close stomata. 

Turner (169) found that leaf resistance in the upper 

canopies  of  maize,   sorghum,   and  tobacco  decreased 

temporarily  after sunrise (0530 EST),  as the irradiance 

increased,   but  then  the  resistance  increased  again 

between 0700 and 0800 hr  as y decreased rapidly from the 

values of -7 (maize), -4 (sorghum), and -6 (tobacco) bars 

at sunrise to minimal values near midday of -18, -22, and 

-15  bars respectively.   At intermediate heights in  the 

canopy,   leaf   resistance   remained   constant until ¥ 

decreased to -17, -20, and -13 bars respectively.  In all 

3  species,   leaf  resistance  of  upper  canopy  leaves 

increased  at more negative values of V  than those at the 

base of the canopy.   Turner et al. (171) also noted that 

for  sunflower and sorghum,  the f that induced  stomatal 

closure  decreased as  t  decreased.   Stomatal  closure, 

therefore,  represents another mechanism by which a plant 
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under water stress may conserve moisture and thus, adapt 

to its water deficient environment. 

V.  Irrigation Scheduling 

A. Introduction 

In many agricultural areas irrigation is needed to 

supply plants with water to obtain optimum yield and 

quality of a desired plant constituent (26, 51, 80). 

Irrigation should occur when the soil water potential is 

still high enough to supply water fast enough to meet the 

local atmospheric demands without placing the plants 

under a stress that would reduce the yield or quality of 

the harvested crop (153). However, other considerations 

may result in a modification of these goals. For 

example, irrigation schedules may be altered to minimize 

irrigation costs, facilitate other farm operations, 

overcome problems of slow penetration of water, control 

ground water level, accomplish leaching of salts, or 

accommodate water availability on the farm (51). 

B. Soil Water Measurements 

1.  Content 

One of the simplest but least sophisticated  methods 

to  assess irrigation needs is by visual examination  of 
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soil moisture and rooting depth using a shovel or probe. 

Although this method is primarily qualitative, it could 

improve scheduling where marked under or over irrigation 

practices prevail (51). 

A more accurate means of assessing soil moisture is 

by measuring actual soil water content. Numerous 

irrigation experiments on agricultural crops to determine 

the permissible water deficit in the rooting depth 

without adversely affecting crop yield and quality have 

been reviewed (156, 163). A common criterion allows 

depletion of various fractions of available water in the 

crop rooting depth, i.e. 25%, 50%, or 75%, prior to 

irrigating a crop. 

One means of measuring soil water content is by 

gravimetric sampling. This involves oven drying of soil 

samples and bulk density measurements (12). Because this 

method is both laborious and time consuming it is seldom 

accepted by farmers for routine use. Soil water content 

can also be measured by a neutron probe, which directly 

measures soil water on a volume basis (12). However, 

radiation hazards, high cost, and the need for 

calibrations restrict its use-principally to a research 

tool. 

A major problem with these methods, however, is that 

they fail to consider that water potential and content 

vary  with  soil  texture.     For  example,   soil  water 
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potential is more negative at 25% depletion in a loam 

soil than at 50% depletion in a sandy loam soil. Use of 

soil water retention curves is, therefore, necessary when 

the above methods are employed (12, 51)* 

2.  Water Potential 

Plant response to irrigation is better correlated 

with soil water potential than with soil water content. 

Therefore, measurement of soil water potential provides a 

useful approach for irrigation scheduling (51). Many 

researchers have evaluated the soil water potential at 

which water should be applied for maximum yields of 

various crops grown in deep, well drained and fertilized 

soils. Some examples are snap beans, 0.75-2.0 (-bars) 

(178); canning pear (Pyrus communis L.), 0.3-0.5 (164); 

sweet corn, 0.5-1.0 (164); broccoli (Brassica oleracea L. 

var. italica) and cauliflower (Brassica oleracea L. var. 

botrytis), 0.6-0.7 (130); and onions (Allium cepa L.), 

0.55-0.65 (130). 

Various devices are currently available for 

measuring soil water potential. The 1st of these, the 

tensiometer, consists of a tube with a porous cup at the 

bottom and a water reservoir and vacuum gauge at the top. 

When filled with water and placed in the soil, the 

tensiometer registers soil water potential down to -0.8 

bar  (107).   A  major problem with this method  is  that 
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below this value, the tensiometer cannot maintain 

constant contact with the soil water and must be 

reserviced. 

Electrical resistance units,'most commonly made from 

gypsum are also used. This method is based on the 

principle that electrical resistance of certain porous 

materials such as gypsum, nylon and fiberglass is related 

to their water content (12). The blocks with electrodes 

suitably embedded are placed in moist soil and absorb 

soil moisture until they reach equilibrium. The 

electrical resistance and soil water potential can be 

determined by calibration. They give reasonably accurate 

moisture readings over the range of -1 to -15 bars 

however many blocks are necessary to give an adequate 

indication of soil moisture in a large field. 

A 3rd instrument for measuring soil water potential 

is a soil hygrometer/psychrometer (183). Using a dew 

point method, this device can very accurately measure 

soil water potential. However, excessive cost limits its 

use to a research tool only. 

C.  Evapotranspiratlon Measurements 

In recent years, several models have been proposed 

for predicting evapotranspiratlon from crop surfaces in 

an effort to better understand water movement in the 

soil-plant-atmosphere continum (6,  16,  129,  159,  162, 
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179). In addition, portable chaobers (138) and 

lysimeters (35, 141» 190) have been used to directly 

measure evapotranspiration. This information is useful 

in selecting cultivars which are more efficient users of 

soil water (35) and it also helps farmers to better 

assess their water needs for use in designing irrigation 

systems and storage reservoirs (127, 128). 

Since evapotranspiration measurements are an 

assessment of water loss by a cropped surface they can be 

used to predict irrigation needs (39, 190). It is 

possible in many areas to obtain, from consultants, 

personalized irrigation schedules utilizing 

evapotranspiration data (39). 

One of the most commonly used methods for predicting 

irrigations by evapotranspiration is a computerized 

irrigation scheduling program developed by Jensen, Wright 

and Pratt (81), commonly referred to as the USDA-ARS 

Irrigation Scheduling Program. This program provides 

estimates of the timing and amount of irrigation water 

needed using weather data and specific characteristics of 

the crop and soil. With this program, a reference 

potential evapotranspiration is computed with a modified 

Penman (129) combination equation. Wright and Jensen 

(190) using lysimeters to measure water loss from a snap 

bean crop have further substantiated this method of 

prediction  and  have  stated  that  expected  errors  in 
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estimating potential evapotransplration may be considered 

negligible. 

In most cases, however, field verification of 

computer predictions is necessary because of uncertainty 

about the amount of water actually applied at each 

irrigation; uncertainties in evaluating the crop rooting 

depth, soil water storage capacity and allowable 

depletions; the spatial variability of soil water holding 

characteristics within each field; uncertainties in 

computations of crop evapotransplration, particularly in 

the early growth stages; and the need to evaluate the 

effective rainfall of each farm (39). Improved models 

incorporating crop age and growth rate have eliminated 

some inaccuracies associated with this method of 

irrigation scheduling (39). 

D.  Stress-Degree-Day Concept 

1 .  Introduction 

The 2 primary determinants of crop yield are 

temperature and moisture (68). Although it is possible 

to control both of those factors in small scale 

applications, most of the world's agriculture is 

dependent on a favorable set of circumstances with 

respect to both of these factors. 

The term, stress-degree-day (SDD), was first used by 

S.  B.  Idso and his collegues,  in 1977,  working at the 
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U.S. Water Conservation Laboratory at Phoenix, Arizona 

(68). Their SDD concept was developed as a means of 

expressing the differential between leaf and air 

temperature as related to crop yield. 

2. Stress Effects on Leaf Temperature 

When leaves transpire they are cooled due to the 

large latent heat of vaporization of water relative to 

the heat capacity and thermal conductivity of plant 

tissue and air (IS). Temperature depression for given 

conditions should be proportional to the transpiration 

rate (108, 174). However, continued transpiration 

results in soil moisture depletion, which in turn, 

results in a decrease in transpiration rate and a shift 

in the energy balance of the system. Thus, canopy 

temperatures vary as environmental conditions and the 

availability of moisture for transpiration vary. 

Therefore, a low transpiration rate, resulting from low 

soil moisture, would result in a higher canopy 

temperature. This increased canopy temperature can be 

used as an indicator of a plant moisture stress (34, 44, 

98, 126, 137). 

Wiegand and Namken (187) reported that under the 

sub-humid conditions in Texas, leaf temperatures at 

midday of well watered cotton plants exposed to full 

radiation were 1-2 C higher than air temperature under 

the  sub-humid  conditions in  Texas.   Increasing  plant 
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water stress, as indicated by a decrease in the relative 

water content of the leaves from 83 to 50%, under similar 

radiation conditions, caused the leaf temperature and air 

temperature differential to increase by 3.6 C. 

Bartholic et al. (2), observed leaf temperature 

minus air temperature differences in cotton of up to 6 

C between the most and least water stressed plots. A 

temperature difference of 1-2 C was associated with a ¥ 

of -17 bars, whereas the larger temperature differences 

were associated with f ranging from -19 to -24 bars on 

the driest plots. 

Ehrler et al. (33), noted that for dry soil 

conditions, the difference between canopy and air 

temperatures in wheat (Triticum durum Desf.) increased 

rapidly after sunrise, peaked near solar noon and 

decreased only slightly by 1400 hr and was positive (0.7 

to 7.0 C). Palmer (126) examined the effect of 

withholding irrigation water on leaf and boll 

temperatures in cotton. Mean leaf temperatures ranged 

from predawn minimums of 9.3 C in both irrigated and 

stressed plots. Predawn ambient air temperature was 

similar. Midday leaf temperatures were warmer than air 

in the stressed treatment and cooler than air in the well 

watered treatment. 

Canopy-air temperature differentials have also been 

used  as  an aid in screening for  drought  tolerance  in 
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beans (19, 95) as well as for detection of biological 

stresses in plants (131). 

3.  Temperature Differentials and Soil Moisture 

Idso et al. (75) developed a method for remotely 

assessing soil moisture contents. They found the soil 

water contents of various layers of a loam soil, 

extending from the surface to a depth of 10 cm, to be 

well correlated with the surface albedo. By normalizing 

the albedo to remove variable solar zenith angle effects, 

the relations were found to be independent of season. 

This relationship is only useful, however, following 

heavy irrigations. Also, because albedo measurements 

vary greatly between different soil types, this parameter 

is not useful on a universal scale. 

Idso et al. (67) later found that by using a thermal 

inertia concept, soil water content could be easily 

determined. The volumetric water contents of surface 

soil layers between 2 and 4 cm thick were found to be 

linear functions of the amplitude of the maximum daily 

soil-air temperature differential. In order to normalize 

this concept for various soil types, individual moisture 

characteristic curves for each soil are used to transform 

water contents into pressure potentials. This 

normalization procedure thus enhances the value of the 

thermal inertial concept as a potential soil water status 
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survey tool 

4.  Remote Sensing of Canopy Temperature 

Using suitable instrumentation, the emittance of 

long wave radiation by plants can be used to determine 

leaf temperature remotely and estimete moisture stress in 

plants (180). Infrared thermometry can be used to 

determine leaf temperatures over a complete canopy from 

both ground observations and from airborne platforms (7, 

66, 120, 136). It has also been shown that airborne 

measurements of partial crop canopy temperatures are 

virtually identical to similar measurements made on the 

ground with a wide field-of-view radiometer oriented in 

the nadir direction (119). 

Hatfield (54), conducted a study to evaluate the 

measurement of leaf temperature with attached versus 

remote measurements from a row crop and to determine the 

relationship between angular and vertical temperature 

measurements for the seasonal growth of durum wheat. He 

found that infrared temperature measurements provide 

reliable and accurate measurements of leaf temperature 

without physical attachments to the leaf. However, when 

the canopy is less than full, care must be taken to 

observe only the canopy rather than a composite of soil 

and plants. The negative effects of "seeing" the soil 

when  determining  canopy temperatures by remote  sensing 
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were also described by Kimes et al. (92). Millard et al. 

(122) noted that for canopies that covered at least 85% 

of the soil surface, airborne measurements differed by 2 

C. These nadir measurements represented a combination 

of plant temperature and soil background temperature. 

Heilman et al. (56) found that composite temperatures of 

both soil and leaves were 0.5 to 11.5 C higher than 

canopy temperatures with the largest difference occurring 

at low canopy cover. They developed a model which can 

predict canopy temperatures with nadir measurements at 

incomplete cover when percent cover, soil temperature, 

soil and canopy emissivities, and sky irradiance are 

known. 

More recently, Kimes (91), noted that, depending on 

the viewing angle, canopy temperature measurements could 

vary. For calm wind conditions, azimuthal temperature 

measurements of wheat canopies differed on the order of 2 

C. This phenomenon was caused by the time dependent 

transfer of heat between canopy component surfaces, 

verifying that azimuthal dependence is a phenomenon to be 

considered when taking radiometric temperatures in the 

field. 

5.  The Stress-Degree-Day Concept and Yield 

Predictions 

The  canopy  temperature  around  solar  noon  is  a 
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manifestation of the stress undergone by the plant 

population up to and including that time. The main 

barrier to increased plant production is commonly 

moisture stress, and increasing the moisture stress 

results in a higher canopy temperature. Therefore, a 

relationship can be anticipated between yield and canopy 

temperature. Idso et al. (68), defined such a 

relationship which they called the SOD concept, the SDD 

being defined as 

SDD (Tc - Ta)i 

where Tc is the canopy temperature and Ta, the air 

temperature measured about 1 hr after solar noon on day 

i. In their experiments, working with wheat and 6 

moisture treatments, an attempt was made to relate total 

SDD values to yield. One problem encountered was 

determining at what stage of plant growth to initiate SDD 

measurements and at what stage to terminate them. From 

their final data, it was postulated that the best time to 

sum daily values of the SDD parameter is the period from 

the initiation to the cessation of head growth. Albedo 

measurements accurately delineate this period. There is 

a good linear relation between the total SDD's 

accumulated during the crucial head growth period and the 

total length of time of this period. There is also a 

good  correlation  between  total SDD's  and  final  crop 
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yield. Based on these data, they have devised a concept 

in which the final yield of a crop (Y) is hypothesized to 

be linearly related to the total SDD's accumulated over 

some critical period. This idea is expressed 

mathematically as 

Y - a - B ( I  SDDi) 
i«=b 

where  b  and  e  respectively  represent  the  days   of 

beginning and end of the summation.   This model provides 

an   excellent  fit  to  their  data  for  durum   wheat. 

According  to  this  model,  yields of wheat  under  arid 

climatic  conditions  will be reduced if the  summed  SDD 

becomes positive. 

A 2nd and more purely remote technique does not rely 

on ambient air temperatures being acquired at the exact 

locations. Instead, it utilizes the difference between 

the previously mentioned crop maximum temperature and 

minimum temperature (just before sunrise), which is then 

normalized by ambient air temperatures acquired 

regionally within a few kilometers of the field site. 

These values are summed daily thereby producing a value 

for the SDD. This 2nd method of computing SDD is equally 

valid in the above 2 equations (68, 121). 

The SDD technique for estimating yields of wheat 

from canopy and air temperature measurements has been 

extended to forage production (135).   It was found to be 
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valid in its extended form for 4 sequential cuttings of 

alfalfa (Medicago sativa L.) grown at Phoenix, Arizona 

over a period from May-August 1976. 

Using wheat growth data acquired during 2 different 

years and in 2 different locations for a specific 

cultivar, Idso et al. (70) were able to construct a grain 

yield model that does not require any ground based 

measurements. Utilizing only crop temperatures and 

reflectance data, which are both amenable to acquisition 

by remote sensing, the model is capable of predicting 

both when plant growth will cease and what the final 

grain yield will be for a crop that develops a complete 

ground cover. 

More recently, the combination of the SDD concept of 

plant water stress assessment with the growing-degree-day 

concept of plant phenological development has led to a 

new approach to the prediction of grain crop yields that 

accounts for climatic effects of light, temperature, and 

water (69). The model requires information on dates of 

emergence and heading, maximum and minimum air 

temperatures throughout the growing season and 

midafternoon canopy-air temperature differentials from 

the time of heading to physiological maturity (63). The 

model adequately predicts both final yield and the 

cessation of crop growth for wheat grown in 2 different 

locations. 
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Walker and Hatfield (180) conducted a study with 

red kidney beans (Phaseolus vulgaris L.) in Davis, 

California utilizing five irrigation treatments and 4 

planting dates. Regardless of planting date, seed yield 

remained strongly dependent on SDD accumulation. Canopy 

and air temperature measurements were recorded from 

flowering to maturity; inclusion of the SDD summation 

from emergence to flowering did not significantly improve 

the regression. Similar results were observed by 

Hatfield et al. (55). 

Idso et al. (72) combined data from 7 different 

crops to develop a single broad relationship between 

yield, as normalized for solar radiation reception over 

the crops vegetative growth stage, and the summation of 

SDD's accumulated over the crops reproductive growth 

stage. As a further modification to this yield model, 

Idso et al. (65, 74) have developed a new stress 

indicator which uses vapor pressure deficit measurements 

to normalize the SDD parameter for environmental 

variability: the crop water stress index. This new 

measurement compares the canopy temperature to the 

temperature of what a well watered canopy would manifest 

at the given vapor pressure deficit. The vapor pressure 

deficit utilized in this new parameter appears to be 

sufficient to adequately specify the foliage-air 

temperature differential regardless of variations in  net 
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radiation or wind speed. 

Although net radiation and wind speed do not appear 

to affect the vapor pressure deficit versus air-canopy 

temperature differential relationships, cloud cover does 

(65). The effect of cloud cover on canopy temperature 

was also noted by Stone et al. (160). They found canopy 

temperature fluctuations in sorghum, as large as 3 C 

within 3 minutes. These followed closely the 

fluctuations in solar radiation. Wiegand and Swanson 

(188) also noted changes due to cloud cover, although 

they determined that only 40 seconds to 1 minute were 

required to reach a new constant temperature after 

radiation levels changed. 

Another promising concept is that of using LANDSAT 

satellites (53) to assess crop spectral reflectance (71). 

The central idea around which this new technique is based 

involves ageing or senescence. Wheat field albedo always 

increases dramatically as the grain begins to ripen (64, 

73). Water stressed plots, which result in the lowest 

grain yields, have senescence periods which are longer 

than for well watered plots. 

6.  The Stress Degree Day Concept and Irrigation 

Scheduling 

The  SDD  concept  also  has potential  for  use  in 

irrigation scheduling.   Walker and Hatfield (180)  found 
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that total, water use, in their work with red kidney 

beans, was negatively correlated with SDD's summed from 

flowering to maturity. Ehrler (33), investigated the 

relation between moderate soil water depletion and leaf- 

air temperature difference to determine the feasibility 

of measurement and possible use as a guide for irrigation 

scheduling in cotton. He found that this technique could 

best be utilized in sunny environments. He also 

suggested that cotton plants need a full day to respond 

to irrigation treatments, due to leaf rehydration and 

consequent stomatal opening. 

Jackson et al. (18) described the water status and 

requirements of durum wheat by using plant canopy 

temperatures obtained with portable radiation 

thermometers, and devised a method for scheduling 

irrigations based on the SDD concept. Water is depleted 

from the root zone through evaporation at the soil 

surface, percolation below the root zone, and uptake by 

plants. From determining the water content of the soil 

at field capacity and at -15 bars, the amount of 

available water in the soil can be determined. Erie (37) 

found that for several crops in Arizona, irrigations 

should be given when 60-70Z of the available water is 

used from the top meter of soil. Using 

evapotranspiration equations, the amount of water 

depleted  from  the  root zone on a daily  basis  can  be 
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determined. By simultaneously recording SDD accumulation 

over the same period, one can determine how many SDD's 

have accumulated in the amount of time it takes to 

deplete the soil moisture by 65Z. 

In general, if the plant has adequate water, Tc - Ta 

will be near zero or negative; if it is water stressed, 

Tc - Ta will be greater than zero. The sum of the 

positive values of Tc - Ta may serve as an index of when 

to irrigate.  The equation for this concept is defined as 

SDDpos = 
N 
I  (Tc - Ta)n 

h = i 

where values of Tc - Ta less than zero are being set 

equal to zero. The index, i, is the 1st day after 

irrigation, and N is the number of days required for 

SDDpos to reach a prescribed value (78). For wheat in 

Phoenix, Arizona, for example, the SDDpos value for 65% 

depletion of available soil moisture is 10 (28, 77). In 

California, the SDDpos value for dry beans is set at 15 

(111). 

Other studies are now being conducted in which 

irrigations are scheduled according to various levels of 

SDDpos accumulation in addition to the 65% depletion of 

available soil moisture method (76). These new studies 

will allow researchers to determine how many SDDpos 

values it is possible to accumulate, between irrigations. 



A3 

before a yield reduction will result. 

In conclusion, the SDD concept has proven to be 

valuable but most of the studies conducted have dealt 

with yield predictions, while very few have considered 

irrigation scheduling. In addition, testing of this 

concept has been limited and more data need to be 

accumulated from other areas if the SDD concept is to 

have the worldwide implications for which it is intended. 
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CHAPTER 3 

USE OF CANOPY-AIR TEMPERATURE DIFFERENTIALS 

AS A METHOD FOR SCHEDULING IRRIGATIONS IN 

SNAP BEANS (Phaseolus vulgaris L.) 

A. RICHARD BONANNO 

ABSTRACT 

Two field experiments were conducted during 1981-82 

to determine the feasibility of using midday canopy 

temperatures, measured with an infrared thermometer, for 

irrigation scheduling in "Oregon 1604' and 'Galamor' snap 

beans. Treatments which allowed various levels of 

positive canopy minus air temperature differences 

(stress-degree-days (SDD)) to accumulate between 

irrigations were evaluated along with a treatment 

irrigated at 4 growth stages, a dry treatment, and a 

control treatment which was irrigated at -0.06 MPa soil 

water potential (SWP). Diurnal measurement of canopy and 

air temperatures indicated that the greatest differences 

between canopy and air temperature occurred near solar 

noon. In 1981, which was warmer than normal, all 

treatments irrigated by an accumulation of positive SDD's 

had   reduced  yields  compared  to  the  SUP   potential 
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treatment.   In  1982,  under higher rainfall and  cooler 

conditions,  yields of the SDD irrigated treatments  were 

comparable  to  those  obtained with the  SWP  treatment. 

Accumulation   of   positive  SDD  values   to   schedule 

irrigations  was adequate when midday air vapor  pressure 

deficits  (VPD)  were  low.   However,  when  high  VPD's 

occurred,  SDD values were always negative.   A model  is 

presented  in  which  SDD  values  can  be  adjusted  for 

environmental   variability   using   VPD   measurements. 

Measurements  of air temperatures within the canopy  were 

made and compared to surface canopy temperatures measured 

with an infrared thermometer.  Regression analysis showed 

that  canopy temperature could be predicted using the air 
2 

temperature  within the canopy (R  = 0.89).   The sum  of 

SDD values for the season was used to estimate pod  yield 
2 

(R  - 0.65). 
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INTRODUCTION 

Effective irrigation scheduling is necessary to 

obtain optimum yields in many cropping systems. 

Recently, the use of remotely sensed plant canopy 

temperatures has been suggested as a method for 

scheduling irrigations (4,9,10,14). 

Transpiration of water from plant leaves cools them 

due to the large latent heat of vaporization of water 

relative to the heat capacity and thermal conductivity of 

plant tissue and air (3). Temperature depression for 

given conditions should be proportional to the 

transpiration rate (18,22). However, continued 

transpiration results in soil water depletion, which in 

turn results in a decrease in transpiration rate and an 

increase in canopy temperature. This increase in canopy 

temperature can be used as an indicator of plant water 

stress (7,15,20) and temperature differences between well 

watered and stressed plants have been reported ranging 

from  1 to 2 C up to 6 to 7 C for many crops (2,6,20,24). 

Several methods have recently been suggested to 

utilize remotely sensed leaf temperatures for irrigation 

scheduling. A measurement of the internal variability of 

leaf temperature in a field has been suggested (4,9). 

This method associates increased temperature variability 

with an increase in  plant  water  stress.  Aston and van 
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Bavel (1) suggested that the onset of stress could, be 

detected by comparing the increase in leaf temperature of 

a stressed plot to that of a well watered plot. Geiser 

et al. (10) suggested that plants could be irrigated when 

canopy-air temperature differentials exceed a 

predetermined value which is based on measured net 

radiation and relative humidity. 

A fourth method, described by Jackson et al. (14) 

utilizes the stress-degree-day (SDD) concept originally 

developed by Idso et al. (11) to predict yields. The SDD 

concept is defined as: 

SDDi ■ (Tc - Ta)i 

where  Tc  is  the canopy temperature  and  Ta,  the  air 

temperature measured about 1 hour after solar noon on day 

i. 

If the plant has adequate water, Tc - Ta will be 

near zero or negative; if it is water stressed, Tc - Ta 

will be greater than zero. The sum of the accumulated 

positive values (SDDpos) of Tc - Ta can serve as an index 

of when to irrigate. For wheat (Triticum durum L.) in 

Phoenix, Arizona, for example, the SDDpos value is set at 

10 (5,14). In California, the SDDpos value for dry beans 

(Phaseolus vulgaris L.) is 15 (19). 

Using the above information, especially that 

described by Idso et al. (11) and Jackson et al. (14), a 

2 year field study was conducted, the objectives of which 
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were: 1) to determine if an elevation in leaf 

temperature, induced by water stress, can be used to 

schedule irrigations in snap beans, and 2) to evaluate 

the usefulness of canopy-air temperature differences in 

yield predictions as originally described by Idso et al. 

(11). 
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MATERIALS AND METHODS 

Two field experiments were conducted during 1981-82 

at the Oregon State University Vegetable Research Farm on 

a Chehalis silty clay loam soil that had an average water 

holding capacity of 6.4 cm per 0-30 cm depth. Details of 

the experimental site were described previously (8,17). 

The plots were in a randomized complete block design 

with irrigation treatments as main plots (6 m x 6 m)  and 

cultivars,  'Oregon  1604* and 'Galamor',  as sub  plots. 

Plant  spacing  was 91 cm between rows and 3.7 cm  within 
2 

row so that a density of 30 plants/m     was achieved.  Four 

replications  were  used  and plots were 15 m  from  each 

other  so  that irrigation of one treatment  by  overhead 

sprinklers,  at  a rate of 9 mm/hr,  would not  influence 

another treatment.   Fertilizer at 56 kg N,  74 kg P, and 

47 kg K/ha was banded at planting.  Standard methods were 

used for weed and insect control. 

Canopy  temperatures  were measured with a  handheld 

infrared  thermometer (IRT) (Telatemp  Corp.,  Fullerton, 

Ca.,  Model AG-42 ).   The instrument has a field of view 

of 5°,'  a sensing window of 10.5 to 12.5 ym, a resolution 

of 0.1 C,  and a guaranteed accuracy of 0.5  C.   Ambient 

air  temperature  and air temperature within  the  canopy 

were  measured using a CR-5 digital recorder fitted  with 

A104-T temperature integrators (Campbell Scientific Inc., 
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Logan, Utah). Copper-constantan thermocouples were placed 

within the canopy at a height of 15 cm from the soil 

surface or in a weather shelter. 

Scheduling of irrigation was based on either soil 

water potential, as measured by gypsum electrical 

resistance soil moisture blocks (21), plant growth 

stages, or accumulation of SDDpos values. Number of 

irrigations and amounts of water applied are shown in 

Table 1. Enough water was applied at each irrigation to 

return the soil to field capacity. Gypsum blocks were 

placed between plants of 'Oregon 1604' at 15, 30, and A5 

cm depths in all plots and were read 3 times weekly. 

Block readings at 15 cm were used for scheduling the 

first 1 or 2 irrigations while those at 30 cm were used 

to schedule later irrigations. In the growth stage 

treatment, plants were irrigated A times as follows after 

establishment: 1) at full expansion of the first 

trifoliate leaf, 2) the day before first bloom, 3) at the 

end of flowering and the beginning of pod fill, and 4) at 

about 5 days before harvest. The growth stages of 

'Oregon 1604' were used to delineate the above stages for 

both cultivars. 

Canopy temperature measurements were made in all 

plots near solar noon (1330 -1430 PDT) on a daily basis. 

In addition, on 6 days in 1981, 7 bihourly sets of 

measurements  were  made from 0430  - 2200  (PDT).   Five 
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measurements were made on each plot from the SE,  S,  SW, 

NW,  and  NE directions.   Row orientation was east-west. 

SDDpos values were accumulated using the equation: 

N 
SDDpos ■  £ (Tc - Ta)n 

h = i 

where Tc is the average of 20 IRT midday measurements per 

treatment and Ta is the ambient air temperature  measured 

in  a  weather shelter within the plot area.   Values  of 

Tc - Ta less than zero are equal to zero.   The index, i, 

is the first day after irrigation, and N is the number of 

days required to reach a prescribed value.   In  1982,  a 

treatment was added in which Ta was adjusted based on the 

data in Figure 5.  The procedure is discussed later.  The 

resulting  canopy-air temperature difference is  referred 

to  as the adjusted SDD value (SDDa) and  for  irrigation 

scheduling purposes, SDDapos. 

A  once-over  harvest  by hand to  simulate  machine 

harvest was made at canning maturity on a 60 plant sample 

from  each plot.   Pods from all replications of a  given 

treatment were bulked for sieve size grading.   In  order 

to  better  compare  treatment response  to  differential 

irrigation,  yields  were adjusted to* a common 50%  sieve 

sizes  1-4  (16) if the proportion of pod yield  in  this 

size  range  reached a value of less than 60%.   The  50% 

value  is obtained by adjusting the yield 1% for each  1% 

deviation from the 50% value.  Specific treatments within 
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each experiment are covered separately below. 

Expt. l_ ( 1981 ) . Six irrigation treatments were as 

follows: -0.06 MPa soil water potential (SWP), 10 SDDpos, 

15 SDDpos, 25 SDDpos, growth stage (GS) and a dry 

treatment. 'Oregon 1604' and 'Galamor* were seeded on 

June 19. Emergence was on June 25 for 'Oregon 1604* and 

on June 26 for 'Galamor*. All plots were irrigated on 

June 24 with 9 mm of water to help establish the plants. 

This irrigation is counted in treatment totals. Rainfall 

from planting to harvest was 3.5 mm. First bloom (when 

about 10% of the plants had open flowers) for 'Oregon 

1604* was on July 29, 40 days after planting for the GS 

and dry treatments and on July 30, 41 days after planting 

for the -0.06 MPa SWP, 10 SDDpos, 15 SDDpos and 25 SDDpos 

treatments. First bloom for 'Galamor' was on August 1, 

43 days after planting for the GS and dry treatments and 

on August 2, 44 days after planting for the -0.06 MPa 

SWP, 10 SDDpos, 15 SDDpos, 25 SDDpos treatments. Harvest 

for 'Oregon 1604' was on August 20, 62 days after 

planting. 'Galamor' was harvested on August 26, 68 days 

after planting. 

Expt . 2_ (1982) . Seven irrigation treatments were as 

follows: SWP, 10 SDDpos, 5 SDDpos, 5/1 SDDpos, GS, dry, 

and 10/2 SDDapos. The 5/1 SDDpos and the 10/2 SDDapos 

treatments each had 2 levels of either SDDpos or SDDapos 

accumulation,  the  upper number for the vegetative stage 
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and the lower number for the reproductive stage. First 

bloom for 'Oregon 1604* was considered to be the 

beginning of the reproductive stage for both cultivars. 

Plots were seeded on June 8 and emergence was on June 16 

for 'Oregon 1604* and on June 17 for 'Galamor*. All 

plots were irrigated on June 19 with 9 mm of water to 

help establish the plants. Rainfall from planting to 

harvest was 51 mm. First bloom was on July 20 for 

'Oregon 1604', 42 days after planting and on July 24 for 

'Galamor', 46 days after planting. Harvest for 'Oregon 

1604' was on August 12, 65 days after planting. 

'Galamor' was harvested on August 19, 72 days after 

plant ing. 
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RESULTS AND DISCUSSION 

Diurnal changes in canopy temperature. Since the 

canopy temperature differences measured between cultivars 

were within the accuracy range of the IRT, canopy 

temperature measurements for the two cultivars were 

combined. Canopy temperatures reached a daily maximum 

value earlier than did ambient air temperature (Fig. 1). 

All canopy temperatures were lower than air temperature 

at predawn and in the late afternoon. The canopy 

temperature of the SWP treatment remained lower than air 

temperature throughout the day while the canopy 

temperature in the dry treatment was higher than air 

temperature from midmorning to late afternoon. Leaf 

canopy temperature reached a maximum value at solar noon 

when incoming solar radiation was at its peak. Since the 

air temperature maximum lagged behind the irradiance 

maximum, the SDD value of a stressed plant had its 

maximum daily value near solar noon. These data are in 

agreement with the results of Ehrler et al. (7) and 

Palmer (20). However, on days when the VPD level was very 

high, however, the stressed plants had canopy 

temperatures which were lower than air temperature for 

the entire day. 

Irradiance level, as influenced by cloud cover, also 

had  an effect on leaf temperature.   If  the  irradiance 
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level was rapidly decreased by a passing cloud, leaf 

temperatures dropped by as much as 4-5 C within 60 

seconds. After the cloud passed, leaf temperatures 

returned to their original values just as quickly. An 

increase or decrease in air temperature as a result of 

fluctuations in irradiance level was not as rapid. On a 

few days during the growing season, a complete cloud 

cover persisted until during or just before midday 

temperature measurements were taken. Because the canopy 

temperature increased faster than the air temperature, 

SDD values for these days were inflated. Conversely, if 

irradiance was reduced by clouds just before or during 

the measurement period, the canopy temperature decreased 

faster than the air temperature and SDD values for these 

days were lower than would be expected. 

Yields. In 1981, the SWP treatment produced 

yields that were significantly higher than any other 

treatment. It also recieved almost twice as much water 

as the 10 or 15 SDDpos treatments (Table 1). In 1982, 

under less severe environmental conditions (Table 2), 

only the dry treatment yielded significantly less than 

the SWP treatment. Also in 1982, there was less 

difference in the total amount of water applied between 

the SWP and SDD irrigated treatments. The 10 SDDpos 

treatment, for "Oregon 1604' had reduced yields compared 

to the 10/2 SDDapos and 5/1 SDDpos treatments.  The lower 
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yield of the SWP treatment as compared to the 10/2 

SDDapos or 5/1 SDDpos treatments may have been due to 

early lodging of the plants and the subsequent occurrence 

of white mold. 

SDDpos accumulation. During 1981, temperature 

extremes near 40 C occurred between A8 and 55 days after 

planting (Fig. 2). These extreme temperatures did not 

occur during the 1982 growing season (Fig. 3). During 

this extreme temperature period, SDDpos accumulation was 

very slow due to canopy temperatures being cooler than 

air temperatures (Fig. 4). On days of more normal (20-30 

C) maximum temperatures, SDDpos accumulation was more 

rapid. In order to better analyze this phenomenon, the 

SDD values of the SWP treatment within 3 days of each 

irrigation were plotted against air vapor pressure 

deficit (VPD) (Fig. 5, curve A). As VPD levels 

increased, canopy temperatures of the SWP treatment 

became cooler compared to ambient air temperature (i.e., 

SDD values became more negative). For example, at a VPD 

of 5 mb, the SWP treatment had a SDD value of 0.0 C while 

at a VPD of 60 mb the same treatment, under the same soil 

water conditions, had a SDD of -6.2 C. As a result of 

this relationship between SDD and VPD, a plant canopy 

temperature which was 2.5 C higher than the canopy 

temperature of the SWP treatment on a day when the VPD 

was 20 mb,  had a SDD value of 1.0 C.  However,  on a day 
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when the VPD was 60 mb, that same temperature difference 

of 2.5 C resulted in a SDD value of -3.5 C. 

Also plotted in Fig. 5 are SDD values versus VPD for 

the dry treatment (curve B). Only data from the last 4 

weeks of each season are plotted, since at this time, the 

soil water potential was at its lowest level. As 

indicated, at high VPD even the most water stressed 

plants had leaf temperatures which were lower than 

ambient air. Hence, even though the greatest stress 

levels may have occurred at high VPD's, SDDpos values did 

not accumulate. The relationship between SDD and VPD is 

similar to that suggested by Idso et al. (12,13). 

However, it differs in two ways. First, our data 

include values only from midday measurements while that 

used by Idso includes values from 2 to 3 hr after sunrise 

to 2 to 3 hr before sunset. Since it was determined by 

Idso et al. (12,13) that midday measurements of leaf and 

air temperature are best for determination of SDD values, 

it would follow that only midday values should be used. 

The range of midday VPD's plotted in Fig. 5 is 

illustrative of the environmental variability present in 

Oregon's Willamette Valley. Secondly, the line 

representing maximum SDD accumulation (curve B), is not a 

horizontal line, as Idso suggested, but rather can best 

be fitted by an inverse quadratic function. 

As already indicated, the highest yielding treatment 
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in 1981 was the SWP treatment. While in one case, as 

many as 6.5 SDDpos values accumulated between 2 

irrigations during the vegetative period in this 

treatment (from 27-35 days after planting), no positive 

values were measured during the reproductive stage (Fig. 

4). This indicates that high yields can be obtained even 

if more SDDpos values accumulate during the vegetative 

stage than during the reproductive stage. 

Based on the 1981 data presented in Figs. A and 5, 

the following conclusions were made: 1) when VPD's are 

low SDDpos values do accumulate, however, 10 SDDpos 

values are probably too many to allow to accumulate 

between irrigations, 2) more SDDpos values could be 

allowed to accumulate between irrigations during the 

vegetative stage than during the reproductive stage and 

not influence yield, and 3) when high VPD's occur the 

method of calculating SDDpos values would have to be 

modified to allow SDDpos accumulation. 

As a result, during the 1982 season, 3 SDD 

treatments were included which allowed fewer SDDpos 

values to accumulate between irrigations. Since 

temperature extremes during the 1981 season were above 

normal, it was felt that during a more normal season 

lower values of SDDpos accumulation might be sufficient 

to obtain yields as high as the SUP treatment. In 

addition,  a treatment (10/2 SDDapos) was added in  which 
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the SDDpos equation was modified in the following way. 

Ta in the equation was lowered or raised depending on the 

distance of curve A from the zero line in Fig. 5. For 

example, if the air temperature was 25 C at a VPD of 40 

mb, the Ta would be lowered by A C resulting in an 

adjusted Ta value of 21 C. The measured canopy 

temperature would then be compared to 21 C instead of 25 

C. This method insures SDDpos accumulation under any 

environmental condition. Fig. 6 shows the SDDpos and 

SDDapos accumulation in 1982. As indicated, SDDapos 

values accumulated faster than did SDDpos values. In the 

10 SDDpos treatment for example, 10 SDDapos values 

accumulated 13 days sooner than did 10 SDDpos values. 

Within canopy air temperature. Air temperatures 

within the snap bean canopy were measured in an effort to 

determine the relationship between internal canopy air 

temperature and the canopy temperature as measured with 

an 1RT. Measurements of air temperature within the plant 

canopy were used to successfully estimate canopy 

temperature (Fig- 7). If taken by an automatic 

temperature recorder, they could prove to be a useful 

tool on days when actual measurement of canopy 

temperature with an IRT is not possible. 

Yield predictions. Yields are plotted against a sum 

of SDD' s (SDDcum) accumulated from full expansion of the 

first trifoliate leaf through harvest (Fig. 8).  The data 
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indicate that SDDcum values can be used to predict yields 
2 

of  snap  beans using only 1RT measurements (R  =  0.65). 

This  technique was originally suggested by Idso  et  al. 

(11) working with wheat.   However, in the present study, 

the  highest  levels of significance were  achieved  when 

each  cultivar and year was regressed  individually.  For 
2 

example,  in. 1981,  the  R  value for the regression  of 

SDDcum vs.  yield for 'Oregon 1604* was 0.92.   Also, the 

relationship  was significantly improved (0.80  vs.  0.90 

for  'Oregon 1604' and 'Galamor' combined in  1981)  when 

data  from  full expansion of the first  trifoliate  leaf 

through  harvest were used rather than by using only data 

from  the reproductive stage.   This is contrary to  that 

proposed by Idso et al.  (11) in studies with wheat,  and 

Walker  and  Hatfleld  (23) in studies  with  red  kidney 

beans.  However,  because of the period required to  fill 

the seeds in wheat and red kidney beans, the reproductive 

stage   is  much  longer  than  for  snap  beans.    This 

observation  illustrates  the importance  of  crop  water 

status   during   the  vegetative  stage  of  growth   in 

determining final yield in snap beans. 
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CONCLUSIONS 

The SDD method has been successfully used to 

schedule irrigations in areas with low environmental 

variability. However, in areas with high day to day 

variability in temperature and relative humidity, this 

system is not adequate. 

A model is presented in which SDD values can be 

adjusted for environmental variability using air VPD 

measurements. With this modification, irrigations can be 

successfully scheduled and maximum yields can be obtained 

using only remotely sensed plant canopy temperatures, 

ambient air temperatures, and relative humidity 

measurements. 

SDDcum values can be used to successfully estimate 

final pod yield. However, because of the short 

reproductive period in snap beans SDD values should be 

accumulated from full expansion of the first trifoliate 

leaf until harvest. 
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Table 3.1 Number of irrigations, amount of water applied, and final pod yield of 'Oregon 1604' and 
'Galamor' snap bean. 

Ciiltivar 

Oregon 1604   Galamor 

Water Water 
Treatment Irrigations applied Yield I rrlgations applied Yield 

no. mm t/ha no. mm t/ha 
1981 

-0.06 MPa 8 209 18.4 ay 9 245 18.3 a 
10 SDD 4 98 12.9 b 5 148 11.3 b 
15 SDD 4 111 11.5 b 4 111 9.8 be 
25 SDD 2 62 9.8 b 2 62 5.7 cd 
GS 5 160 11.9 b 5 160 11.2 b 
Dry 1 9 4.1 c 

1982 

1 9 2.8 d 

-0.06 MPa 7 160 20.6 ab 8 187 19.6 a 
10 SDD 4 125 17.9 b 4 125 16.4 a 
5 SDD 4 98 18.9 ab 5 133 17.0 a 

5/1 SDD 5 138 23.9 a 6 174 20.8 a 
GS 5 151 21.1 ab 5 151 19.8 a 
Dry 1 9 11.2 c 1 9 10.6 b 
10/2 SDDa 5 138 24.7 a 6 174 19.2 a 

Mean separation by Duncan's multiple range test, 5% level. 

o 
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Table 3.2  Summary of environmental data from planting to harvest. 

Measurement 1981 1982 

Maximum air temperature 
average  (0C) 27.3 25.7 
Minimum air temperature 
average (0C) 10.9 11.1 
Number of days with a maximum 
air temperature above 320C       10 3 
Average irradiance at solar 
noon (penT^sec ) 1635 1512 
Number of days when solar noon 
irradiance was less than 1500 ye   10 17 
Total rainfall (mm) 3.5 51 
Average minimum relative 
humidity (%) 37.7 39.5 
Average air vapor deficit at 
solar noon (mb) 26.8 16.4 
Total pan evaporation (mm)        427 400 
Average pan evaporation per day 
(mm) 6.1 5.5 
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CHAPTER 4 

EFFECT OF DIFFERENTIAL IRRIGATION AND SOIL WATER 

POTENTIAL ON YIELD COMPONENTS AND POD QUALITY OF 

BUSH SNAP BEANS (Phaseolus vulgaris L.) 

A. RICHARD BONANNO 

ABSTRACT 

Two field experiments were conducted to evaluate the 

effects of differential irrigation treatments on the 

yield and pod quality of 2 snap bean cultivars, 'Oregon 

1604* and 'Galamor'. Treatments in which various levels 

of positive canopy minus air temperature differences 

(stress-degree-days (SDD)) accumulated between 

irrigations were evaluated along with irrigation at 4 

growth stages, a dry treatment which received only 1 

irrigation to establish plants, and a control treatment 

irrigated at -0.06 MPa soil water potential (SWP). In 

both seasons, yield was strongly related to the average 

soil water potential. Yields in 1982 were at least 5 

t/ha greater at a given average soil water potential than 

in 1981. Yields of 'Oregon 1604' and 'Galamor' were 

similar under adequate irrigation, but under greatest 

water stress,  yield of 'Oregon 1604' was higher than for 
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'Galamor'. Pod number was reduced only in the dry 

treatment. Percent set of pods, pod length, and number 

of seeds per pod were all reduced by low irrigation, 

while fiber content of pods and weight per seed were 

increased by low irrigation. 
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INTRODUCTION 

Snap beans have a relatively shallow rooting depth 

(9) and are responsive to more frequent irrigation than 

deep rooted crops (3,4,13,19). At critical stages, water 

should be applied before more than one half of the 

available water is depleted from the rooting zone 

(2,4,20,21). Vittum et al. (21) showed that in the 

northeastern U.S., plants irrigated at 50% available 

water depletion yield as well as plants with an optimum 

application of 25 mm of water every week. However, Mack 

and Varseveld (12) noted that plants should be irrigated 

at 40-45% available water depletion and Maurer et al. 

(13) concluded that water should be applied at only 22% 

available water depletion. When adequate water is not 

present, plant growth and final yield may be reduced. 

Soil water stress may also influence the maturation 

rate of snap beans. McMaster et al. (14) observed that 

adequate early irrigation of plants grown for seed 

results in early maturing plants and produces a greater 

total yield of seeds. Robins and Domingo (16) indicated 

that plant development is retarded by water stress before 

blooming and is hastened during the reproductive stage. 

Conversely, Kattan and Fleming (8) found that soil water 

stress does not affect the time of first anthesis 

indicating that stress does not delay development. 
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Product quality of horticultural crops, such as snap 

beans can also be adversely affected by water deficits 

during growth and development. Parameters such as 

percent fiber in the pod, size of seeds, and pod sieve 

size are all important to the marketability of the crop. 

Water stress during pod development has been shown 

to cause high fiber content in the pods (10,12,21) and 

the major factor influencing fiber content is the 

maturity of the pods (1). In some cases, however, no 

difference has been found in fiber content between pods 

of stressed and unstressed plants (8). 

Seed size, measured as either the percent seed 

weight per total pod weight or as weight per seed, is 

negatively correlated with yield. Plants with a low 

yield as a result of water stress tend to have seeds 

which are larger and more mature than those from 

adequately irrigated plants (1,8,12,21). Although seed 

size is larger under water stress, actual pod sieve size 

may be smaller for pods from stressed plants (1,5,21). 

Research in Australia (1) indicates that water stress 

results in fewer and smaller pods with only 20% by weight 

larger than sieve size 5 compared to 60% on adequately 

watered plots . 

Results obtained from imposing water stress on 

plants have been inconsistent. Salter and Goode (17) 

pointed  out  the  importance of clearly  specifying  the 
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criteria for stress conditions and plant response. 

In Chapter 3, a method utilizing canopy minus air 

temperature differences for irrigation scheduling and 

yield prediction was evaluated and refined. Pod yield 

was included primarily to clarify discussion of the 

irrigation scheduling method. The objective of this 

study was to evaluate, in more detail, the effects of 

differential irrigations on 2 snap bean cultivars, when 

effects were measured in terms of soil water potential, 

yield components, sieve size distribution, and pod 

quality factors. 
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MATERIALS AND METHODS 

Two field experiments were conducted in which 

'Oregon 1604* and 'Galamor* snap beans were grown under 6 

(1981) or 7 (1982) different irrigation regimes. 

Scheduling of irrigation was based on either soil water 

potential as measured by gypsum electrical resistance 

soil moisture blocks (18), stage of plant growth, 

accumulation of positive canopy minus air temperature 

differences (stress-degree-days (SDD)) (6), or 

accumulation of positive canopy minus adjusted air 

temperature differences (SDDa). Number of irrigations and 

total amounts of water applied are presented in Tables 1 

and 2. Plot arrangement and general procedures have been 

described previously (Chapter 3). 

Expt 1 . (1981) . Six irrigation treatments were as 

follows: -0.06 MPa soil water potential (SWP), 10 

positive SDD's (SDDpos), 15 SDDpos, 25 SDDpos, growth 

stage (GS), and a dry treatment (irrigated only once to 

establish seedlings). 

Expt. 2^ (1982) . Seven irrigation treatments were as 

follows: SWP, 10 SDDpos, 5 SDDpos, 5/1 SDDpos, GS, dry, 

and 10/2 positive SDDa's (SDDapos). The 5/1 SDDpos* and 

the 10/2 SDDapos each had 2 levels of accumulation, the 

1st for the vegetative stage and the 2nd for the 

reproductive stage (from first flowering). 
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At harvest, 4 12-pod samples of sieve size 5 beans 

from each treatment were randomly selected to determine 

pod length, seed number, and seed weight. In addition, 

samples of sieve size 5 pods were canned and quality 

measurements of percent seed and percent fiber were 

determined (11). 
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RESULTS 

Soil water potential• Soil water potential curves, 

shown in Figs. 1 and 2, are generally similar in 1981 and 

1982 for the same irrigation treatments. However, in 

1982, the soil water potential curve for the GS 

treatment, although similar in shape to that of 1981, was 

less negative than in 1981. In order to better compare 

the various methods of irrigation scheduling which were 

used in this study, the average soil water potential for 

the 0-45 cm depth for each treatment and cultivar was 

calculated (Tables 1 and 2). Also, yield was plotted 

against average soil water potential (Fig. 3) and, within 

years, a high correlation was found to exist between 

these 2 parameters. Yields in 1982 were at least 5 t/ha 

greater  at a given average soil water potential than  in 

1981. In 1981, the expected yield at an average soil 

water  potential of 0.0 MPa was  18  t/ha.   However,  in 

1982, a yield of 18 t/ha was obtained at an average soil 

water potential of -0.22 MPa. This was apparently 

related  to less severe environmental conditions in 1982. 

Yield. In 1981, pod weight for both cultivars was 

reduced in all treatments compared to that obtained with 

the SWP treatment (Tables 1 and 2). For 'Oregon 1604', 

the number of pods harvested per plant and the percent 

set of pods were reduced,  compared to the SWP treatment. 
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only in the dry treatment. For 'Galamor', the same 2 

parameters were reduced in all but the GS treatment. 

Sieve sizes in both cultivars were usually adjusted to a 

common 50% sieve sizes 1-4. However, in the GS and dry 

treatments yields were not adjusted because of the high 

percentage of sieve sizes 1-4 pods. 

In 1982, pod weights in the dry treatment for both 

cultivars were significantly reduced compared to the SWP 

treatment. However, for 'Oregon 1604', highest yields 

were obtained from the 5/1 SDDpos and 10/2 SDDapos 

treatments. Compared to these 2 treatments, the 10 SDD 

treatment had significantly lower yields. Number of pods 

produced per plant for both cultivars was significantly 

reduced only in the dry treatment. Percent set for 

•Oregon 1604' was highest in the 10/2 SDDapos and GS 

treatments, lowest in the dry treatment, and intermediate 

in . the 10 SDDpos, 5 SDDpos, 5/1 SDDpos, and SWP 

treatments. For 'Galamor', percent set was highest in 

the 5/1 SDDpos and GS treatments, lowest in the dry 

treatment, and intermediate in the 10 SDDpos, 5 SDDpos, 

10/2 SDDapos, and SWP treatments. Sieve sizes were 

adjusted to a common 50% sieve sizes 1-4 in all but the 

dry 'Galamor' treatment due to the high percentage of 

sieve size 1-4 pods in this treatment. 

Cultivar x irrigation treatment interactions in 1981 

also  affected  yield  components.   In  1981,  cultivars 
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responded differently to irrigation in that pod weight 

and number of pods was similar for the 2 cultivars in the 

SWP treatment, but in the dry treatment, yield of 'Oregon 

1604' was higher than for 'Galamor'. There was no 

irrigation x cultivar interaction in 1982. However, for 

all treatments, 'Oregon 1604' had both greater pod weight 

and greater pod number. 

Quality. Pod quality was less sensitive to water 

deficits than was pod yield (Tables 3 and 4). In 1981, 

pod length and seed number were highest in the SWP 

treatment and lowest in the dry treatment. Other 

treatments generally had intermediate values. At high 

moisture levels, 'Oregon 1604' had higher pod length and 

seed number than 'Galamor', but in the dry treatment, 

both cultivars responded similarly. 

For 'Oregon 1604', percent fiber and average weight 

per seed of sieve size 5 pods were highest in the dry 

treatment and lowest in the SWP treatment. Percent seed 

weight per pod weight values showed no consistent 

response to frequency of irrigation and were similar for 

both the SWP and dry treatments. For 'Galamor', the 

values of these 3 parameters were consistently lower in 

the SWP treatment than in the dry treatment. 

In 1982, trends were similar. In most cases, the 

quality of pods from the 5/1 SDD, 10/2 SDDa, and GS 

treatments was as high as in the SWP treatment. 
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DISCUSSION 

In 1982, higher yields were obtained at a given 

average soil water potential than in 1981. Cooler 

temperatures and increased relative humidity in 1982 may 

have influenced these results. Crandal et al. (2) found 

that reduced canopy temperatures and increased relative 

humidity in snap beans from mist applications protected 

plants from water and heat stress. Similar results were 

also noted by others (1,10,15). Had environmental 

conditions in 1982 been similar to those in 1981, it is 

suggested that only the 10/2 SDDapos treatment, which 

used environmentally adjusted air temperatures, would 

have yielded as well as the SWP treatment. 

Highest yields of snap bean pods were usually 

obtained with the SWP treatment. However, in 1982, yield 

of this treatment for 'Oregon 1604' was numerically lower 

than for either the 5/1 SDDpos or the 10/2 SDDapos 

treatments. In 1982, the high frequency of irrigations 

combined with the above average rainfall, resulted in 

early lodging of the plants and the subsequent occurrence 

of white and grey molds which reduced yields. 'Galamor' 

did not lodge and mold was not apparent. 

The scheduling of irrigations according to plant 

growth stage did not consistently result in high yields. 

In 1981, average soil water potential in the GS treatment 
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was much lower than in the SWP treatment and 30% less 

irrigation water was applied (Tables 1 and 2). At each 

irrigation, enough water was applied to return the soil 

profile to field capacity. As a result of extended 

periods of low soil water potential between irrigations, 

yields were reduced in the GS treatment in 1981 . In 

1982, however, there was less difference in average soil 

water potential and in the amount of irrigation water 

applied so that yields were similar in the GS and SWP 

treatments. 

Measurements of percent seed weight per pod weight 

have sometimes been used as indicators of water stress. 

However, these measurements may not be as useful as those 

of average weight per seed. Average weight per seed, at 

harvest, was higher in the stressed treatments but seed 

number per pod was reduced and, thus, percent seed weight 

per pod was not always consistent with plant water stress 

level. Although seed size was larger under water stress, 

average pod sieve size was smaller. The pods from the 

dry treatment usually had a sieve sizes distribution 1-4 

of 60% or greater and were not adjusted to a common 50% 

distribution. Similar results have also been reported 

(1,5,21). Had the harvest of pods been delayed in the 

dry treatment, the pods may have eventually reached a 50% 

sieve sizes 1-4 distribution. 

In 1981,  percent set of pods for each treatment was 
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a good indicator of relative plant water stress. 

However, in 1982, under less severe environmental 

conditions, the differences were not always present. For 

'Oregon 1604* in 1982, low percent set may have been the 

result of pod loss late in the season due to mold 

infect ion. 

Percent fiber was higher in the drier treatments for 

both cultivars, however, for 'Galamor' the difference 

between the SUP treatment and the dry treatment was 

greater than it was for 'Oregon 1604*. Moisture stress 

during pod development usually causes high fiber content 

in the pods (10,12,21), but according to Gabelman and 

Williams (4), this effect is probably due to high canopy 

temperatures rather than to low irrigation. In the 

present study, low irrigation resulted in highest canopy 

temperatures (Chapter 3). Others have shown that the 

major factor influencing fiber content is the maturity of 

the pods (1). All pods used for fiber analysis were 

sieve size 5 but, as reported earlier, the pods from 

plants in treatments with the highest water stress had 

higher average weights per seed than did pods from plants 

receiving adequate irrigation. This would suggest that 

the sieve size 5 pods in the dry treatment were more 

mature than those of the SWP treatment. These 

observations show that use of only sieve size 

distribution  may  not be an adequate  criteria  for  pod 
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maturity and quality especially under conditions of 

severe water stress. 

Canopy temperature measurements are useful for 

irrigation scheduling but there is further need for 

improved quantification of soil, plant canopy, and 

environmental conditions in determining the effects of 

water stress on yield and quality of snap beans. 

Improvements of this kind would help eliminate many 

contradictions currently found in the literature and aid 

in a better understanding of the effects of water deficit 

on crop yield and quality. 
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Table 4.1 Yield of Oregon 1604 snap beans as influenced by irrigation treatments. 

  -w  .    .    -    ...  ______— — ~     . . -.. - -. . " * ^ 

Water Avg. Pods/ % Yield/ Sieve size 
Treatment Irrigations applied soil T plant Set hectare 1-4 

no. mm -MPa 
1981 

no. % t     % 

-0.06 MPa 8 209 0.04 11.94 ay 31.0 a 18.37 a 50 
10 SDD 4 98 0.19 9.92 a 29.1 ab 12.93 b 50 
15 SDD 4 111 0.19 9.82 a 23.4 ab 11.47 b 50 
25 SDD 2 62 0.31 9.88 a 26.4 ab 9.80 b 60 
GS 5 160 0.14 11.48 a 34.0 a 11.85 b 50 
Dry 1 9 0.42 

1982 

5.47 b 18.7 b 4.05 c 82 

-0.06 MPa 7 160 0.05 13.94 a 23.3 be 20.59 ab 50 
10 SDD 4 125 0.22 13.95 a 24.5 b 17.86 b 50 
5 SDD 4 98 0.18 14.00 a 21.1 be 18.90 ab 50 

5/1 SDD 5 138 0.12 16.65 a 24.9 b 23.93 a 50 
GS 5 151 0.12 15.74 a 28.1 ab 21.12 ab 50 
Dry 1 9 0.39 8.69 b 16.7 c 11.15 c 50 
10/2 SDDa 5 138 0.08 16.77 a 32.2 a 24.65 a 50 

Mean separation by Duncan's multiple range test, 5% level. 

t-o 



Table A.2 Yield of Galamor snap beans as influenced by irrigation treatments. 

Treatment Irrigations 
Water 
applied 

no. mm 

Avg. 
soil V 

-MPa 

Pods/ 
plant 

no. 

% 
Set 

% 

Yield/ 
hectare 

Sieve size 
1-4 

% 

1981 

-0.06 MPa 9 
10 SDD 5 
15 SDD 4 
25 SDD 2 
GS 5 
Dry 1 

-0.06 MPa 8 
10 SDD 4 
5 SDD 5 

5/1 SDD 6 
GS 5 
Dry 1 
10/2 SDDa 6 

245 
148 
111 
62 

160 
9 

187 
125 
133 
174 
151 

9 
174 

0.04 
0.17 
0.19 
0.36 
0.14 
0.45 

0.04 
0.19 
0.21 
0.11 
0.11 
0.44 
0.07 

1982 

Mean separation by Duncan's multiple range test, 5% level. 

11.91 aJ 41.8 a 18.23 a 50 
8.45 be 28.1 b 11.29 b 50 
7.98 be 27.6 b 9.84 be 50 
5.47 cd 23.6 be 5.74 cd 80 
9.05 ab 32.0 ab 11.16 b 50 
4.07 d 15.4 c 2.79 d 91 

11.05 a 22.4 ab 19.57 a 50 
10.80 ab 21.4 ab 16.37 a 50 
10.30 ab 20.2 ab 16.95 a 50 
12.20 a 26.8 a 20.82 a 50 
11.97 a 23.8 a 19.81 a 50 
7.00 b 15.8 b 10.56 b 65 

11.13 a 21.8 ab 19.17 a 50 



94 

Table 4.3 Pod quality of Oregon 1604 snap beans as influenced by 
irrigation treatments. 

Seed wt./ 
Length/ total pod Avg. wt./ 

Treatment pod Seeds Fiber wt. seed 

cm no, % 

1981 

% mg 

-0.06 MPa 13.38 ay 5.9 a .0145 c 5.50 be 66.2 c 
10 SDD 12.23 be 4.6 b .0160 be 6.50 b 98.2 ab 
15 SDD 11.65 c 4.9 b .0210 abc 6.10 b 67.4 c 
25 SDD 12.57 b 4.7 b .0275 a 8.15 a 105.6 a 
GS 11.04 d 3.9 c .0150 be 4.40 c 70.3 c 
Dry 10.91 d 3.4 c .0240 

1982 

ab 5.55 be 89.6 b 

-0.06 MPa 15.35 a 6.0 a .0085 b 3.20 c 39.9 c 
10 SDD 14.34 be 5.2 b .0095 b 4.40 b 40.7 c 
5 SDD 14.38 be 5.0 b .0060 b 2.90 c 43.2 be 
5/1 SDD 14.88 ab 5.7 a .0175 b 3.55 c 38.4 c 
GS 15.46 a 5.3 b .0090 b 2.85 c 35.9 c 
Dry 13.96 c 4.6 c .0340 a 5.65 a 72.5 a 
10/2 SDDa 15.27 a 5.3 b .0090 b 2.95 c 49.6 b 

Mean separation by Duncan's multiple range test, 5% level. 
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Table 4.4 Pod quality of Galamor snap beans as influenced by 
irrigation treatments. irrigation treatments 

" 

Seed wt./ 
Lengl :h/ total pod Avg. wt./ 

Treatment pod Seeds Fiber wt. seed 

cm no, 

1981 

% % mg 

-0.06 MPa 13.22 a? 4.7 a .0255 d 6.40 b 97.9 be 
10 SDD 12.45 b 4.4 ab .0440 b 7.10 ab 88.8 c 
15 SDD 11.79 c 4.2 ab .0420 be 6.80 abc 103.5 b 
25 SDD 12.19 be 4.4 ab .0635 a 8.20 a 110.4 b 
GS 12.02 be 3.9 b .0345 c 5.55 c 72.7 d 
Dry 10.76 d 3.7 b 

1982 

.0550 a 7.85 a 134.4 a 

-0.06 MPa 14.96 a 5.2 a .0325 b 5.20 c 78.4 d 
10 SDD 14.62 a 4.9 a .0275 b 7.30 b 124.0 b 
5 SDD 14.52 ab 5.1 a .0260 b 7.40 b 116.6 b 

5/1 SDD 14.80 a 5.0 a .0180 b 4.85 c 92.2 c 
GS 14.70 a 5.1 a .0230 b 5.40 c 93.6 c 
Dry 13.91 b 4.4 b .0665 a 9.35 a 162.8 a 
10/2 SDDa 14.74 a 5.0 a .0270 b 5.40 c 93.6 c 

^Mean separation by Duncan's multiple range test, 5% level. 
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CHAPTER 5 

WATER RELATIONS AND GROWTH OF SNAP BEANS 

(Phaseolus vulgaris L.) AS INFLUENCED 

BY DIFFERENTIAL IRRIGATION 

A. RICHARD BONANNO 

ABSTRACT 

Two field experiments were conducted to evaluate the 

effects of differential irrigation on plant growth and 

development, leaf water potential (40, leaf osmotic 

potential ( Vir) , leaf turgor potential ( ^P) leaf diffusive 

resistance, and transpiration rates of 2 snap bean 

cultivars, 'Oregon 1604* and 'Galamor'. Treatments in 

which various levels of positive canopy minus air 

temperature differences (stress-degree-days (SDD)) 

accumulated between irrigations were evaluated along with 

irrigation at A growth stages, a dry treatment which 

received only 1 irrigation to establish plants, and a 

well watered control treatment irrigated at -0.06 MPa 

soil water potential (SWP). Measurements on plants 

sampled weekly at 6 times during the growing season 

showed that total plant dry weight, total leaf dry 

weight,  total  leaf  area,  average area per  leaf,  and 
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number of leaves per plant were reduced by water deficits 

in both cultivars. Also, for both cultivars, total leaf 

area per plant was reduced more by a decrease in area per 

leaf than by a reduction in leaf number. Specific dry 

leaf weight was higher in the drier treatments. During 

each year, a significant difference between treatments 

occurred earlier in the season for total leaf area per 

plant than for total plant weight. At predawn, Y was 

always more negative in the dry treatment than in the SWP 

treatment. Early in the season, there was no significant 

difference in midday V between the SWP and dry 

treatments. Later, as soil water became limiting, the 

dry treatment had a more negative V than the SWP 

treatment. Near the end of the season, after the dry 

treatment had been subjected to a long period of water 

stress, midday ¥ was more negative in the SWP treatments 

than in the dry treatment. Although some osmotic 

adjustment occurred in the dry treatment, turgor pressure 

was generally lower than in the SWP treatment throughout 

the day. As V decreased from early morning through 

midday, transpiration rates increased due to an increase 

in evaporative demand on the leaves. Leaf diffusive 

resistance also increased with 'decreasing ^ but a 

"threshold value" for stomatal closure was not 

demonstrated. 



100 

INTRODUCTION 

Adequate irrigation, effectively scheduled, is 

necessary for maximizing yield and quality of snap beans. 

When water is limiting, normal patterns of growth and 

development may be altered. Cell division appears less 

sensitive to water deficits than cell enlargement (7,11). 

A marked reduction in leaf area usually occurs in plants 

under water deficits (2,3). Turk and Hall (25) found 

that increasing levels of drought result in progressively 

less leaf area, shoot dry matter, number of leaflets, and 

average leaflet area of cowpea (Vigna unguiculata L.), 

with total leaf area having the greatest sensitivity. 

However, in a determinate crop, there is very little or 

no chance for compensation via an increase in the number 

of leaves once leaf area has been reduced (2). Water 

stress may also cause early senescence of older leaves 

(9,10,18). 

Physiological responses of plants to water deficits 

can be monitored by measuring leaf water potential ( f ), 

osmotic potential ( Vir) , turgor potential ( Tp) , diffusive 

resistance, and transpiration rates. Measurements of y, 

taken with a pressure chamber are very responsive to 

plant water stress levels (2,6,8,21,28). Mauk (19) noted 

that midday w of stressed snap bean plants was 0.1 to 

0.3 MPa more negative than that of well irrigated plants. 
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The diurnal fluctuation of ¥ can be used to assess the 

plant's response to the environment over a period of many 

hours (22). 

Osmotic adjustment, a net solute increase leading to 

a lowering of ^n, is one proposed mechanism whereby crops 

may adjust to limited water availability to maintain 

adequate growth (12). With a lowering of ^ and the 

maintenance of ¥,  plants are able to maintain a constant 

^p and continue to function. 

Research has demonstrated the relationship between 

stomatal closure and crop water status (5,12,15,26,28). 

Turner et al. (28) showed that the M* at which stomata 

close varies from -1.5 to -2.6 MPa in sorghum (Sorghum 

bicolor L.) and -1.7 to -2.7 MPa in sunflower (Helianthus 

annuus L.). Carlson et al. (5), working with 2 soybean 

(Glycine max L.) cultivars attempted to establish a 

relationship between ¥ and stomatal closure. They found 

that  leaf  conductance is significantly correlated  with 

y over most days, but other factors, such as atmospheric 

demand, time of day, and some types of water stress 

hardening contribute as significant sources of variation. 

Others (27,30), however, suggest that there is no clear 

relationship between? and stomatal closure. 

In Chapter 3, a method utilizing canopy minus air 

temperature differences for irrigation scheduling and 

yield  prediction was evaluated and refined.   In Chapter 
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4 the effect of differential irrigation and soil water 

potential on yield components and pod quality factors was 

discussed. The objective of this study was to evaluate 

and compare the effects of differential irrigations on 

2 snap bean cultivars, as measured by plant growth and 

development, ¥ , fir , ^p , leaf diffusive resistance, and 

leaf transpiration. 
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MATERIALS AND METHODS 

Two field experiments were conducted during 1981-82 

at the Oregon State University Vegetable Research Farm on 

a Chehalis silty clay loam soil that had an average water 

holding capacity of 6.A cm per 0-30 cm depth. Details of 

the experimental site and methods used were described 

previously (Chapter 3). 

Scheduling of irrigation was based on either soil 

water potential as measured by gypsum electrical 

resistance soil moisture blocks (24), stage of plant 

growth, accumulation of positive canopy minus air 

temperature differentials (stress-degree-days (SDD)) 

(13,14) or accumulation of positive canopy minus adjusted 

air temperature differentials (adjusted SDD (SDDa) 

(Chapter 3). Treatments, number of irrigations, and 

amounts of water applied are shown in Table 1. 

Commencing at about 4 weeks after planting, a 10 

plant sample of 'Oregon 1604* was harvested from each 

plot each week for growth measurements (total of 6 

harvests). The 1st through 3rd harvests were between 

full expansion of the first trifoliate leaf and prebloom, 

the 4th was near full bloom, the 5th was during pod fill, 

and the 6th was at green pod maturity. A 10 plant sample 

of 'Galamor' was harvested at first bloom and at green 

pod  maturity  only.   Plants were severed  at  the  soil 
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surface. Total plant (above ground), leaf, and stem 

fresh and dry weights were measured as well as leaf 

number and leaf area. Also, when appropriate, pod fresh 

and dry weights, pod number, and flower number were 

recorded. A once over harvest of pods, by hand, to 

simulate machine harvest was made on a 60 plant sample 

from each plot at canning maturity. 

Midday y measurements on 'Oregon 1604' only, were 

made near solar noon (1330-1430 PDT) and began on the 

26th and 34th day after planting in 1981 and 1982, 

respectively. In addition, during both seasons, on the 

day before and the day after each of the final 3 growth 

stage treatment irrigations, 7 sets of ¥ measurements 

were made from 0430-2130 PDT. Only the soil water 

potential, growth stage, and dry treatments of both 

'Oregon 1604' and 'Galamor' cultivars were sampled on 

these days. One randomly selected center leaflet of a 

fully expanded trifoliate leaf near the top of the plant 

canopy was excised at the base of the petiole and placed 

in a pressure chamber (PMS Instrument Co., Corvallis, 

Ore., Model 600) within 30 seconds for determination of f 

(23). Excised leaflets were kept in plastic bags, until 

measurement to avoid moisture loss,. During the 2nd and 

6th set of diurnal measurements in 1982 at 0630, 1000, 

and 1530 PDT, leaves were, upon removal from the pressure 

chamber,  placed  in lengths of Tygon tubing  and  sealed 
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with rubber stoppers. Tubing was then immediately 

placed on ice and subsequently frozen until determination 

of YTT. Three minutes elapsed from sampling the leaflet 

in the field until it was placed on ice. 

Thawed leaflets were crushed within the tubing and 

cell sap was expressed by passing the tube between 2 

closely spaced rollers. Filter paper discs were 

saturated with expressed cell sap and YTT was determined 

using a dewpoint microvoltmeter (Wescor Inc., Logan, 

Utah, Model HR-33T). Turgor pressure (^p) was calculated 

as the difference between Y and YTT. 

During 1982, diurnal measurements of leaf diffusive 

resistance and transpiration rate were made with a steady 

state porometer (Li-Cor Inc., Lincoln, Nebraska, Model 

LI-1600) on the same leaflets that were later excised for 

^} yir* and ^p, determination. Specific treatments within 

each experiment are covered separately below. 

Expt ♦ 1_ (1981) . Six irrigation treatments were as 

follows: -0.06 MPa soil water potential (SWP), 10 

positive SDD's (SDDpos), 15 SDDpos, 25 SODpos, GS, and a 

dry treatment that only recieved one irrigation for early 

plant establishment. 

Expt. 2^ ( 1982) . Seven irrigation treatments were as 

follows: SWP, 10 SDDpos, 5 SDDpos, 5/1 SDDpos, GS, dry, 

and 10/2 positive SDDa (SDDapos). The 5/1 SDDpos and 

10/2  SDDapos treatments each had 2 levels of irrigation. 
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the 1st for the vegetative stage and the 2nd for the 

reproductive stage (from first flowering). 
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RESULTS 

Weekly plant harvests. Total plant dry weight from 

weekly harvests increased faster in 1982 than in 1981 

(Figs. 1 and 2). Due to the variability between plants, 

significant differences between treatments for both years 

could not be detected until the 5th or 6th harvest dates 

of the season. During both years, a significant 

difference between treatments in total leaf area per 

plant occurred earlier in the season than a significant 

difference between treatments in total plant weight 

(Figs. 3 and 4). Through the 4th harvest in both years, 

total leaf area per plant within treatment always 

increased from week to week. However, after that time 

leaf area continually increased only when water was not 

limiting. The decline in leaf area observed after the 

4th harvest in both years was due initially to loss of 

primary leaves and later to loss of lower trifoliate 

leaves. When adequate water was supplied during the 

entire growing season, as in the SWP treatment in 1981 

and 1982, or in the 10/2 SDDapos and 5/1 SDDpos 

treatments in 1982, total leaf area continued to increase 
* 

until pod harvest (6th harvest date). 

Values of various parameters from the final weekly 

harvest at pod maturity (6th harvest) are shown in Tables 

2  and 3.   In 1981,  total dry weight of  'Oregon  1604' 
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plants were reduced in all treatments from that of the 

SWP treatment (which served as a well watered control). 

For 'Galamor', total plant dry weights were reduced from 

that of the SWP treatment, only in the 15 SDDpos, 25 

SDDpos, and dry treatments. 

Leaf dry weight was less sensitive to water deficits 

than total plant dry weight. For 'Oregon 1604' leaf dry 

weight was reduced from that of the SWP treatment in the 

25 SDDpos and dry treatments, and in 'Galamor* it was 

reduced only in the dry treatment. However, for 

'Galamor' leaf dry weight was highest in the GS 

treatment. For 'Oregon 1604*, total leaf area per plant, 

average area per leaf, and number of leaves per plant in 

the dry treatment were reduced 73, 55, and 42%, 

respectively when compared to the SWP treatment. For 

'Galamor', total leaf area per plant and area per leaf in 

the dry treatment were reduced 50 and 37%, respectively 

compared to the SWP treatment. Specific leaf weight was 

higher in the dry treatment than in the SWP treatment for 

'Oregon 1604', but was not affected by water deficit for 

'Galamor'. 

In 1982 (Tables 2 and 3), total dry weight and leaf 

dry weight for both cultivars were reduced in the dry 

treatment compared to the SWP treatment. Total leaf area 

per plant, area per leaf, and number of leaves per plant 

in  the  dry  treatment were reduced  71,  32,  and  55%, 
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respectively for 'Oregon 1604' and 64, 56, and 18%, 

respectively for 'Galamor' compared to the SWP treatment. 

Specific leaf weight was increased in the dry treatment 

for both cultivars. 

Leaf water stress parameters« Because of the high 

degree of consistency between cultivars and years, 6 of 

the 24 curves adequately illustrate diurnal trends in ^ 

(the 18 remaining curves are shown in Tables A1-A9). From 

prebloom through early bloom in 1981 and early pod fill 

in 1982, ¥ in the dry treatment was more negative than in 

the SWP treatment at predawn and usually at midday (Fig 

5). However, later in the season, ¥ for the dry 

treatment was the most negative at predawn only (Figs. 6 

and 7a). During midday, ¥ for the dry treatment was 

either the same as in the other treatments or was less 

negative. On a cloudy day, 4* was most negative in the 

dry treatment throughout the day and regardless of growth 

stage, after first bloom. However, near the end of the 

season (preharvest sampling), if the sun appeared briefly 

after a cloud cover, as at 1530 PDT in Fig. 7b, * of the 

SWP treatment became as negative as in the dry treatment. 

Once the cloud cover returned, the dry treatment again 

became the most negative treatment. The ^ of the GS 

treatment was generally similar to that of the dry 

treatment the day before an irrigation (Fig. 5a), but 

after  an  irrigation  (Figs.  5b and 6),  it  became  as 



110 

negative or less negative than that of the SWP treatment. 

A general trend of midday ¥ is shown in Figures 8 

and 9 and Table 4 in which the season is divided into 

three periods of growth. The successive periods 

represent, approximately, the following stages of growth 

and development of the plants: period 1) vegetative stage 

prior to bloom, period 2) blossoming and early, pod 

development, and period 3) major pod development to 

canning maturity. In period 1, there was no significant 

difference in y between the SWP and dry treatments. 

Later, as water became limiting (period 2), the dry 

treatment had a more negative ^ than the SWP treatment. 

Near the end of the season (period 3), after the dry 

treatment had been subjected to a long period of water 

stress, midday y was more negative in the SWP treatment. 

On cloudy days during this final period, however, the dry 

treatment had a more negative Y. When averaged over the 

whole season, within years, there was no difference in ^ 

between treatments. Also, H* was generally less negative 

in 1982 than in 1981. 

Values of * and WTT were not usually lowest in the 

dry treatment (Table 5). However, values of Vp for the 

dry treatment were consistently lower, although 

differences were small, than for the SWP treatment. On 

day 43, at all times, H* was most negative in the dry 

treatment, v-n    was similar for all treatments at 0630 and 
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1000  PDT and was the most negative in the dry  treatment 

at  1530.   yp   was lowest at 0630 and 1000  in  the  dry 

treatment.   However,  at 1530, fp was greater in the dry 

treatment  than in the SWP treatment.   On day 62, V  was 

most  negative in the dry treatment at 0630 and 1000  but 

at 1530,  averaged over cultivar, there was no difference 

in T between the dry and SWP treatment.   At this time, f 

was least negative in the GS treatment due to  irrigation 

the previous day.   Differences in fif varied greatly, but 

on average was 0.1 MPa more negative in the dry treatment 

than in the GS or SWP treatments.   Vp throughout the day 

was lowest in the dry treatment. 

Stomatal   regulation.   Transpiration   rates   and 

diffusive  resistance  values  versus ¥  are  plotted  in 

Figure  10.    Readings  were  used  only  if  the  solar 

irradiance  level at the time of measurement was  greater 
-2 -1 

than  500  Ems  .   This was done  to  avoid  possible 

interactions  between  light  and Y.   As H*  became  more 

negative,  leaf  diffusive resistance  and  transpiration 

rate  both  increased.   The  most  negative values  of ¥ 

usually  occurred  at midday or when  air  vapor  deficit 

values  were  highest.    Thus,  even  though  values  of 

diffusive   resistance   were  higher  at  these   times, 

transpiration  rates were greater due to an  increase  in 

evaporative  demand  on  the  leaves.   The  increase  in 

diffusive resistance with decreasing  ¥,  was gradual and 
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a "threshold value" for stcmatal closure was not 

apparent. The regression line for leaf conductance is 

also plotted to further support this observation. 
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DISCUSSION 

Number of leaves per plant was reduced with 

increasing water stress, but a decrease in area per leaf 

was usually the greatest contributor to a reduction in 

total leaf area per plant. The increase in specific leaf 

weight could have been due to an increase in epicuticular 

wax, more cell wall material per unit area, and/or an 

increase in solute accumulation in the cells. However, 

removal of epicuticular wax with chloroform (data not 

shown), indicated that there was no difference in the 

amount of epicuticular wax present per unit area between 

leaves of stressed and unstressed plants. Since was 

sometimes more negative in leaves of stressed plants it 

is possible that solute accumulation did contribute to 

the increase in specific leaf weight. Also, it has been 

noted that cell division appears less sensitive to water 

deficits than cell enlargement (7,11). Therefore, an 

increase in cell wall material per unit area as a result 

of limited cell expansion could have contributed to the 

increase in specific leaf weight. Evidence for this view 

is given by the observation that cell number is 

frequently of the same general order in plants exposed to 

water stress compared with controls, although cell size 

is greater in the latter (A). 

Many researchers have shown that V,     measured with a 
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pressure chamber, is very responsive to plant water 

stress levels (8,21,28). However, most were working 

either with short drying cycles or levels of soil water 

stress which were not as severe as those used in this 

study. When evaporative demand was not high, such as 

predawn or on cloudy days, differences in f showed the 

same relative differences which existed in soil water 

potential between treatments. However, after long 

exposure to severe water stress and when atmospheric 

evaporative demand was high, V was generally less 

negative in stressed plants than in unstressed plants. 

As a result, there was no difference in 4* between 

stressed and unstressed plants when averaged over the 

entire season. However, measurement of ¥ff showed that ^p 

was generally higher in the unstressed plants, indicating 

that midday measurement of ¥ only, without determining ff 

or Vp, may not always be a good indicator of plant water 

stress levels. Although some osmotic adjustment may have 

occurred in the dry treatment, it was rarely sufficient 

to maintain turgor at the levels of the SWP treatment. 

There is no evidence in the present study for the 

existence of a "threshold value" of * for stomatal 

closure. However, as ^ became more negative, a greater 

range of diffusive resistance values occurred. Leaves of 

stressed plants usually had a higher value of diffusive 

resistance  than  did those of well watered plants  at  a 
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given V. Generally, stomatal closure has been reported 

to occur when a critical * is reached, thus preventing a 

further decrease in * (5,12,26,28). The * at which 

stomata close is environmentally dependent (16,17,19), 

and can be increased by moisture stress hardening (5,29). 

It is possible, then, that stomatal adaptation to 

moisture stress may have occurred in leaves of snap bean 

plants in the dry treatment. 

Plants which have been subjected to severe water 

stress have fewer leaves, less area per leaf, and a 

higher specific leaf weight than those of well watered 

plants, however, differences usually are not detectable 

until late in the season and may not be present at all 

unless stress levels are prolonged and severe. Values of 

Vv and 'I'p are generally more useful as stress indicators 

than measurements of alone. However, differences may 

be masked by high leaf to leaf variability. Leaf 

diffusive resistance values are more responsive to plant 

water stress conditions and can be very useful in day to 

day monitoring of relative plant stresses. However, leaf 

to leaf and environmental variability may still pose a 

problem. Measurement of canopy temperature with an 

infrared thermometer as discussed previously (Chapter 3) 

appeared to be a simple, fast, and accurate method for 

monitoring day to day plant stress levels. Problems with 

leaf  to leaf variabilty can be virtually eliminated  and 
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canopy temperatures can be adjusted for environmental 

variabili ty. 
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30     40     50     60 
DAYS AFTER PLANTING 

Figure 5.1. Total dry weight per plant of 'Oregon 1604" snap beans 
in 1981 as influenced by irrigation treatment and time 
of harvest. Mean separation is at the 5% level within 
harvest date, by Duncan's multiple range test. 
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Figure  5.2. 

30     40     50     60 
DAYS AFTER PLANTING 

70 

Total dry weight per plant of 'Oregon 1604' snap beans 
as influenced by irrigation treatment and time of har- 
vest in 1982. Mean separation is at the 5% level within 
harvest date, by Duncan's multiple range test. 
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30     40     50     60 
DAYS AFTER PLANTING 

70 

Total leaf area per plant of 'Oregon 1604' snap beans 
in 1981 as influenced by irrigation treatment and time 
of harvest. Mean separation is at the 5% level within 
harvest date, by Duncan's multiple range test. 
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Figure  5.4. 
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DAYS AFTER PLANTING 

70 

Total leaf area per plant of 'Oregon 1604' snap beans 
in 1982 as influenced by irrigation treatment and time 
of harvest. Mean separation is at the 5% level within 
harvest date, by Duncan's multiple range test. 
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Influence of irrigation treatments on the diurnal leaf 
water potential (¥) of snap bean plants the day before 
(PrB-1) and the day after (PrB+1) the pre-bloom irriga- 
tion in the GS treatment (Day 39 and 41 after planting). 
(*) = significance at the 5% level from (•). 
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Figure 5.6.  Influence of irrigation treatments on the diurnal leaf 
water potential (y)' of snap bean plants the day after 
(PoB+1) the post-bloom irrigation in the GS treatraient 
(Day 54 after planting).  (*) = sig. at 5% level from (•) 
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Influence of irrigation treatments on the diurnal leaf 
water potential (¥) of snap bean plants the day before 
(PrH-1) and the day after (PrH+1) the pre-harvest irriga- 
tion in the GS treatment (Day 60 and 62 after planting). 
(*) = significance at 5% level from (•). 
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Figure 5.8. A comparison of midday leaf water potential (Y) of the 
-0.06 MPa soil water potential treatment (normalized 
to zero) and the dry treatment during three arbitrarily 
selected periods in 1981. Differences were determined 
at the 5% level. 
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Figure 5.9. A comparison of midday leaf water potential (¥) of 
the -0.06 MPa Soil water potential treatment (normal- 
ized to zero) and the.dry treatment during three arbi- 
trarily selected periods in 1982.  (*) indicates the 
cloudy days during period three.  Differences were de- 
termined at the 5% level. 



126 

o 
a> 
in 

CM 
E o 
V. 

9. 

c 
o 

Q. 
(0 
c 
o 

32 

28 

24 

20 

16 

I 2 

8 

4 

0 
4 

E 
2      3 
o « 
(0 

1 2 
(A 

a: 

> 
'35 
3 

 1—r 

•0.06 MPa 

GS 

Dry 

—I—I r— 

1604  GAL 
• o 

■        a 

▲        & 

T—i—i—i—i—r 

1982 
i—r 

o© 

R2= 0.1573 
Trans. = 3.92964 -. 5.70421 ^ 

cr nZ •a    o »#—• &  a 

AA 

4-+H—I   I   1    1    1    1   1    I    I    1 

Rfc ■ 0.4039 
D.R.=0.8I0379 ♦.. 1.27199^ 

Rfc =0.5061 
Cond. = 2.34376 + L44054+ 

* •:.*£* 
-v —•lgrB»9dCl •*  •00 

Ql I -« I I I—! I I I I I I I L 
0.0 -0.5 -1.0 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

o 
<u 
w 

E 

o 
c 
o 
o 

"O c 
o 
u 

0.0 
-1.5 

\// (MPa) 

Figure 5.10.  Transpiration, diffusive resistance, and conductance 
of leaves from differentially irrigated snap bean 
plants vs. leaf water potential (40. 



127 

Table 5.1 Irrigation frequency, amount, and resulting average soil 
water potential (T) for Oregon 1604 and Galamor snap beans. 

Cultivar 
 Oregon 1604 Galamor  

Treatment  Irrig.   Amount    Avg.¥   Irrig.   Amount    Avg.Y 

no.      mm      -MPa      no.      mm      -MPa 

1981 

-0.06 MPa 8 209 0.04 9 . 245 0.04 
10 SDD 4 98 0.19 5 148 0.17 
15 SDD 4 111 0.19 4 111 0.19 
25 SDD 2 62 0.31 2 62 0.36 
GS 5 160 0.14 5 160 0.14 
Dry 1 9 0.42 

1982 

1 9 0.45 

-0.06 MPa 7 160 0.05 8 187 0.04 
10 SDD 4 125 0.22 4 125 0.19 
5 SDD 4 98 0.18 5 133 0.21 

5/1 SDD 5 138 0.12 6 174 0.11 
GS 5 151 0.12 5 151 0.11 
Dry 1 9 0.39 1 9 0.44 
10/2 SDDa 5 138 0.08 6 174 0.07 



Table 5.2 Effects of irrigation treatments on Oregon 1604 snap bean plants at harvest, 

2 
Dry weight (g)/plant      Leaf area (cm )   Specific dry 

leaf weight   Number of     Yield 
treatment       Total       Leaf     Total/plant  Avg./leaf   (mg/cm2)     leaves       (t/ha) 

1981 

-0.06 MPa 20.52 ay 5.03 a 972 a 96.8 a 
10 SDD 14.08 b 3.71 ab 709 ab 81.4 ab 
15 SDD 12.04 be 3.75 ab 630 be 73.4 be 
25 SDD * 6.85 c 1.86 be 328 cd 54.2 de 
GS 8.85 be 3.37 abc 529 bed 62.2 cd 
Dry 6.78 c 1.63 c 258 d 43.5 e 

1982 

-0.06 MPa 17.83 a 5.60 a 1341 a 108.7 a 
10 SDD 13.66 ab 4.00 ab 836 ab 92.8 ab 
5 SDD 16.72 a 5.04 a 1163 a 112.4 a 

5/1 SDD 19.87 a 6.60 a 1334 a 103.7 a 
GS 16.96 a 6.10 a 1179 a 94.2 ab 
Dry 8.70 b 1.95 b 391 b 73.4 b 
10/2 SDDa 19.37 a 5.97 a 1374 a 107.2 a 

Mean separation by Duncan's Multiple range test, 5% level. 

5.1 c 10.0 a 18.37 a 
5.3 be 8.6 ab 12.93 b 
5.9 ab 8.5 ab 11.47 b 
5.8 ab      5.9 b 9.80 b 
6.2 a 8.5 ab 11.85 b 
6.3a      5.8b 4.05 c 

4.2 c 12.2 ab 20.59 ab 
4.8 b      8.9 b 17.86 b 
4.3 c 10.5 ab 18.90 ab 
4.9 ab 12.8 a 23.93 a 
5.2 a 12.4 ab 21.12 ab 
5.0 ab      5.5 c 11.15 c 
4.3 c 12.6 a 24.65 a 

OO 



Table 5.3 Effects of irrigation treatments on Galamor snap beans at harvest. 

'' '' ' ' 

Dry weight (g)/plant Leaf area „(cm_J_   Specific dry 
leaf weight Number of Yield 

Treatment Total Leaf Total/plant kvg./leaf (rng/cm2) leaves (t/ha] 1 

1981 

-0.06 MPa 16.58 a? 5.59 b 1059 ab 107.4 a 5.3 a 9.8 b 18.23 a 
10 SDD 15.15 a 5.69 b 999 b 109.7 a 5.7 a 9.2 b 11.29 b 
15 SDD 10.70 b 4.67 b 793 be 89.9 ab 5.9 a 8.8 b 9.84 be 
25 SDD 10.98 b 4.87 b 779 be 84.0 ab 6.2 a 9.0 b 5.74 cd 
GS 18.25 a 7.69 a 1374 a 103.9 a 5.6 a 13.3 a 11.16 b 
Dry 5.37 c 2.80 c 526 c 

1982 

67.0 b 6.2 b 7.8 b 2.79 d 

-0.06 MPa 15.31 be 5.13 ab 1279 c 168.7 a 4.1 d 7.7 be 19.57 a 
10 SDD 14.80 c 4.37 b 921 d 121.5 c 5.0 ab 7.5 be 16.37 a 
5 SDD 20.26 ab 6.17 ab 1406 b 155.0 ab 4.4 cd 9.1 ab 16.95 a 

5/1 SDD 20.96 a 7.01 a 1487 a 155.2 ab 4.7 be 9.5 ab 20.82 a 
GS 17.70 abc 6.12 ab 1462 a 141.4 b 4.2 cd 10.3 a 19.81 a 
Dry 9.25 d 2.46 c 463 e 73.6 d 5.3 a 6.3 c 10.56 b 
10/2 SDDa 19.31 abc 6.63 a 1484 a 151.5 ab 4.5 bed 9.9 a 19.17 a 

Mean separation by Duncan's multiple range test, 5 % level. 

CO 
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Table 5.4 Average midday total leaf water potentials for three 
arbitrarily selected periods and the whole season average of 
Oregon 1604 snap beans as influenced by irrigation treatments. 

Averag e total leaf water potential (-MPa) 
Treatment Period 1 Period 2 Period 3 Whole season 

1981 

-0.06 MPa 1.04 ay 0.96 c 1.10 be 1.03 a 
10 SDD 1.05 a 1.01 ab 1.16 a 1.07 a 
15 SDD 1.06 a 1.03 ab 1.08 c 1.05 a 
25 SDD 1.05 a 0.99 be 1.14 ab 1.06 a 
GS 1.09 a 0.99 be 1.08 c 1.05 a 
Dry 1.09 a 1.04 a 

1982 

1.00 d 1.04 a 

-0.06 MPa 0.90 a 0.79 d 1.06 abz 0.87 a 
10 SDD 0.88 a 0.96 a 1.02 ab 0.92 a 
5 SDD 0.93 a 0.85 bed 1.08 a 0.92 a 

5/1 SDD 0.92 a 0.82 cd 0.97 be 0.87 a 
GS 0.91 a 0.87 be 0.97 be 0.88 a 
Dry 0.93 a 0.92 ab 0.92 c 0.91 a 
10/2 SDDa 0.89 a 0.85 bed 1.01 abc 0.88 a 

'Values from three cloudy days in stage 3 are omitted 

Mean separation by Duncan's multiple range test, 5% level. 



Table 5.5 Osmotic (TIT), turgor (fp) and total (t) water potentials of Oregon 1604 and Galamor snap beans 
as influenced by irrigation treatments. 

    - - 1 —-■-■-■  

Hour (PDT) 
10:00 

, . ._ „. .... . , . .. 
1 ■ ' "    ' 

Treatment fn 
6:30 
+ Tp = Y 

  
15:30 

Tlir + Y p = Cultivar YTT + H'p = V T 

MPa 

Day 43 

1604 -0.06 MPa -0.96 0.54 -0.42 -1.03 0.28 -0.75 -1.06 0.08 -0.98 
GS -1.14 0.65 -0.39 -1.10 0.45 -0.65 -1.14 0.32 -0.82 
Dry -1.11 0.50 -0.61 -1.05 0.24 -0.81 -1.16 0.17 -0.99 
* ±0.19 ±0.15 ±0.08 ±0.09 ±0.10 ±0.11 ±0.10 ±0.09 ±0.08 

Galamor -0.06 MPa -1.08 0.65 -0.43 -1.00 0.25 -0.75 -0.99 0.00 -0.99 
GS -1.11 0.73 -0.38 -1.03 0.34 -0.69 -1.02 0.07 -0.95 
Dry -0.97 0.25 -0.72 -1.11 0.21 -0.90 -1.22 0.08 -1.14 
* ±0.15 ±0.12 ±0.08 ±0.13 ±0.09 ±0.05 ±0.10 ±0.08 ±0.06 

Day 62 

1604 -0.06 MPa 
GS 
Dry 
* 

-1.00 0.52 
-1.08 0.67 
-1.07 0.24 
±0.18 ±0.15 

-0.48 
-0.41 
-0.83 
±0.12 

-0.85 
-0.85 
-1.17 

0.45 
0.43 
0.41 

±0.24 ±0.18 

-0.40 
-0.42 
-0.76 
±0.08 

-1.05 0.23 
-0.95 0.27 
-0.94 0.18 
±0.07 ±0.11 

-0.82 
-0.68 
-0.76 
±0.06 

Galamor -0.06 MPa 
GS 
Dry 
ft 

-0.93 0.52 
-0.92 0.55 
-1.02 0.43 
±0.15 ±0.11 

-0.41 
-0.37 
-0.59 
±0.06 

-0.62 0.24 
-0.77 0.40 
-0.75 0.17 
±0.07 ±0.12 

-0.38 
-0.37 
-0.58 
±0.16 

-0.90 0.08 
-0.86 0.13 
-0.95 0.06 
±0.04 ±0.07 

-0.82 
-0.73 
-0.89 
±0.10 

* pooled SD 
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CHAPTER 6 

CONCLUSIONS 

In the soil water potential (SWP) treatment used In 

this study yields were generally highest lor both 

cultivars. However, in 1982, there was lodging of some 

of the 'Oregon 1604* plants, mold infection, and 

subsequent loss of yield which may have been due to 

cooler temperatures, increased humidity, and more 

rainfall. 

Evaporative demand was high in 1981 and yields were 

significantly reduced in the growth stage (GS) treatment 

compared to the SWP treatment. In 1982 under less severe 

conditions, yield of the GS treatment was similar to that 

of the SWP treatment. Irrigation scheduling with this 

method is both simple and inexpensive but it does not 

provide criteria for scheduling "extra" irrigations 

during periods when the atmospheric evaporative demand is 

high. 

Irrigation scheduling with the use of canopy-air 

temperature differences shows considerable promise 

compared to methods utilizing either SWP or GS because it 

allows measurements to be made directly on the plant. 

However, the stress-degree-day (SDD) concept, as 

developed  in  Phoenix,  Arizona does not  appear  to  be 
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widely applicable. Although researchers In Phoenix 

recognized that environmental conditions varied from one 

location to another, they did not allow for environmental 

variability within a particular area. The modification 

of the SDD concept, presented in Chapter 3 allows the 

concept to be used under widely varying temperatures and 

relative humidities, but does not imply that this model 

could be used in other locations. In Corvallis, when the 

air vapor pressure deficit (VPD) was above 30 mb, canopy 

temperatures of stressed plants were rarely above air 

temperature but in Phoenix, reported canopy temperatures 

have been higher than air temperatures at VPD's of 30 mb 

and higher. Plants in Phoenix which develop under 

conditions of high evaporative demand may have fewer 

stomata per unit area and/or have stomata which can close 

under less severe water stress conditions. At a given 

VPD and stress level, leaves of plants in Phoenix are 

probably warmer than those in Corvallis. In very humid 

areas (at VPD's less than 10 mb) where differences in 

leaf temperature between water stressed and unstressed 

plants are very small or do not exist, use of the SDD 

method is questionable or very limited. 

Measurements of leaf transpiration rates support 

earlier observations that differences in leaf temperature 

result from varying rates of evaporative cooling of the 

leaves.   However,  the  relationship between leaf  water 
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potential (40 and transpiration was not as expected. 

Because of increased evaporative demand at more negative 

f, transpiration rates increased with decreasing V. When 

only midday values were plotted, there was no change in 

transpiration rates with decreasing V. Most researchers 

have demonstrated that transpiration rates decrease with 

decreasing f. However, these other studies were made 

under controlled environment conditions where evaporative 

demand did not increase when ^ decreased. Under field 

conditions, one must be constantly aware of changing 

environmental conditions and their subsequent effect on 

plant responses. 

Measurements of Vt taken with a pressure chamber, 

were not consistent with plant stress levels when water 

stress was severe and prolonged. Leaf diffusive 

resistance values were always greater in the dry 

treatment than in the SWP treatment. More negative 

midday y in the SUP treatment than in the dry treatment 

may have been due to adjustment of the dry plants to 

water stress. However, higher leaf area and pod load on 

the SWP plants could have contributed to a more negative 

Y in this treatment. Predawn measurement of V provided a 

good indication of soil water status because predawn ¥ 

was always most negative in the dry treatment compared to 

all other treatements. Results from osmotic ( ^ir) and 

turgor   (Vp)      potential  measurements  indicated   that. 
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although some osmotic adjustment may have occurred in the 

dry treatment, yp was generally lower than in the SWP 

treatment throughout the day. However, measurement of WIT 

and Yp are time consuming and problems with calibration 

and excessive variability limit their usefulness. 

During the course of this study, various 

measurements were made regardless of the environmental 

conditions present at the time. In many cases, 

researchers prefer to make field measurements only under 

"ideal" weather conditions. As a result, data from less 

than "ideal" days on such parameters as *, V'f, ^'p, leaf 

diffusive resistance, and leaf transpiration are either 

nonexistent or speculative. 

It is suggested that future studies concentrate on 

evaluation of the environmentally adjusted SDD model in 

geographic areas where average daily VPD's are higher 

than in Corvallis, and on a comparison of plant 

development and stomatal regulation between these areas. 

Experimentation on other crops would also be useful in 

determining if the relationship between SDD and VPD is 

similar to that determined for snap beans in this study. 



139 

BIBLIOGRAPHY 

1. Aston,  A. R. and C. H. M. van Bavel.  1972.  Soil 
surface  water  depletion  and  leaf  temperatures. 
Agron. J.  64:368-373. 

2. Bartholic, J. F., L. M. Namken, and C. L. Wiegand. 
1972. Aerial thermal scanner to determine 
temperatures of soil and of crop canopies differing 
in water stress.  Agron. J.  64:603-608. 

3. Baughn, J. W. and C. B. Tanner. 1976. Excision 
effects on leaf water potential of five herbaceous 
species.  Crop Sci.  16:184-190. 

4. Begg, J. E. and N. C. Turner. 1976. Crop water 
deficit.  Adv. Agron.  28:161-217. 

5. Begg, J. E. and N. C. Turner. 1970. Water 
potential gradients in field tobacco. Plant 
Physiol.  46:343-346.. 

6. Black, T. A., C. B. Tanner, and W. R. Gardner. 
1970. Evapotranspiration from a snap bean crop. 
Agron. J.  62:66-69. 

7. Blad, B. L. and N. J. Rosenberg. 1976. 
Measurement of crop temperature by leaf 
thermocouple, infrared thermometry, and remotely 
sensed thermal imagery.  Agron. J.  68:635-641. 

8. Boyer, J. S. 1967. Leaf water potentials measured 
with a pressure chamber. Plant Physiol. 42:133- 
137. 

9. Boyer, J. S. 1968. Relationship of water 
potential to growth of leaves. Plant Physiol. 
43:1056-1062. 

10. Boyer, J. S. 1970. Leaf enlargement and metabolic 
rates in corn, soybean, and sunflower at various 
leaf water potentials.  Plant Physiol.  46:233-235. 

11. Boyer, J. S. and S. R. Ghorashy. 1971. Rapid 
field measurement of leaf water potential in 
soybean.  Agron. J.  63:344-345. 



140 

12. Brady, N. C. The Nature and Properties of Soils, 
8th ed. (New York) Macmillan Publishing Company. 
1974. 

13. Briscoe, R. 1979. Effective use of thermocouple 
psychrometers in the measurement of water 
potential.  Wescor Inc., Logan, Utah. 

14. Brouwer, R. 1963. The influence of the suction 
tension of the nutrient solution on growth, 
transpiration, and diffusion pressure deficit on 
bean leaves (Phaseolus vulgaris). Acta Bot . Neerl. 
12:248-260. 

15. Brown, H. H. and F. Escombe. 1905. Researches on 
some of the physiological processes of green 
leaves.  Proc. Roy. Soc. (London).  B76:129-137. 

16. Brown, K. W. 1974. Calculations of 
evapotranspiration from crop surface temperature. 
Agric. Meteorol.  14:199-209. 

17. Campbell, G. S. and M. D. Campbell. 1974. 
Evaluation of a thermocouple hygrometer for 
measuring leaf water potential "in situ". Agron. 
J.  66:24-27. 

18. Carlson, R. E.,N. N. Momen, 0. Arjmand, and R. H. 
Shaw. 1979. Leaf conductance and leaf-water 
potential relationships for two soybean cultivars 
grown under controlled irrigation. Agron. J. 
71:321-325. 

19. Centro Internacional De Agricultura Tropical 
(C1AT).  1981.  CIAT Report 1981.  Cali, Columbia. 

20. Clark, R. N. and E. A. Hiler. 1973. Plant 
measurements as indicators of crop water deficit. 
Crop. Sci.  13:466-469. 

21. Clawson, K. L. and B. L. Blad. 1982. Infrared 
thermometry for scheduling irrigation of corn. 
Agron. J.  74:311-316. 

22. Clements, H. F. 1964. Interaction of factors 
affecting yield. Ann. Rev. Plant Physiol. 15:409- 
442. 

23. Commonwealth Scientific and Industrial Research 
Organization, Australia (CSIR0). 1977. Ann. 
Report.  pp. 13-17. 



141 

24. Crandall, P. C, M. C. Jensen, J. D. Chamberlain, 
and L. G. James. 1971. Effect of row width and 
direction, and mist irrigation on the microclimate 
of bush beans.  HortScience  6:345-347. 

25. Crop Reporting Board, ECS, USDA. 1981. 
Vegetables: 1980 Annual Summary. Acreage, yield, 
production, and value.  pp. 4-72. 

26. David, W. P. 1969. Remote sensing of crop water 
deficits and its potential applications. Tech. 
Rep. RSC-06. Remote Sensing Center, Texas A & M 
University. 

27. Day, W.,D. W. Lawlor, and B. J. Begg. 1981. The 
effects of drought on barley: soil and plant 
water relations. J. Agr. Sci. Cambridge 46:61- 
77. 

28. Dean, P. 1980. Infrared thermometer triggers 
irrigation.   Agricultural Research  13(3):9. 

29. Department of Agricultural Economics. 1981. Bush 
beans in the Willamette Valley. Ore. State Univ. 
Ext. Ser.  Corvallis. Hay. 2 p. 

30. DeRoo, H. C. 1969. Leaf water potentials of 
sorghum and corn estimated with the pressure 
chamber.  Agron. J.  61:969-970. 

31. Doss, B. D., R. W. Pearson, and H. T. Rogers. 
1974. Effect of soil water stress at various 
growth stages on soybean yield. Agron. J. 
66:297-299. 

32. Dubetz, S. and P. S. Hahalle. 1969. Effect of 
soil water stress on bush beans Phaseolus vulgaris 
L. at three stages of growth. J. Amer. Soc. Hort. 
Sci.  94:479-481. 

33. Ehrler, W. L. 1973. Cotton leaf temperatures as 
related to soil water depletion and meteorological 
factors.  Agron. J.  65:404-409. 

34. Ehrler, W. L., S. B. Idso, R. D. Jackson, and R. 
J.  Reginato.   1978.   Diurnal  changes in  plant 
ater potential and canopy temperature of wheat as 
ffected by drought.  Agron. J.  70:999-1004. 

35.  Ekern,   P.   C.    1966.   Evapotranspiration  by 
bermudagrass sod (Cynodon dactylon L. Pers.), in 
Hawaii. Agron. J.  58:387-390. 



142 

36. Elfving, D.C., M. R. Kaufmann, and A. E. Hall. 
1972. Interpreting leaf water potential 
measurements with a model of the soil-plant- 
atmosphere continuum. Physiologica Planta 
27:161-168. 

37. Erie, L. J. 1962. Closing the irrigation gap. 
Cotton Trade J. Int. Ed.  29:234-235. 

38. Evans, D. D., H. J. Mack, D. S. Stevenson, and J. 
F. Wolfe. 1960. Soil moisture, nitrogen, and 
stand density effects on growth and yield of sweet 
corn.  Ore. Agr. Expt. Sta. Tech. Bui. 53. 

39. Fereres, E., P. M. Kitlas, R. E. Goldfien, W. 0. 
Pruitt, and R. M. Hagan. 1981. Simplified but 
scientific irrigation scheduling. Calif. Agr., 
May-June. 

40. Fischer, R. A. and R. M. Hagan. 1965. Plant 
water relations, irrigation management, and crop 
yield.  Exp. Agr.  1:161-177. 

41. Fischer, R. A. and G. D. Kohn. 1966. Soil water 
relations and relative turgidity of leaves in the 
wheat crop.  Aust. J. Agr. Res.  17:269-280. 

42. Gabelman, W. H. and D. D. F. Williams. 1960. 
Developmental studies with irrigated snap beans. 
Wise Agr. Exp. Sta. Res. Bui.  221. 

43. Gabelman, W. H. and D. D. F. Williams. 1962. 
Water relationships affecting pod set of green 
beans. Proc. Plant Sci. Symp. Cambell's Soup Co., 
Camden, N. J.  pp. 25-36. 

44. Gardner, B. R., B. L. Blad, and D. G. Watts. 
1981. Plant and air temperatures in 
differentially-irrigated corn. Agric. Meteorol. 
25:207-217. 

45. Gardner, W. R. and C. F. Ehlig. 1963. The 
influence of soil water on transpiration by 
plants.  J. Geophys. Res.  68:5719-5724. 

46. Gardner, W. R. and R. H. Nieman. 1964. Lower 
limit of water availability to plants. Science. 
143:1460-1462. 

47.  Gates,  C.  T.   1964.  The effect of water stress on plant 
growth.  J. Aust. Inst. Agr. Sci.  30:3-22. 



143 

48. Geiser, K. M., D. C. Slack, E. R. Allred, and K. 
W. Strange. 1982. Irrigation scheduling using 
crop canopy-air temperature difference. Trans, of 
the ASAE  25(3 ): 689-694 . 

49. Gonzalez, A. R. and J. W. Williams. 1978. Effect 
of water stress on quality of raw and processed 
snap beans.  Arkansas Farmer Nov-Dec.  1978. p. 3. 

50.  Grimes,  D. 
1970.   Water 
Calif. Agr., 

W.,  R.  J.  Miller,  and L. Dickens, 
stress during flowering of  cotton. 

March, pp. 4-6. 

51. Raise, H. R. and R. M. Hagan. 1967. In 
Irrigation of Agricultural Lands (R. M. Hagan, H. 
R. Haise, and T. W. Edminster, eds.). Amer. Soc. 
Agron., Madison, Wise.  pp. 577-604. 

52. Hall, A. E. 1981. Adaption of annual plants to 
drought in relation to improvements in cultivars. 
HortScience  16:15-16. 

53. Hammond, A. L. 1975. Crop forcasting from space: 
towards a global food watch. Science 188:434- 
436. 

54. Hatfield, J. L. 1979. Canopy Temperatures: The 
usefulness and reliability of remote measurements. 
Agron. J.  71:889-892. 

55. Hatfield, J. L., J. P. Millard, R. J. Reginato, R. 
D. Jackson, S. 8. Idso, P. J. Pinter, Jr., and R. 
C. Goettelman. 1982. Spatial variability of 
surface temperature as related to cropping 
practice with implications for irrigation 
management. Proceedings of the 14th Symp. on Rem. 
Sens. of Environ. San Juan, Costa Rica. 23-30 
April.  pp. 1311-1320. 

56. Heilman, J. L., W. E. Heilman, and D. G. Moore. 
1981. Remote sensing of canopy temperature at 
incomplete cover.  Agron. J.  73:403-406. 

57. Herrero, M. P. and R. R. Johnson. 1981. Drought 
stress and its effects on maize reproductive 
systems.  Crop Sci.  21:105-110. 

58. Hiler, E. A., C. H. M. van Bavel, M. M. Hossain, 
and W. R. Jordan. 1972. Sensitivity of southern 
peas to plant water deficit at three growth stages. 
Agron. J.  64:60-64. 



144 

59. Hoffman, G. J. and S. L. Rawlins. 1972. Silver- 
foil psychrometer for measuring leaf water 
potential "in situ".  Science  177:802-804. 

60. Hoffman, G. J. and W. E. Splinter. 1968. Water 
potential measurements of an intact plant-soil 
system.  Agron. J.  60:408-415. 

61. Hsiao, T. C. 1973. Plant response to water 
stress.  Ann. Rev. Plant Physiol.  24:519-570. 

62. Hsieh, J. J. and F. P. Hungate. 1970. Temperature 
compensated Peltier psychrometer for measuring 
plant and soil water potentials. Soil Sci. 
110:253-257. 

63. Idso, S. B., J. L. Hatfield, R. D. Jackson, and R. 
J. Reginato. 1979. Grain yield prediction: 
extending the stress-degree-day approach to 
accomodate climatic variability. Remote Sens. of 
Environ.  8:267-272. 

64. Idso, S. B., J. L. Hatfield, R. J. Reginato, and R. 
D. Jackson. 1978. Wheat yield estimation by 
albedo measurement. Remote Sens. of Environ. 
7:273-276. 

65.  Idso, S.  B., R. D. Jackson, P. J. Pinter, Jr., R. 
J.   Reginato,   and   J.   L.   .»--£---IJ     in Hatfield.    1981. 
Normalizing  the  stress-degree-day  parameter  for 
environmental   variability. 
24:45-55. 

Agric.   Meteorol. 

66. Idso, S. B., R. D. Jackson, and R. J. Reginato. 
1976. Determining emittances for use in infrared 
thermometry: A simple technique for expanding the 
utility of existing methods. J. of Appl. Meteorol. 
15:16-20. 

67. Idso, S. B., R. D. Jackson, and R. J. Reginato. 
1976. Compensating for environmental variability 
in the thermal inertia approach to remote sensing 
of soil moisture. J. of Appl. Meteorol. 15:811- 
817. 

68. Idso, S. B., R. D. Jackson, and R. J. Reginato. 
1977. Remote sensing of crop yields. Science 
196:19-25. 



145 

69. 

70. 

71. 

Idso, S. 3., R. D. Jackson, and R. J. Reginato. 
1978. Extending the degree day concept of plant 
phenolcgical development to include water stress 
effects.  Ecology  59:431-433. 

Idso, S. B., P. J. Pinter, Jr., J. L. Hatfield, R. 
D. Jackson, and R. J. Reginato. 1979. A remote 
sensing model for the prediction of wheat yields 
prior to harvest.  J. Theoret. Biol.  77:217-228. 

Idso, 
R.  J 

S. B., P. J. Pinter, Jr., R. D. Jackson, and 
Reginato.  1980.  Estimation of grain yields 

by remote sensing of crop senescence rates.  Remote 
Sens, of Environ.  9:87-91. 

72. Idso, S. B., R. J. Reginato, J. L Hatfield, G. K. 
Walker, R. D. Jackson, and P. J. Pinter, Jr. 1980. 
A generalization of the stress-degree-day concept 
of yield prediction to accomodate a diversity of 
crops.  Agric. Meteorol.  21:205-211. 

73. Idso, S. B., R. J. Reginato, and R. D. Jackson. 
1977. Albedo measurement for remote sensing of 
crop yields.  Nature  266:625-628. 

74.  Idso, B. R. J. Reginato, R. D. Jackson, and P. 
J. Pinter, Jr. 1981. Foliage and air 
temperatures: evidence for a dynamic "equivalence 
point".  Agric. Metoerol.  24:223-226. 

75. 

76. 

77. 

78. 

Idso, S. B., T. J. Schmugge, R. D. Jackson, and R. 
J. Reginato. 1975. The utility of surface 
temperature measurements for the remote sensing of 
soil water status. J. Geophys. Res. (0&A) 
80:3044-3049. 

R.  D.,  S. va^>v»wU, ».. v., ». B. Idso, and R. J. Reginato 
1980. Infrared thermometer triggers irrigation 
Agricultural Research  13(4):9. 

Jackson, 
1980. 

Jackson, R. D., S. B. Idso, R. J. Reginato, and W. 
L. Ehrler. 1977. Crop temperature reveals stress. 
Crops and Soils  29:10-13. 

Jackson, R. D., R. J. Reginato, and S. B. Idso. 
1977. Wheat canopy temperature: a practical tool 
for evaluating water requirements. Water Resours. 
Res.  13:651-656. 



146 

79. Jager, K. J. and H. R. Meyer. 1977. Effect of 
water stress on growth and proline metabolism of 
(Phaseolus vulgaris L.). Oecologica (Berl.) 
30:83-96. 

80. Jensen, M. E., D. C. Robb, and C. E. Franzoy. 
1970. Scheduling irrigations using climate-crop- 
soil data. ASCE, J. Irrig. Dr. Div. 96(IRI):25- 
38. 

81 .  Jensen, M.  E.,  J.  L. Wright,  and B. J. Pratt. 
1971.   Estimating  soil moisture  depletion  from 
climate,  crop,  and soil data.  Trans, of the ASAE 
14:954-959. 

82 

83 

Jones,  C.  A.,  D.  Pena, and A. Carabaly. 1980. 
Effects of plant water potential, leaf diffusive 
resistance, rooting density, and water use on the 
dry matter production of several tropical grasses 
during short periods of drought stress. Trop. Agr. 
(Trinidad) Vol. 57, No. 3, July. 

Jones, M. M. 
adjustment in 
water deficits 

and N.  C.  Turner.  1978.  Osmotic 
leaves  of sorghum in  response  to 
Plant Physiol.  61:122-126. 

84. Jordan, W. R. 1970. Growth of cotton seedlings in 
relation to maximum daily plant-water potential. 
Agron. J.  62:699-701. 

85. Jordan, W. R. and J. T. Ritchie. 1971. Influence 
of soil water status on evaporation, root 
absorption, and internal water status of cotton. 
Plant Physiol.  48:783-788. 

86. Kanemasu, E. T. and C. B. Tanner. 1969. Stomatal 
diffusion resistance of snap beans. I. Influence 
of leaf water potential. Plant Physiol. 44:1547- 
1552. 

87. Kattan, A. A. and J. W. Fleming. 1956. Effect of 
irrigation at specific stages of development on 
yield, quality, growth, and composition of snap 
beans.  Proc. Amer. Soc. Hort. Sci.  68:329-342. 

88. Kaufmann, H. R. 1981. Development of water stress 
in plants.  HortScience  16:34-36. 

89. Keisling, T., D. Smittle, J. Stansell, and M. 
Walker. 1975. Irrigating for maximum yields. Ga. 
Agr. Res.  17(l):24-27. 



147 

90. Kemp, G. A., K. K. Krogman, and E. H. Hobbs. 1974. 
Effect of sprinkler irrigation and cooling on yield 
and quality of snap beans. Can. J. PI. Sci. 
54:521-528. 

91. Kimes, D. S. 1981. Azimuthal radiometric 
temperature measurements of wheat canopies. 
Applied Optics  20:1119-1121. 

92. Kimes, D. S., S. B. Idso, P. J. Pinter, Jr., R. D. 
Jackson, and R. J. Reginato. 1980. Complexities 
of nadir-looking radiometric temperature 
measurements of plant canopies. Applied Optics 
19:2162-2168. 

93. Klepper, B. and H. D. Barrs. 1968. Effect of salt 
secretion on psychometric determinations of water 
potential of cotton leaves. Plant Physiol. 
33:1138-1140. 

94 Kramer,   P. J . 1969. Plant  and  Soil  Water 
Relationships.  McGraw-Hill Book Co., New York. 

95. Kretchmer, P. J., D. R. Laing, and S. Zuluaga. 
1980. Use of Infrared thermometer in bean 
selection for drought tolerance. Call, Columbia, 
Centre Internacional de Agricultura Tropical. 10 p. 

96. Levitt, J. 1951. Frost, drought, and heat 
resistance.  Ann. Rev. Plant Physiol.  1:285-304. 

97. Licor Inc.  1981.  Products Bulletin. Steady State 
Porometer.  pp. 4-9. 

98. Linacre, E. T. 1964. A note on a feature of leaf 
and air temperatures.  Agric. Metoerol.  1:66-72. 

99 

100, 

L u d 1 o w,   M . M. 1975. In  Environmental  and 
Biological Control of Photosynthesis (R.  Marcelle, 
ed.).  pp. 123-134.  Junk, The Hague. 

Mack, H. J.  1979.  Irrigation treatments tested on 
bush beans.  Oregon Vegetable Digest  28(l):l-4. 

101.  Mack,  H.  J.   1979.  Moisture stress reduces bush 
bean yields.  Oregon Vegetable Digest  28(4):l-3. 

102. Mack, H. J. 1980. Irrigation experiments on snap 
beans at conventional and high population 
densities.  Proc. Ore. Hort. Soc.  71:140-141. 



148 

103 

104 

105 

Mack, H. J. and J. R. Baggett. 1976. Unpublished 
research data on snap bean yields. Oregon State 
University.  Corvallis. 

Boersma, J. W. Wolfe, W. A. Mack,H.J.,L.L. 
Sistrunk,  and D. D. Evans.  1966.  Effects of soil 

and  nitrogen fertilizer on  pole  beans. 
Expt. Sta. Tech. Bui. 97. 

moisture 
Ore. Agr 

J. and G. W. Varseveld.  1982.  Response 
snap  beans (Phaseolus  vulgaris  L.)  to 

Mack,  H. 
of  bush   K   
irrigation and plant density. 
Sci.  107:286-290. 

J. Amer. Soc. Hort. 

106. MacKay, D. C. and C. A. Eaves. 1962. The 
influence of irrigation treatments on yields and 
on fertilizer utilization by sweet corn and snap 
beans.  Can. J. PI. Sci.  42:219-228. 

107 

108 

109 

Marsh, A. W.  1961.  Tensiometers: Key to increased 
profits.  Western Grower and Shipper  32:15-17, 34. 

Martin,  E. 
transpiration 

1943 Studies on evaporation and 
L i cius t>jL i a u ion under controlled conditions. 
Carnegie Institute of Washington Pub.  No. 550. 

Mauk, C. S. 1982. Influence of irrigation and 
plant population on yield parameters, flower and 
pod abscission, and photosynthate distribution in 
snap beans, Phaseolus vulgaris L. Var. 'Oregon 
1604'. Ph.D. Thesis. Oregon State University, 
Corvallis  149 pp. 

110. Maurer, A. R., D. P. Ormrod, and N. J. Scott. 
1969. Effect of five soil water regimes on growth 
and composition of snap beans. Can. J. PI. Sci. 
49:271-278. 

111. McClintic, D. 1980. Shoot a crop to measure 
stress.  The Furrow  85(4):38. 

112. McMaster,  G. M., M. J. Lebaron, G. L. Corey, L. R. 
Hawthorn, and V. K. Toole.  1965.  The influence of 
soil moisture on snap bean production.  Idaho Agr. 
Exp. Sta. Bui. 135. 

J.  and 113.  Mederski,  H. 
response  of 
moisture stress levels. 

  D. L. Jeffers.  1973.  Yield 
soybean varieties grown at  two  soil 

Agron. J.  65:410-412. 



114. 

115. 

Meeuwig, 
Relations 
Haveren, 
131-135. 

R.  0.   1972. 
Research (R. 

eds . ) .   Utah 

149 

In Psychrometry in Water 
W.  Brown and  B.  P.  van 

Agr. Expt. Sta., Logan  pp. 

.._.,__,  W. S. and J. T. Ritchie.  1980.  Resistance 
to water flow in the sorghum plant.  Plant Physiol. 
Meyer , 
to wat 
65:33-39. 

w^^^o^, B. D. 1974. Improved thermocouple 
psychrometer for the measurement of plant and soil 
..-^-_ _^__^,_,   j^ Exp(( Bot #  25:1070-1084. 

116. Millar, 
psychro 
water potential. 

117. Millar. A. A. and W. R. Gardner. 1972. Effect of 
the soil and plant water potentials on the dry 
matter production of snap beans. Agron. J. 
64:559-562. 

118. 

119. 

120. 

121. 

122 

123. 

Millar, A. A., W. R. Gardner, and S. M. Goltz. 
1971. Internal water status and water transport in 
seed onion plants.  Agron. J.  63:779-784. 

Millard, J. P., J. L. Hatfield, and R. C. 
Goettelman. 1979. Equivalence of airborne and 
ground-acquired wheat canopy temperatures. Remote 
Sens, of Environ.  8:273-275. 

Millard, J. P., R. D. Jackson, R. C. Goettelman, R. 
J. Reginato, and S. B. Idso. 1978. Crop water- 
stress assessment using an airborne thermal 
scanner.  Photog. Eng. and Remote Sens.  44:77-85. 

Millard, J. P., R. D. Jackson, R. C. Goettelman, R. 
J. Reginato, S. B. Idso, and R. L. Lapado. 1977. 
Airborne monitering of crop canopy temperatures for 
irrigation scheduling and yield prediction. Proc. 
11th Intl. Symp. on Remote Sens. of the Environ. 
Ann Arbor, Mich.  pp. 1453-1461. 

Millard, J. P., R. J. Reginato, S. B. Idso, R. D. 
Jackson, R. C. Goettelman, and M. J. Leroy. 1980. 
Experimental relations between airborne and ground 
measured wheat canopy temperatures. 
Photogrammetric Eng. and Remote Sens.  46:221-224. 

Momen,  N.  N., R.  E. Carlson, R. H. Shaw, and 0. 
Arjmand.   1979. Moisture  stress effects on  the 
yield components of two soybean cultivars. Agron. 
J.  71:86-90. 



150 

12A. 

125. 

126. 

Neumann,  E. H.  and G.  W.  Thurtell.   1972.  in 
Psychrometry in Water Relations  Research  (R.  W. 
Brown and B. P. van Haveren, eds.). Utah Agr. Expt. 
Sta., Logan. pp. 103-112. 

O'Leary, J. W. and G. N. Knecht. 
of relative humidity on growth, 
consumption of bean plants. J. 
Sci.  96:263-265. 

H.  1967. 

1971. The effect 
yield, and water 
Amer.  Soc. Hort. 

, j . LL.  J.^U/.  Diurnal variation in leaf and 
temperatures of irrigated cotton grown  under 
oil moisture regimes in a semi-arid  climate. 
....    '-39-54. 

127. Peck, N. H., M. T. Vittum, and G. H. Gibbs. 1968. 
Evapotranspiration rates for irrigated crops at 
Geneva, New York.  Agron. J.  60:23-26. 

Palmer, J. 
boll 
two  s 
Agric. Meteorol. 

128. Peck, N. H., M. T. Vittum, and R. D. ^5iller. 1958. 
Evapotranspiration rates for alfalfa and vegetable 
crops in New York State.  Agron. J.  50:109-112. 

129. Penman, J. L. 1963. Vegetation and Hydrology. 
Tech. Comm. No. 53, Commonwealth Bureau of Soils, 
Harpenden, England, p. 125. 

130.  Pew,  W.  D.  ,  ...  _.   1958.   Effects  of soil moisture on 
cantaloupe growth and production.   Western  Grower 
and Shipper  29:22-24. 

131. Pinter, P. J., Jr., M. E. Stanghellini, R. J. 
Reginato, S. B. Idso, A. D. Jenkins, and R. D. 
Jackson. 1979. Remote detection of biological 
stresses in plants with infrared thermometry. 
Science  205:585-588. 

132. 

133 

134. 

Pisek, A. and E. Winkler. 1953. Die 
schliessbewegung der stamata bei okologisch 
verschiedenen pflanzentypen in abhangigkeit v.om 
wassersattigungszustand der blatter und vom licht. 
Planta.  42:253-278 (German). 

Puritch, G. S. and J. A. Turner.  1973. 
temperature  increase  and release  on 
within  a pressure chamber used to  estimate  plant 
water potential.  J. Exp. Bot 

Effects of 
temperature 

24:342-348 

Rawson, H. M., N. C. Turner, and J. E. Begg.  1978. 
Agronomic  and physiological responses  of  soybean 
and  sorghum  crops to water deficits.   Aust.  J. 
Plant Physiol.  5:195-209. 



151 

135. Reginato, R. J., S. B. Idso, and R. D. Jackson. 
1978. Estimating forage production: a technique 
adaptable to remote sensing. Remote Sens. of 
Environ.  7:77-80. 

136. Reginato, R. J., S. B. Idso, J. F. Vedder, R. D. 
Jackson, M. B. Blanchard, and R. C. Goettelman. 
1976. Soil water content and evaporation 
determined by thermal parameters obtained from 
ground-based and remote measurements. J. Geophys 
Res.  81:1617-1620 



152 

146. Scholander, P. F., H. T. Hammel, E. A. Hemmingsen, 
and E. D. Bradstreet. 1964. Hydrostatic pressure 
and osmotic potential of leaves of mangroves and 
some other plants. Proc. Natl. Acad. Sci. U.S.A. 
52:119-125. 

147. Shearer, M. N. 1963. Electrical resistance gypsum 
blocks for scheduling irrigations. Ore. State. 
Univ. Coop. Ext. Ser. Ext. Bui. 810. 

148. Simonelli, M. L. N. and L. A. Spomer. 1980. 
Preparation of customized pressure chamber seals 
for irregularly shaped, succulent organs. Agron. 
J.  72:699-700. 

149. Singh, R. and R. B. Alderfer. 1966. Effects of 
soil moisture stress at different periods of growth 
of some vegetable crops.  Soil Sci.  101:69-80. 

150. Sionit, N. and P. J. Kramer. 1977. Effect of 
water stress during different stages of growth of 
soybeans.  Agron. J.  69:274-278. 

151. Sivakumar, M. V. K. and R. H. Shaw. 1978. 
Relative evaluation of water stress indicators for 
soybeans.  Agron. J.  70:619-623. 

152. Sivakumar, M. V. K. and S. M. Virmani. 1979. 
Measuring leaf water potential in chickpea with a 
pressure chamber.  Exp. Agr.  15:377-383. 

153. Slayter, R. 0. 1967. Plant Water Relationships 
Academic Press, New York.  366 pp. 

154. Smittle, D. A. 1974. Potential for scheduling 
irrigation from pan evaporation data. Ga. Agr. 
Res.  16(2):6-8. 

155. Smittle, D. A. 1976. Response of snap bean to 
irrigation, nitrogen fertilizer, and plant 
population.  J. Amer. Soc. Hort. Sci.  101:37-39. 

156. Stanhill, G. 1957% The effect of differences in 
soil moisture status on plant growth: A review and 
analysis of soil moisture regime experiments. Soil 
Sci.  84:205-214. 

157. Stansell, J. R. and D. A. Smittle. 1980. Effects 
of irrigation regimes on yield and water use of 
snap bean Phaseolus vulgar is L. J. Amer. Soc. 
Hort. Sci.  105:869-873. 



153 

158. Stockton, J. R., L. D. Doneen, and V. T. Ualhood. 
1961. Boll shedding and growth of the cotton plant 
in relation to irrigation frequency. Agron. J. 
53:272-275. 

159. Stone, L.R. and M. L. Horton. 1974. Estimating 
evapotranspiration using canopy temperatures: field 
evaluation.  Agron. J.  66:450-454. 

160. Stone, L. R., E. T. Kanemasu, and M. L. Horton. 
1975. Grain sorghum canopy temperature as 
influenced by clouds. Remote Sens. of Environ. 
4:177-181. 

161. Summerfield, R. J., P. A. Huxley, and W. Steele. 
1974. Cowpea (Vigna unguiculata L. Walp.). Field 
Crop Abstr.  27:301-312. 

162. Tanner, C. B. and W. L. Pelton. 1980. Potential 
evapotranspiration estimates by the approximate 
energy balance of Penman. J. Geophys. Res. 
65:3391-3413. 

163. Taylor, S. A. 1965. Managing irrigation water on 
the farm.  Trans, of the ASAE.  8:433-436. 

164. Taylor, S. A., D. D. Evans, and W. D. Kemper. 
1961. Evaluating soil water. Utah Agr. Exp. Sta. 
Bui. 426. 

165. Turk, K. J., A. E. Hall, and C. W. Asbell. 1980. 
Drought adaptation of cowpea. 1. Influence of 
drought on seed yield.  Agron. J.  72:413-420. 

166. Turk, K. J. and A. E. Hall. 1980. Drought 
adaptation of cowpea. II. Influence of drought on 
plant water status and relations with seed yield. 
Agron. J.  72:421-427. 

167. Turk, K. J. and A. E. Hall. 1980. Drought 
adaption of cowpea. III. Influence of drought on 
plant growth and relations with seed yield. Agron. 
J.  72:428-433. 

168. Turner, N. C. 1966. Ph.D. Thesis. University of 
Adelaide, South Australia. 

169.  Turner,  N.  C.   1974.  Somatal behavior and water 
status of maize,  sorghum,  and tobacco under field 
conditions.   II.   At  low soil water  potential. 
Plant Physiol.  53:360-365. 



154 

170. Turner,  K.  C.  and J.  E.  Begg.  1973.  Stomatal 
behavior and water status of  maize,  sorghum,  and 
tobacco under field conitions.  1.   At high  soil 
water potential.  Plant  Physiol. 51:31-36. 

171. Turner, N. C, J. E. Begg, and M. L. Tonnet. 1978. 
Osmotic adjustment of sorghum and sunflower crops 
in response to water deficits and its influence on 
the water potential at which stomata close. Aust. 
J. Plant Physiol.  5:597-608. 

172. Turner, N. C. and M. J. Long. 1980. Errors 
arising from rapid water loss in the measurement of 
leaf water potential by the pressure chamber 
technique.  Aust. J. Plant Physiol.  7: 

173. Turner, K. C. and J. Parlange. 1970. Analysis of 
operation and calibration of a ventilated diffusion 
porometer.  Plant Physiol.  46:175-177. 

174. Turngate, W. V. and E. B. Shreve . 1939. Note on 
atmospheric aridity.  Ecology  20:107-108. 

175.  Tyree, M. xyree, n. T., J. Dainty, and D. M. Hunter. 1974. 
The water relations of hemlock (Tsuga canadens is) 
IV. The dependence of the balance pressure on 
temperature measured by the pressure bomb 
technique.  Can. J. Bot.  52:973-978. 

176 United States Department of Agriculture (USDA). 
Vegetables 1981 Annual Summary. Vg 1-2(81). Crop 
Reporting Board SRS USDA. Washington D.C. 20250 
December 28.  p. 49. 

177 W. F. Reutz, R. R. Geppert, and 
1974.   The  effect  of  age, 

and   water   stress   on   the 
rates  of Douglas  Fir  (Pseudotsuga 

       seedlings   of   several   ecotypes. 
Physiol. Plant.  32:214-221. 

Unterscheutz,  P., 
W.   K.   Ferrell. 
preconditioning, 
transpiration 
menziesii) 

178.  Vittum, M. T., R. B. Aldeffer, B. E. Jones, C. W. 
Reynolds, and R. A. Struchtemeyer. 1963. Crop 
response to irrigation in the Northeast. N. Y. 
State Agr. Exp. Sta. Bui. 800. 

179.  Waggoner,  P.  E.  and  W.  E.  Reifsnyder. 1968. 
Simulation   of    temperature,    humidity, and 
evaporation profiles in a leaf canopy. J. Appl. 
Meteorol.  7:400-409. 



155 

180. Walker, G. K. and J. L. Hatfield. 1979. Test of 
the stress-degree-day concept using multiple 
planting dates of red kidney beans. Agron. J. 
71 :967-971. 

181. Waring, R. H. and B. D. Cleary. 1967. Plant 
moisture stress: evaluation by the pressure bomb. 
Science  155:1248-1254. 

182. Wenkert, W., E. R. Lemon, and T. R. Sinclair. 
1978. Changes in water potential during pressure 
bomb measurement.  Agron. J.  70:353-355. 

183. Wescor Inc. 1980. Transducers, instruments, and 
data systems for measuring water potential and 
other parameters.  Wescor Catalog  80-2.  20 pp. 

184. Wescor Inc. 1980. Water potential measurement 
with pel tier-cooled thermocouple psychrometers. 
Wescor Inc., Logan, Utah.  3 pp. 

185. Wiebe, H. H., R. W. Brown, and J. Barker. 1977. 
Temperature gradient effects on "in situ" 
hygrometer measurements of water potential. Agron. 
J.  69:933-939. 

186. Wiebe, U. H., R. W. Brown, T. W. Daniel, and E. C. 
Campbell. 1970. Water potential measurements 
in trees.  BioScience  20:225-226. 

187. Wiegand, C. L. and L. N. Namken. 1966. Influence 
of plant moisture stress, solar radiation, and air 
temperature on cotton leaf temperature. Agron. J. 
58:582-586. 

188. Wiegand, C. L. and W. A. Swanson. 1973. Time 
constants for thermal equilibrium of leaf canopy 
and soil surfaces with changes in insolation. 
Agron. J. 65:722-724. 

189. Woodward, R. G. and J. E. Begg. 1976. The effect 
of atmospheric humidity on the yield and quality of 
soya bean.  Aust. J. Agr. Res.  27:501-508. 

190. Wright, J. L. and M. E. Jensen. 1978. Development 
and evaluation of evapotransplration models for 
irrigation scheduling. Trans, of the ASAE. 21:88- 
91, 96. 



156 

191. Young, E., J. M. Hand, and S. C. Wiest. 1981. 
Diurnal variation in water potential components and 
stomatal resistance of irrigated peach seedlings. 
J. Amer. Soc. Hort. Sci.  106:337-340. 



APPENDIX 



157 

0.3- 

0.6- 

0.9- 

•0.06 MPa • 
GS   ■ 

DRY A 

a 
CL 

I 

1.5 
i r 

0.3 

0.6 

0.9 

ORE  1604 
PrB+l 

.2- 

1.5- 

Figure A.1. 

8 18 20      22 10       12       14       IS 
HOUR      (PDT) 

Influence of irrigation treatments on the diurnal leaf 
water potential (y) of snap bean plants the day before 
(PrB-1) and the day after (PrB+l) the pre-bloom irriga- 
tion in the GS treatment (Day 39 and 41 after planting) 
(#) = significance at 5% level from (•). 
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Figure A.2.  Influence of irrigation treatments on the diurnal leaf 
water potential (?) of snap bean plants the day before 
(PoB-1) the post-bloom irrigation in the GS treatment 
(Day 52 after planting).  (*) = sig. at 5% level from (•) 
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Influence of irrigation treatments on the diurnal leaf 
water potential (*) of snap bean plants the day before 
(PrH-1) the pre-harvest irrigation in the GS treatment 
(Day 59 after planting).  (*) = sig. at 5% level from (•) 
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Influence of irrigation treatments on the diurnal leaf 
water potential (H*) of snap bean plants the day after 
(PrH+1) the pre-harvest irrigation in the GS treatment 
(Day 61 after planting).  (#) = sig. at 5% level from (•) 



161 

0.3 -i 

0.6 

0.9 

0.06 MPa • 
GS   m 

DRY A 

ORE 1604 
982 

PrB- 

o 
CL 

0.3 

0.6 

0.9 

ORE  1604 
PrB + l 

1.2 

Figure A.5. 

8 10       12 
HOUR 

14       16 
(POT) 

18       20      22 

Influence of irrigation treatments on the diurnal leaf 
water potential (f) of snap bean plants the day before 
(PrB-1) and the day after (PrB+l) the pre-bloom irriga- 
tion in the GS treatment (Day 41 and 43 after planting). 
(#) = significance at 5% level from (•). 
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Influence of irrigation treatments on the diurnal leaf 
water potential CF) of snap bean plants the day before 
(PrB-l) and the day after (PrB+1) the pre-bloom irriga- 
tion in the GS treatment (Day 41 and 43 after planting). 
(♦) = significance at 5% level from (•). 
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Influence of irrigation treatments on the diurnal leaf 
water potential (Y) of snap bean plants the day before 
(PoB-l) and the day after (PoB+1) the post-bloom irriga- 
tion in the GS treatment (Day 53 and 55 after planting). 
(*) = significance at the 5%  level from (•). 
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Influence of irrigation treatments on the diurnal leaf 
water potential (H*) of snap bean plants the day before 
(PoB-1) and the day after (PoB+1) the post-bloom irriga- 
tion in the GS treatment (Day 53 and 55 after planting). 
(#) = significance at 5% level from (•). 
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Influence of irrigation treatments on the diurnal leaf 
water potential (V) of snap bean plants the day before 
(PrH-1) and the day after (PrH+1) the pre-harvest irri- 
gation in the GS treatment (Day 60 and 62 after plant- 
ing) .  (*) = significance at 5% level from (•). 


