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ABSTRACT 

A two year study was conducted to determine the optimum 

timing of the initial post-plant irrigation for cotton 

<Gossvpium hirsutum L.). A short-season Upland variety, DPL 

20, was planted on 19 April 1993 and 15 April 1994 at the 

Marana Agricultural Center. Daily midday leaf water potential 

measurements were taken using the pressure chamber technique. 

Treatments, designated Tl, T2, and T3, received the initial 

post-plant irrigation when the midday LWP measured -1.5, -1.9, 

and -2.3 MPa, respectively. Soil-water data was collected at 

25 cm depth increments using neutron attentuation. Yields 

were 1263, 1244, and 1110 kg lint/ha in 1993 and 1229, 1176, 

and 1095 kg lint/ha in 1994 for Tl, T2, and T3, respectively. 

When treatments were initiated, approximately 84 (Tl), 62 

(T2), and 32%(T3) of the total plant-available water was 

present in the upper 150 cm of the soil profile. 
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CHAPTER 1 

LITERATURE REVIEW 

Food and fiber crop production in arid and semi-arid 

regions usually depends upon irrigation to provide adequate 

water to the root system for plant growth and development. 

Irrigation scheduling is an essential management tool in these 

regions as water stress during critical growth stages can 

significantly reduce crop yield (Grimes et al., 1970; Shouse 

et al., 1982; Turner et al., 1986; Johnson et al., 1989; 

Wanjura et al., 1990; Brown et al., 1993). Knowledge of the 

plant-water status and soil-water availability can assist the 

grower when scheduling irrigations to meet crop needs. 

Because plants are simultaneously exposed to both the 

atmospheric and the soil environments, measurements of plant-

and soil-water status are good indicators of the need for an 

irrigation. 

Plant-Water Status 

Physiological techniques that monitor plant-water status 

can include measurements of canopy temperature, leaf diffusion 

resistance, transpiration rate, photosynthetic rate, and leaf 

water potential (LWP). Their association with such climatic 

factors as air temperature and vapor pressure deficit (VPD) 

relate the soil-plant-atmosphere continuum (SPAC) to the 
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energy balance of the crop canopy. 

The pressure chamber technique allows for the measurement 

of xylem pressure and an estimation of plant-water potential 

(Scholander et al., 1965) . An excised leaf is placed into the 

chamber with the cut surface of the petiole exposed. 

Regulated pressure is applied to the chamber until moisture 

appears at the surface of the petiole. When moisture appears, 

the negative value of the applied pressure is equal to the 

LWP. Assumptions made when using this technique are (i) the 

xylem and the leaf cells are in equilibrium, (ii) the solute 

potential approaches zero due to transpiration, and (iii) the 

spatial arrangement of water in the shoot under pressure is 

the same as it is in the intact plant (Boyer, 1967). 

Jordan (1970) evaluated the utility of the pressure 

chamber in determining the relation between plant-water 

potential and the growth of potted greenhouse cotton 

seedlings. A stress treatment was imposed by withholding 

water when the plants had five to seven true leaves. Control 

plants were watered daily during the eight-day treatment 

period. Minimum LWP corresponded to periods of maximum light 

intensity and temperature. Increases in plant height and leaf 

area were inhibited if plant water potentials did not increase 

above a value of -0.8 MPa during some portion of the day. 

Turner et al. (1986) observed a reduction in leaf size when 

the predawn LWP decreased below -0.8 MPa. 
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Ehrler (1973) conducted a two-year study in Arizona to 

determine if leaf temperatures could be used as a guide for 

irrigation scheduling to obtain maximum yields in cotton. 

Soil-water depletion was not allowed to exceed 65% of the 

available water in the upper 90 cm of the root zone. It was 

concluded that changes in leaf temperature were highly 

dependent upon VPD. As evaporative demand increased, 

differences between leaf and air temperatures also increased. 

Idso et al. (1982) reported a linear relationship between 

increasing VPD and decreasing transpiration with sufficient 

extractable water present in the soil profile. 

The rate of LWP decline is related to soil-water 

retention characteristics, stage of crop development, and 

atmospheric demand. Transpirational flux is directly 

proportional to the soil-water content and to the potential 

gradient between the soil and the plant, and inversely related 

to the total resistance along the transpiration pathway. As 

soil dries, LWP declines and plant resistance increases due to 

decreased root growth and suberization, cavitation in the 

xylem, and decreased root-soil contact (Grimes et al., 1987). 

Changing climatic conditions will also affect LWP even when 

soil-water is not limiting. 

Variations in climatic conditions can cause irregularity 

in LWP and subsequent errors in irrigation scheduling, that 

could reduce irrigation efficiency and/or adversely affect 
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crop yield. Grimes et al. (1987) presented a normalization 

technique for day-to-day variations in climatic conditions 

when assessing measured LWP values for irrigation scheduling. 

Increasing air temperature and VPD were strongly correlated 

with declining LWP. However, normalization techniques, which 

are empirical in nature, require site specific calibration and 

are useful only where day-to-day variations in net radiation 

are minimal (Ehrler, 1973; Idso et al., 1982; and Grimes et 

al., 1987). 

Elfving et al. (1972) attempted to interpret LWP 

measurements in citrus (Citrus sinensis L.) as a function of 

the SPAC. The trees grew in three different climatic 

situations in Southern California, a cool, coastal 

environment; an intermediate inland environment; and a lower 

Colorado River desert environment. The LWP values were more 

negative when VPD was larger under non-limiting soil-water 

environment conditions. As soil-water tensions increased 

(above 0.03 MPa), water potentials at sunrise were lower than 

maximum nighttime values obtained when soil-water was 

limiting. However, daytime LWP and soil-water tensions were 

not well correlated and it was unclear as to whether edaphic 

factors or changes in climatic conditions caused changes in 

LWP. Shouse et al. (1982), when observing the response of 

field grown cowpeas (Vigna unauiculata L.) to water stress, 

found that midday LWP was not as sensitive an indicator of 
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water deficit as was predawn water potential. This is in 

contrast to Fereres et al. (1978) , who saw a rapid decline in 

midday LWP in sorghum (Sorghum bicolor L.) and maize (Zea mavs 

L.) grown under dryland conditions and depleting soil 

moisture. 

Stomatal response to declining LWP in Texas field grown 

cotton, variety Stoneville 213, as affected by previous water 

stress, was examined by Thomas et al. (1976). Plants exposed 

to two periods of water stress (83 and 108 days after 

planting), had open abaxial stomata at LWP of -2.8 and -3.0 

MPa during a final period of water stress. Stomata of plants 

not preconditioned to water stress closed at -2.2 MPa. 

Fereres et al. (1978) observed stomatal closure in the non-

irrigated sorghum late in the season, even at LWP equal to 

-2.0 MPa. Earlier in the season, stomata closed at -1.4 MPa 

in younger plants. These results could indicate the need for 

exercising caution when interpreting data of field crops 

without knowing the crop's previous water stress history. 

Thomas et al. (1976) observed that stomatal closure occurred 

before visible leaf wilt was evident, indicating that water 

stress adaptations may occur prior to wilting. 

Plant Response to Water Deficit 

Physiological responses of cotton to water deficit and 

the relationship of stress to yield have been examined by 
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several researchers. Plant based measurements may be more 

accurate in predicting when an irrigation is needed since 

soils differ in retention properties, transmission 

capabilities, and zones that could restrict root extension. 

Mainstem elongation and fiber growth in cotton as a function 

of minimum LWP were studied by Grimes and Yamada in 

California's San Joaquin Valley (1982). They also assessed 

the effectiveness of LWP measurements in scheduling 

irrigations by subjecting plants to different water stress 

conditions during the first half of the growing season. 

Experiments were conducted on two soil types, a sandy loam and 

a clay loam, each with differing water retention and 

transmission properties. Reduced mainstem elongation was 

linearly related to increased water stress, with little or no 

growth occurring when midday LWP measured -2.4 to -2.5 MPa. 

Visible wilting was apparent at LWP of -2.0 MPa on the sandy 

loam, while no wilting occurred on the clay loam at the lower 

measured potentials. Fiber elongation and wall thickening was 

unaffected until LWP reached -2.7 to -2.8 MPa, when fiber 

growth ceased. This suggested that elongating fibers are a 

preferred sink at high stress levels. Optimum yields occurred 

when irrigations were scheduled at LWP of -1.8 to -2.0 MPa. 

Irrigation strategies designed to maximize yield per unit 

available water have been examined. Earlier research in 

Israel determined that the sensitivity of developing cotton 
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plants to low soil moisture levels was greatest during the 

period from first bloom until peak bloom, with decreased 

sensitivity later in the season (Levin and Shmueli, 1964). 

This period of crop development corresponds to an increase in 

consumptive water use by the cotton plant, as observed in 

Arizona (Erie et al., 1965). Singh (1975) observed increased 

flower production with a subsequent increase in boll number 

and size following early season (pre-flowering) soil moisture 

stress. Higher yields occurred in the stressed treatments, 

determined by witholding water until plants showed symptoms of 

permanent wilting, when compared with plants in the well-

irrigated treatment. Soil moisture was maintained above the 

wilting point in well-irrigated treatment. 

Turner et al. (1986) examined the influence of plant- and 

soil-water status on photosynthesis, leaf growth, stomatal 

behavior, flowering, fruiting, and yield of cotton in New 

South Wales, Australia. Four treatments were imposed by 

varying the irrigation input based upon days after planting 

and by using a rain shelter to cover a plot whenever rain 

occurred. Treatments were defined as follows: an early and 

continuous stress, with no irrigation input; mid-season 

stress, with one irrigation at first flower and then again at 

first pick; late season stress, with two irrigations early in 

the season; and no stress, where plants received water several 

times during the growing season. With an increase in soil-
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water deficit, there was a concurrent decrease in LWP, 

relative water content, and leaf size. 

Plants exposed to early and continuous stress had a 

measured predawn LWP equal to -0.9 MPa. There was a reduced 

leaf area index and a decrease in the number of fruiting 

sites, due to decreased node number, throughout the season. 

There was also a reduced number of bolls which resulted in a 

reduction in yield relative to the treatments not exposed to 

stress. The proportion of flowers that set bolls was not 

reduced. When water deficit was imposed during flowering in 

the mid-season treatment, predawn LWP decreased to -2.0 MPa. 

The proportion of flowers that set bolls was reduced 

indicating an increase in flower abscission due to water 

stress. Leaf area index, node number, and lint yield were 

less than in the unstressed treatment. Stress caused small 

square shedding and a slower rate of maturity in the remaining 

squares. This was attributed to reduced photosynthesis and 

consequently, a decline in carbohydrate production for boll 

growth and development. With limited carbon available, larger 

bolls were stronger carbon sinks than smaller bolls, causing 

small bolls to abscise (Turner et al., 1986). 

The influence of plant-water stress on crop yield is a 

function of degree and duration of stress, and the plant 

growth stage when stress is imposed. Water deficits occurring 

during the vegetative or flowering stages significantly 
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reduced dry matter production in cowpeas (Shouse et al., 

1982) . Seed yield and pod density were significantly affected 

by stress during the flowering and pod-filling stage. Cotton 

exposed to water stress based on canopy temperature 

measurements, showed decreased vegetative growth, more rapid 

fruit maturation, and decreased lint yield (Wanjura et al., 

1990). 

Water stress imposed during early flowering in cotton 

growing in the San Joaquin Valley, California reduced 

vegetative growth (Grimes et al., 1970). Severe water deficit 

during peak flowering reduced yield more than when stress was 

imposed either early or late in the bloom period. However, 

mainstem node number did not differ significantly among the 

treatments. Three weeks past the stress period, there were 

reduced flowering rates indicating that considerable square 

shedding had occurred when stress was imposed during early 

flowering. Approximately three weeks are required from 

visible pinhead square until flower opening. When stress 

occurred during peak bloom, there was a reduction in boll 

retention apparently due to the presence of a heavy boll load 

coupled with the water stress. There was also an increase 

square shedding with insufficient time for the plant to 

recover, resulting in a significant reduction in yield. 
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Root Response to Water Deficit 

A relationship between soil- and plant-water potentials 

in field grown plants exists, but can be difficult to describe 

due to the non-uniformity of soil-water potential with depth 

and the influence of atmospheric conditions on plant-water 

status. A water potential gradient is established within the 

plant that reflects the balance between the climatic demand 

and the rate of water extraction from the soil profile. 

Root activity and distribution patterns in sorghum under 

varying soil moisture conditions were examined by Nakayama and 

van Bavel in Arizona (1962). Measurements of the root 

activity were made by injection of 32P into the soil and 

subsequent leaf tissue analysis of total P (31P and 32P) . 

Water extraction patterns were determined using neutron 

attentuation. Relative root activity was calculated as the 

ratio of the 32P in the plant sample at a specific injection 

site to the total P of all the treatment combinations. The 

plants that received biweekly irrigations showed consistently 

higher relative root activity in the upper 30 cm. Plants in 

the drier treatments (no irrigation or one irrigation applied 

when the soil moisture content at 60 cm reached 0.23 volume 

fraction) had increased root activity at lower (30 to 60 cm) 

depths. 

Cotton growing in the Hula Valley, Israel extracted most 

of the required moisture from the 0 to 60 cm soil layer early 
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in the season (Levin and Shmueli, 1964). Relatively long 

intervals between subsequent irrigations resulted in 

extraction from below 60 cm, while more frequent irrigations 

caused continued extraction in the 0 to 60 cm depth. Grimes 

et al. (1978) found that although cotton tap roots extended to 

150 cm by mid-June, major root activity was confined to the 

upper 60 cm of the soil profile. Data on the water uptake 

pattern of Upland cotton growing under well-watered conditions 

in a clay soil in the Cukurova Region, Southern Turkey was 

obtained by Aydin (1994) . It was observed that up to 80% of 

all the roots were found in the upper 50 cm of the soil 

profile and that 78% of the total water uptake (measured in 

mm/lOcm soil layer/day) also occurred in this portion of the 

profile. 

Tap root growth in cotton extends rapidly during the 

early stages of plant growth at an average elongation rate of 

2.5 cm/d, with lateral growth approximately one-half this rate 

(Bassett et al., 1970). Root activity was defined as the 

amount of 32P absorbed being proportional to the amount of 

actively absorbing root surface. When measured by total 32P 

uptake, 60 to 75% of the root activity was confined to the 

upper 30 cm of the soil profile at the beginning of flowering. 

As the season progressed, activity at the lower depths 

increased with relative uniformity through the upper 122 cm 

profile. Lateral root growth had extended to approximately 51 



19 

cm beyond the furrow by the early bloom stage. 

Water extraction from a moist soil is approximately 

proportional to the amount of roots present within the 

profile. Uptake usually decreases as soil water content 

decreases due to declining hydraulic conductivity and 

increased resistance. The interrelationships among soil 

water, root density, and root-shoot growth of cotton have been 

investigated (Jordan and Ritchie, 1971; Taylor and Klepper, 

1971; Klepper et al., 1973). Root absorption rates were 

greatest at the 75 cm depth in cotton growing under dryland 

conditions in central Texas (Jordan and Ritchie, 1971). 

Absorption values were lower than those reported in well-

watered soils which suggested either low root density or high 

root impedance to water transport. 

Root distribution within the soil profile and plant-water 

use of 70-day old cotton changed substantially when exposed to 

a 26-day drying cycle (Klepper et al., 1973). Plants were 

grown in the Auburn rhizotron with the upper portion exposed 

to a field environment while the root systems could be 

observed through the underground compartments. At the 

beginning of the cycle, the entire root system was in wet soil 

and plant growth rate was 1.9 cm/d. There was a higher root 

density (cm root/cm3 of soil) in the upper 90 cm of soil than 

in the lower 90 cm. Water extraction was greatest in the 

upper portion of the profile. During the second week, average 
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water use was 1.9 cm/d and water extraction occurred 

throughout the profile. As the drying cycle progressed, plant 

growth was substantially slowed, with the root system more 

evenly distributed within the profile, and water extraction 

shifted to the lower 90 cm. Average water use had decreased 

to 0.7 cm/d. At the end of the drying cycle, plant height 

increased only 0.4 cm/d. The greatest root density was in the 

lower 60cm of the profile where the average soil-water 

extraction rate was 0.3 cm/d. As soil-water content 

decreased, rooting density increased with increasing depth. 

This was explained by the death and disappearance of roots in 

the upper horizons and the growth of new roots into the lower 

horizons. Root density decreased when the soil water content 

had reached a 0.05 volume fraction. This water content 

signified a sharp break in the curve relating water content to 

water potential and in the relationship of water content to 

hydraulic conductivity. The dry soil had a low conductivity 

that resulted in preferential root extension into wetter 

regions. Although roots extended into the lower, wetter 

portions of the profile during the drying cycle and the total 

quantity of roots did not decrease, the effective root length 

per plant (total length of root that could supply water to the 

transpiring plant) decreased during the drying cycle. 

Effective root length was 7.6 at the beginning and 0.4 cm at 

the end of the drying cycle. 
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Ball et al., (1994) investigated the response of root 

growth to soil-water deficit stress and recovery in Upland 

cotton (variety Stoneville 506) plants growing in the field 

and in the growth chamber in Arkansas. Plants were grown in 

pots designed as modified rhizotrons with a window to observe 

root growth and a taped division in the window to define upper 

and lower rooting zones. Stress was imposed when the plants 

were between 57 and 65 d old. There were two treatments, a 

well-watered control and a short duration stress, where water 

was witheld for 7 d. Root elongation was reduced 

significantly by the sixth day of stress in both the field and 

the chamber grown plants. Elongation rates for the well-

watered field grown plants were about 1.5 to 2.3 mm/d. Stress 

reduced the mean elongation rate to approximately 0.8 mm/d. 

Small roots (diameter <0.30 mm) grew less than medium roots 

(diameter < 0.62 mm), indicating that they may be more 

sensitive to drought than medium roots. Root growth in the 

lower zone was greater than in the upper zone during the 

stress and recovery periods, with continued growth deeper into 

the profile with water stress. Under the well-watered 

conditions, root growth was measured in 80 to 90% of the total 

roots observed. This number was reduced to 50% in the 

stressed plants. Following rehydration, root growth was 

similar in both treatments. This recovery with rewatering was 

attributed to regrowth of roots that had previously stopped 
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growing and to the initiation of new root growth. 

Irrigation Scheduling 

The objective of irrigation scheduling is to manage 

vegetative cell elongation and reproductive growth for maximum 

yield potential and water use efficiency. The degree of 

control over water input and plant growth is dependent upon 

water availability and management. Common measurement 

techniques either measure soil-water content directly or 

estimate water balance. 

Soil-water extraction from the root zone can be 

determined with the neutron moisture meter probe. The neutron 

probe consists of a source of fast neutrons, either radium-

beryllium or americium-beryllium, and a detector of slow 

neutrons. Aluminum or steel access tubes are placed at 

selected locations in the field and remain in place throughout 

the growing season. The probe is lowered into a tube where 

the source emits fast neutrons that collide in billiard-ball 

fashion with soil particles. The particles that most resemble 

the neutron mass cause them to be thermalized, release energy, 

and become slow neutrons. Thermalized neutrons form a cloud 

around the detector. Neutron mass is approximately equal to 

the mass of a hydrogen atom. Hydrogen accounts for nearly all 

the low mass nuclei in the soil, so the density of the slow 

neutron cloud is proportional to the total number of hydrogen 
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atoms per unit volume of soil. In most soils, the only source 

of hydrogen is water. Therefore, count rate can be used to 

calculate soil-water content. 

For many field experiments, the neutron attenuation 

method is the most satisfactory for determining soil-water 

content even though on-site probe calibration is often 

considered necessary (Luebs et al., 1968). The manufacturers 

of neutron probes supply the user with a calibration curve, 

but on-site calibration is advised for soil-water studies. 

Soils with similar chemistry, geologic origin, and morphology 

may not require a separate calibration for each site (Hauser, 

1984). Three commonly used methods of calibration are: (i) 

theoretical calibration, which requires analysis of 

approximately 20 chemical elements in the soil, (ii) in situ 

calibration, which correlates neutron probe readings with 

volumetric soil moisture content measured using traditional 

methods, and (iii) drum calibration, which involves filling a 

drum with soil at different moisture contents and obtaining 

the moisture vs. neutron probe readings (Arslan and Razzouk, 

1994). 

Layers of soil with widely differing water contents can 

cause profile estimates to be lower than the actual water 

content (Hauser, 1984). Soil bulk density can affect 

calibration because an increase in density also increases the 

amount of neutron absorbing elements per unit volume of soil. 
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With increased neutron absorption, count rate is reduced 

(Hauser, 1984). Luebs (1968), however, saw an increase in 

count rate with increasing bulk density. Higher neutron 

counts at higher bulk densities for the same volumetric water 

content have been reported, suggesting an interrelationship 

between texture and the chemical composition of the soil 

(Arslan and Razzouk, 1994). Organic soils, gypsiferous soils, 

and those rich in clay minerals such as kaolinite, contain 

hydrogen in forms other than free water. Consequently, these 

conditions should be considered in the calibration curve. 

Scheduling with a neutron probe requires the 

identification of the full and refill points (Cull, 1980 and 

Gear et al., 1977). The full point establishes the total soil 

water-holding capacity in depth of water per unit depth of 

soil after drainage. The refill point is crop dependent and 

utilizes the following criteria: (i) the soil-water depletion 

where an irrigation would result in optimum yield, (ii) the 

depletion point where the crop exhibits water stress, and 

(iii) the depletion level at which the farmer should irrigate. 

Use of the neutron probe allows for the development of a data 

bank of soil-water information that can provide valuable 

information for making future water management decisions. 

Other indirect methods of determining soil-water content 

equilibrate the soil-water with water in a reference material, 

then measure the water potential of the reference. Electrical 
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resistance methods determine the water content of a reference 

matrix (gypsum block) by measuring the electrical resistance 

of the matrix, with resistance increasing as soil water 

decreases. When placed in contact with the soil, the gypsum 

exchanges water with the soil until the two are at 

equilibrium. The water content of the block is related to the 

matric potential of the soil. Measurements are affected by 

the electrolyte concentration of the soil solution and the 

water content of the block. 

Tensiometers are used for in situ measurements of soil 

matric potential and can, in turn, be related to the soil-

water content of the profile. A water-filled porous ceramic 

cup, attached by a water filled tube to a vacuum gauge, is 

inserted into the soil. The bulk water inside the cup 

equilibrates with the soil-water through the semi-permeable 

membrane of the porous cup. The hydrostatic pressure inside 

the tensiometer drops when water is drawn from the cup. When 

soil-water is replenished by rainfall or irrigation, the 

pressure increases, responding to changes in the soil matric 

potential. The porous membrane is permeable to water and 

solutes, therefore, the water inside the cup is at the same 

solute concentration as the soil. 

Other methods to quantify crop water stress include a 

visual inspection of the crop to identify leaf rolling or 

measurement of the canopy temperature using an infared 
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thermometer. This latter method was investigated by Wanjura 

et al. (1990) as a scheduling tool in cotton. During early 

season growth, prior to the development of a full canopy, 

measurements were a composite of soil surface and crop canopy 

temperatures. Irrigations based on these measurements 

resulted in cool soil temperatures and a slowing effect on 

plant growth. 

A canopy temperature measurement can be related to the 

ratio of actual evapotranspiration to potential 

evapotranspiration by knowing the existing VPD and air 

temperature values. From these inputs a crop water stress 

index (CWSI) can be calculated with values ranging between 

zero (maximum transpiration) and one (closed stomata). At any 

given VPD there is a theoretical upper and lower limit of the 

canopy-to-air temperature difference over which transpiration 

occurs (Idso et al., 1982). 

The selection of a water stress management technique is 

dependent upon the grower and can be done with simple or 

complex tools. Regular, systematic measurements are important 

in making crop management decisions, maintaining a balance 

between soil-water and crop growth, and potentially optimizing 

crop yield. 
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CHAPTER 2 

INTRODUCTION 

Cotton is an important agricultural crop in the desert 

Southwest. Approximately 160 000 ha are planted annually to 

Pima (G. barbadense L.) and Upland (G. hirsutum L.) varieties. 

A critical limiting factor in desert agriculture is water, 

with input being controlled by irrigation. Good management is 

required to realize optimum yield potential and production 

efficiencies. 

Early season growth provides the initial framework for 

fruiting sites and is influenced by several factors, including 

climatic conditions and soil moisture content. Timing the 

first post-plant irrigation is an important management 

decision that is dependent upon crop canopy and root 

development, soil-water retention characteristics, and 

climatic conditions. Often there is substantial variability 

in year-to-year spring weather conditions, such that timing in 

accordance with days after planting is difficult and may 

result in poor management. 

Traditionally, growers in the Southwest have planted 

full-season cotton varieties in an effort to take advantage of 

the long growing season afforded by the climate and the 

general indeterminate nature of the crop. The initial post-

plant irrigation was often delayed in an attempt to encourage 
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deep rooting and control vegetative growth. For example, a 

common practice in the San Joaquin Valley of California has 

been to stress cotton to midday LWP of -1.8 to -2.3 MPa prior 

to the first irrigation (Johnson et al., 1989). 

With short- and mid-season varieties, the active growing 

season can be shortened by two to six weeks, thereby 

decreasing total production costs and reducing late season 

insect problems. These varieties are of a more determinate 

nature with a single, more compact, primary fruiting cycle. 

The initial post-plant irrigation may be the most important 

irrigation for short- and mid-season cotton varieties. Yield 

can be significantly reduced if the crop is exposed to early 

season water stress. Apparently, the plant is unable to 

recover and produce harvestable bolls later in the season 

(Johnson et al., 1989 and Brown et al., 1993). 

Levin and Shmueli (1964) conducted a two-year study in 

Israel to determine the response of Acala 4-42 cotton to 

different irrigation regimes. They found no reduction in 

yield when the first irrigation was delayed until flower 

initiation, as long as the water content of the root zone 

remained at or near 50% of the available soil moisture. 

However, reduced yields were observed when the first 

irrigation was applied at residual moisture levels of 25% of 

the available soil-water, even when water stress was avoided 

later in the season by applying frequent irrigations. Plants 
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exhibited excessive (rank) growth, a delay in peak flowering, 

boll shedding, low yield percentage at first pick, and a high 

percentage of green bolls at the end of the season. 

A two-year field study to investigate the optimal timing 

of the initial irrigation using midday LWP measurements was 

conducted in the San Joaquin Valley of California (Grimes et 

al.,1978). There were three first irrigation timings 

designated as early, optimum, and late. Subsequent 

irrigations were scheduled to achieve optimum soil-water 

conditions. Plants that were irrigated at a midday LWP equal 

to -1.3 MPa experienced increased vegetative growth and a 

reduced number of open bolls later in the season, indicating 

a delay in maturity. Response was similar in the late 

treatment (LWP equal to -1.8MPa), except that stem elongation 

was reduced early in the season with more rapid vegetative 

growth during the fruiting cycle, when all treatments were 

irrigated in a similar manner. Highest yields were observed 

when the initial post-plant irrigation was applied at a LWP of 

-1.6 MPa. 

Timing the first post-plant irrigation and its impact on 

growth, fruiting, and yield in Upland cotton, variety DPL 61, 

were investigated by Guinn et al. (1981) in Arizona. The 

study was conducted for two years with slightly conflicting 

results. During the first year, delaying the irrigation until 

two weeks following the initiation of pinhead square reduced 
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plant height and delayed flowering. This also resulted in a 

shorter flowering period since plants went into cut-out 

sooner, contributing to increased earliness and a decreased 

number of fruiting sites. Yield, however, was significantly 

lower when the first irrigation was applied at the appearance 

of pinhead square. This was attributed to increased 

competition between leaves and bolls for available assimilates 

and to the higher percentage of damaged bolls due to insect 

feeding in the early treatment. Yields in the following year 

did not differ significantly between the two treatments, 

although there was a temporary increase in flowering rate with 

early season water deficit. This temporary increase in 

flowering rate was further investigated by Guinn and Mauney 

(1984) , but they were unable to duplicate results. This 

suggested substantial year-to-year variability in flowering 

responses of cotton to soil moisture deficits early in the 

season. It also suggests that soil-water measurements are 

needed to more accurately assess the plant-water status, 

rather than relying on stage of growth alone. Their results 

did indicate that a long delay in the first post-plant 

irrigation (LWP = -2.2 MPa) caused a pronounced decrease in 

flowering rate due to square abscission during the period of 

water deficit. 

Maximum yields were obtained in three Acala varieties, 

SJ-2, SJC-l, and GC-510, when the first post-plant irrigation 
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was applied at midday LWP of -1.5 MPa in the San Joaquin 

Valley (Johnson et al., 1989). Postponement until LWP 

declined to -1.9 and -2.3 MPa resulted in significantly 

reduced yields. With continued plant-water stress (decrease 

in LWP), the more determinate varieties, SJC-1 and GC-510, had 

a greater number of blooms early in the season which was 

followed by early cut-out. First irrigations based on 

adjusted LWP, according to a climate-normalization technique 

(Grimes et al., 1987), resulted in a 341 kg/ha lint yield 

increase when compared with those based on actual LWP 

measurements. These adjustments in LWP values are based on 

air temperature and VPD and are site specific. The technique 

relies on empirically derived coefficients used as climatic 

adjustment factors. The factors are based upon theoretical 

aspects of increased soil-plant flow resistances expected 

under drying conditions (Grimes et al., 1987). 

The use of the pressure chamber for making initial post-

plant irrigation decisions in short-season cotton was 

evaluated by Brown et al. (1993) in Arizona. Yields were 

significantly reduced with Upland cotton, variety DPL 20, when 

irrigation was delayed until LWP were less than -1.9 MPa. 

Plants in the late treatment (LWP = -2.3 MPa) exhibited 

reduced node number, decreased height to node ratio (HNR), 

lower fruit retention, and early cut-out. This experiment 

served as a pilot study for the experiment discussed in this 
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paper. 

Much of the previous research concerning timing the 

initial post-plant irrigation has been done in the San Joaquin 

Valley of California using Acala varieties. Besides the 

varietel differences, the geographical and climatic conditions 

in Arizona are very different from those in the San Joaquin 

Valley. Therefore, obtaining data regarding irrigation timing 

and plant response to water deficit is relevant to agriculture 

in the desert Southwest. The objectives of the present study 

were: (i) to determine the timing of the initial post-plant 

irrigation for a short-season Upland cotton, using LWP 

measurements, that would result in optimum yield potentials; 

(ii) to evaluate the season-long effects of delayed irrigation 

on subsequent plant growth patterns; and (iii) to identify the 

level and pattern of soil water extraction associated with 

optimum timing identified in (i) . 
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CHAPTER 3 

MATERIALS AND METHODS 

A field experiment was conducted in 1993 and 1994 at the 

Marana Agricultural Center. The center is located 40 km 

northwest of Tucson, at an elevation of approximately 600 m 

above sea level. The soil type is a Pima clay loam (fine-

silty, mixed, thermic Typic Torrifluvent). 

Pre-plant irrigations of 6.0 and 10.0 ha-cm were applied 

on 1 April 1993 and 27 March 1994, respectively. Delivery 

rate and amount of irrigation water was established by a 

volume per unit time procedure with drainage and runoff 

assumed to be negligible. All irrigation water was applied 

via furrow irrigation. Total monthly precipitation from 1 

January until defoliation for both years is given in Table 1. 

Precipitation during January and February was lower in 1994 

when compared with 1993, consequently, the pre-plant 

irrigation was greater in order to adequately refill the soil 

profile. 

Upland cotton, variety DPL 20, was planted on 19 April 

1993 and 15 April 1994 with one meter row-spacings. Heat unit 

(HU, 30/13 °C threshold), accumulation since 1 January for 

this location totaled 554 (1993) and 602 (1994) at planting. 

Plant density was approximately 125 000 plants per ha in both 

years. Treatments, designated Tl, T2, and T3, consisted of 
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applying the first post-plant irrigation when the midday LWP 

reached -1.5, -1.9, and -2.3 MPa, respectively. The 

experimental design was a randomized complete block with four 

replications. Each plot (experimental unit) was eight rows 

wide and extended the full length of the irrigation run (180 

m) . 

Leaf water potential was measured at midday (13:00 to 

15:00 MST) on the uppermost, fully-developed leaf exposed to 

full sunlight. Daily measurements were made with a pressure 

chamber (PMS Model 600) from 31 May through 6 July 1993 and 

from 23 May through 30 June 1994. Leaves were covered with a 

damp cotton cloth, excised at the base of the petiole, placed 

in a plastic bag, and transported to the pressure chamber, 

located at the edge of the field immediately adjacent to the 

appropriate treatment. The leaf, still enclosed in a plastic 

bag, was placed into the chamber with the cut surface of the 

petiole exposed for observation. The sealed chamber was 

pressurized with N2 gas until moisture appeared at the exposed 

surface. The negative value of the resulting pressure was 

then recorded as the LWP. Time expended from sample excision 

to final measurement was two to four minutes depending on the 

level of plant water stress. Two leaves per experimental unit 

per day were sampled in both years. 

Soil-water content was monitored using a neutron moisture 

meter probe (CPN 503 DR Hydroprobe). Steel, five-cm diameter 
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electrical conduit served as access tubes and were inserted to 

a depth of 1.5 m in one of the middle rows of each plot after 

planting. Three access tubes per plot were used in 1993 and 

two per plot in 1994. Neutron probe data was subject to 

analysis of variance (SAS Inst., 1985) in order to examine 

variation due to tube position in the field. Although there 

was some variation at depths of 50 and 75 cm, access tube 

readings were pooled by position in both years. In 1994, two 

access tubes per plot were used because of the minimal 

variation found among positions and to reduce labor and costs. 

Neutron probe readings were taken prior to initiating 

treatments, on 17 May, 25 May, and 1 June 1993, and on 23 May 

and 28 May 1994. Subsequent readings were made one day before 

and five to six days following each irrigation event during 

both years. Readings were taken at depths of 150, 125, 100, 

75, 50, 25, and 15 cm in each access tube. The soil-water 

measurements were used to evaluate the treatment responses but 

not to schedule irrigations. 

Neutron probe measurements made close to the soil surface 

(0 to 15 cm) are subject to error due to the escape of 

neutrons to the atmosphere (Hauser, 1984). Loss of neutrons 

would reduce the count rate below that expected for the 

existing soil-water content. In order to evaluate potential 

error in neutron probe readings at the surface, soil samples 

were taken at the 0 to 15 cm depth with a soil auger, 
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concurrently with neutron probe readings, on 12 sample dates 

in 1993 and 11 dates in 1994. Samples were oven-dried at 

105°C overnight to determine gravimetric water content. A 

previously determined bulk density of 1.4 g/cm was used to 

calculate the volumetric soil-water content (0y) of the 

samples. Calculated 0y values were used as a comparison with 

those calculated from the probe readings taken at the 0 to 15 

cm depth and the neutron probe calibration equation. The 

probe had been calibrated to the soil at the Marana 

Agricultural Center over a range of field soil-water contents 

and the following equation had been developed: 

0V = -0.037 + 0.22 * CR 

CR (count ratio) being equal to the field count/standard 

count. 

Field capacity (FC) and permanent wilting point (PWP) 

were determined on specifically selected dates during the two 

years of the study. FC of the soil profile was estimated by 

determining the ©v with the neutron probe five days following 

the 1994 pre-plant irrigation at selected locations across the 

field. PWP was estimated from neutron probe readings taken 

after harvest in 1993, when the soil profile was essentially 

depleted of plant available water. Table 2 shows 9y at the 

two extremes, the soil texture (determined from a "by feel" 

analysis), and plant available water (FC-PWP) in the upper 150 

cm of the soil profile by measured layer depth. Plant 
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available water at the 0 to 15 cm depth and the 150 cm depth 

have been calculated for a 12.5 cm measured layer, while all 

other layers are for 25 cm depth increments. The reduction in 

water-holding capacity of the soil with depth can be partially 

explained by the change in soil texture with depth. At 

approximately 45 cm, there is a transition to fine sand in the 

southeast corner of the field. Between 100 and 125 cm, pea 

gravel is present at the east end of the field. Textural 

changes are not uniform across the field, a characteristic 

that is inherent in alluvial soils such as the soil found at 

the Marana Agricultural Center. Total plant available water 

in the 150 cm profile at FC was approximately 19.0 cm. 

Basic plant measurements were taken weekly from each 

experimental unit from 24 May until 4 August 1993 and 24 May 

through 1 September 1994. These included plant height, number 

of mainstem nodes, location of first fruiting branch, fruit 

retention (FR) at the first two positions on each fruiting 

branch, number of nodes above the uppermost white bloom 

(NAWB), fresh bloom count in a 15.5 m2 area, and percent 

canopy closure. 

The final irrigation of 5.0 ha-cm was applied on 11 

August 1993 and 9 August 1994. The field study was defoliated 

on 20 September 1993 and 19 September 1994. The entire center 

four rows of each plot were harvested with a mechanical two 

row picker on 11 October 1993 and 4 October 1994. SAS was 
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used for analysis of variance of yield data and 0V (SAS Inst., 

1985). Test criterion for detecting differences among 

treatment means was the Fisher's least significant difference 

(LSD) at P < 0.05 . 
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Table 1. Total monthly precipitation (cm) from 1 Jan 
until defoliation. 
Irrigation Timing Experiment. Marana, Az. 

1993 1994 

January 14.4 0.10 
February 4.4 5.41 
March 2.11 2.11 
April 0.00 0.81 
May 0.81 0.30 
June 0.00 0.00 
July 0.20 0.91 
August 11.3 7.42 
September 0.99 2.39 

Total 34.21 cm 19.45 cm 
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Table 2. Volumetric soil water content(0v) at field capacity 
(FC) and permanent wilting point(PWP), soil texture 
"by feel", and plant available water in the upper 
150 cm of the soil profile. 
Irrigation Timing Experiment. Marana, Az. 

Plant Available 
Soil Laver (cm) FC PWP Texture Water(cmH.,0/layer) 
0-15 0.25 0.11 SiCL 1.75 
25 0.27 0.13 SiCL 3.5 
50 0.26 0.12 fSCL to CL 3.5 
75 0.23 0.11 vfLS to CL 3.0 
100 0.21 0.09 fSCL to VfLS 3.0 
125 0.18 0.07 LS 2.75 
150 0.18 0.06 LS 1.5 

Total 19.0 cm 
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CHAPTER 4 

RESULTS AND DISCUSSION 

Plant-Water Status 

Measured midday LWP values decreased as the HU 

accumulation increased with an accompanying increase in plant 

water stress. Treatment 1 (Tl) received the initial post-

plant irrigation on 4 June 1993 when the midday LWP was 

approaching -1.5 MPa and the plant growth stage was matchhead 

square (900 heat units after planting (HUAP)) (Figure 1) . 

From pre-plant irrigation to the Tl irrigation, 0.81 cm of 

rain had fallen. Following irrigation of Tl, the LWP values 

of all the treatments increased. This was probably due in 

part to the arrival of abnormally cool weather, which lowered 

evaporative demand. At the early stage of the bloom period, 

on 18 June 1993 (HUAP 1224), LWP in T2 plots reached -1.9 MPa 

and the plots received their initial post-plant irrigation. 

To prevent further water stress, a second irrigation was 

applied to the Tl plots four days following the T2 irrigation. 

Measured LWP of T3 plots continued to decline with values 

approaching -2.2 MPa on 28 June (HUAP 1477), when the plots 

were in the early bloom stage. T3 plots were irrigated on 29 

June 1993, as well as the Tl and T2 plots. Following the 

application of water, LWP increased in all treatments to 

greater than -1.4 MPa, with recovery being slightly less in 
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the T3 plots. All treatments were irrigated in a similar 

fashion for all subsequent irrigations. Total irrigation 

inputs for both study years are given in Table 3. 

Figure 2 illustrates the response of measured LWP values 

to the postponement of the initial post-plant irrigation in 

1994. T1 plots received the first irrigation at the pinhead 

square growth stage on 29 May (HUAP 711). Rainfall between 

the pre-plant irrigation and the initial post-plant irrigation 

of T1 plots was 1.12 cm. LWP values increased following 

irrigation, however, values in T2 and T3 plots did not 

increase, indicating a continued water deficit. T2 plots were 

irrigated on 10 June (HUAP 1020) just prior to first bloom. 

During the following two weeks, LWP values increased in all 

plots due to an increase in relative humidity and decreased 

evaporative demand with cloudy weather conditions. T1 plots 

also received a second irrigation during this period, so there 

may have been a slight microclimate effect caused by increased 

humidity within the field. LWP values declined in concert 

with increased evaporative demand over the next seven days. 

LWP decreased to -2.3 MPa in the T3 plots on 25 June 1994 

(HUAP 1417). The high evaporative conditions also reduced LWP 

in T1 and T2 plots to -1.9 MPa. All treatments were irrigated 

on 25 June, then subjected to similar irrigation regimes for 

the remainder of the growing season. 
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(900) (1224) (1477) 

Sample Date (HUAP) 
Figure 1. Mean values of midday LWP for Tl(-1.5MPa), T2(-1.9MPa), 

and T3(-2.3MPa) from 1 June until 9 July. 
Irrigation Timing Experiment Marana AZ. 
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Table 3. Irrigation dates and irrigation input amounts 
(ha-cm) for Tl, T2, and T3. 
(LWP = -1.5, -1.9, and -2.3 MPa). 
Irrigation Timing Experiment. Marana, AZ. 

1993 

Tl T2 T3 
4/01 6.0 6.0 6.0 
6/04 4.0 . . 
6/18 . 4.0 • 

6/22 2 . 0 . • 

6/29 5.0 5.0 5.0 
7/15 4.0 4.0 4.0 
7/30 4.0 4.0 4.0 
8/11 5.0 5.0 5.0 

Total 30.0 28.0 24.0 

1994 

Tl T2 T3 
3/27 10. 0 10.0 10.0 
5/29 3 . 0 . . 
6/10 . 3.0 . 
6/16 3 . 0 . . 
6/25 6.0 6.0 6.0 
7/12 5.0 5.0 5.0 
7/26 5.0 5.0 5.0 
8/09 5.0 5.0 5.0 

Total 37.0 34.0 31.0 
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(1417) 
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(711) 

Sample Date (HUAP) 
Figure 2. Mean values of midday LWP for Tl(-1.5MPa), T2(-1.9MPa), 

and T3(-2.3MPa) from 23 May until 30 June. 
Irrigation Timing Experiment Marana AZ. 



46 

Cotton Crop Growth and Development 

The vegetative to reproductive balance in a cotton crop 

is a good indication of crop development. The balance is 

important because an adequate vegetative structure is needed 

to support a good fruit load, which determines yield. A 

method of determining crop vigor for Arizona cotton was 

developed using a height to node ratio (HNR) (Silvertooth et 

al., 1992) . The method consists of meauring the height of the 

mainstem (in.) and counting the number of mainstem nodes above 

the cotyledonary node. The resulting ratio (height: node 

number) can then be compared with an established set of 

guidelines. These guidelines were developed as the result of 

data collection over several seasons (1987 to 1992) at several 

locations for cotton growing under Arizona conditions. The 

HNR graphs for 1993 and 1994 (Figures 3 and 4) illustrate the 

upper and lower thresholds and the established baseline 

(center curve) for Upland variety, DPL 20. HNR above the 

upper threshold would be indicative of a vegetative tendency, 

while a low HNR suggests insufficient development of plant 

structure to carry a boll load. 

A second method of determining crop vigor and one that is 

directly related to a crop's vegetative tendencies is fruit 

retention (FR). General optimum FR patterns for DPL 20 are 

shown in the Figure 3 and 4. This information is the result 

of plant mapping measurements that were collected over several 
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seasons across Arizona using the first two fruiting positions 

nearest the mainstem on each fruiting branch (Silvertooth et 

al., 1992). The center curve represents the optimum level of 

FR over the growing season, the upper and lower curves 

represent the upper and lower thresholds. The use of HNR and 

FR data can serve as a tool for making management decisions. 

The stage of crop development can be determined by 

counting the number of fresh blooms per unit area at regular 

intervals. A second method is counting the number of nodes 

above the uppermost fresh white bloom within the first two 

positions on the mainstem fruiting branches (NAWB) 

(Silvertooth et al., 1993). Counting NAWB provides an 

indication of the crop's progression through the primary 

fruiting cycle towards cut-out. True cut-out occurs when 

blooms move towards the top of the plant, all fruiting sites 

are exhausted, blooming ceases, and NAWB equals zero. Cotton 

plants are progressing towards cut-out when the NAWB < five. 

Plant Growth Response to Treatments 

Season-long HNR and FR levels for 1993 are shown in 

Figure 3. The HNR of the T3 plots remained close to the 

established baseline for DPL 20, while that of T1 and T2 were 

at or above the upper threshold. A similar response occurred 

in 1994 (Figure 4) with increased vegetative growth 

corresponding to early initial post-plant irrigation. This is 
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in agreement with Grimes et al. (1978) where early irrigation 

reduced plant-water stress and resulted in greater mainstem 

elongation, excessive early season water deficit caused a 

decrease in plant height. A high HNR is indicative of a 

vegetative tendency and can be associated with lower FR levels 

(Silvertooth et al., 1993). 

Following cut-out (HUAP 2400 to 2500), there was an 

increase in HNR in all treatments in both years, due to 

renewed top growth. A similar response was seen by Brown et 

al. (1993) with variety DPL 20. However, this growth did not 

contribute to harvestable bolls as seen by continued low fruit 

retention levels in both years. 

FR was low in all plots in both years of the study, 

partially due to season-long insect pressure from lygus bugs 

(Lygus hesperus). Guinn and Mauney (1984) observed higher 

lygus populations in plots receiving early post-plant 

irrigations than in those experiencing early season water 

stress. It was concluded that some of the square loss in 

plots receiving an early irrigation could have been the result 

of increased insect foraging in more succulent plants. During 

1994, FR was higher than in 1993, although lygus counts were 

not monitored during either year. 



49 

o 

0> T5 O 

.3 
£ 00 
'53 
S 

500 1000 1500 2000 2500 3000 3500 4000 

Heat Units Accumulated After Planting 

Height/Node ratios vs. HUAP 1993 
Tl(l), T2(2), and T3(3) 
Irrigation Timing Experiment Marana AZ. 

100 

80 

a _o 

1 60 

20 

0 
500 1000 1500 2000 2500 3000 3500 4000 

Heat Units Accumulated After Planting 

Figure 3. Fruit Retention vs. HUAP 1993 
Tl(l), T2(2), and T3(3) 
Irrigation Timing Experiment Marana AZ. 
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Figure 4. Fruit Retention vs. HUAP 1994 
Tl(l), T2(2), and T3(3) 
Irrigation Timing Experiment Marana AZ. 
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NAWB at first bloom is a good indicator of a crop's 

potential fruit load. If the NAWB is less than nine, this is 

an early indication that the crop has experienced an early 

season stress and is moving towards early cut-out 

(Silvertooth, 1994). HUAP, NAWB, and fresh bloom count for 

each treatment in both years are shown in Table 4. NAWB in 

the T3 plots in both years was less than that in the T1 and 

T2 plots until peak bloom (HUAP 1886 (1993) and 1704 (1994)). 

Peak bloom can be defined by the number of blooms per unit 

area and related to the generalized flower curve developed for 

Arizona cotton varieties (Silvertooth et al., 1992). 

Seasonal bloom counts have been used to determine cut-out and 

evaluate the effect of early season water stress on 

determinate Acala cotton varieties (Johnson et al., 1989). 

Though peak bloom occurred later in the growing season in the 

T1 and T2 plots, the NAWB following peak bloom did not 

indicate a move towards early cut-out in the T3 plots. 

Accordingly, if cut-out is defined as the NAWB < five, then it 

occurred at about the same time in all plots in both years. 
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Table 4. HUAP, NAWB, and fresh bloom count per 15.5 m2 in Tl, 
T2, and T3 plots from early bloom until cut-out. 
Irrigation Timing Experiment. Marana, AZ. 

1993 
HUAP Trmt NAWB Blooms/15. 5m2 
1449 1 9 6 

2 9 6 
3 8 13 

1672 1 9 12 
2 9 19 
3 6 33 

1886 1 8 69 
2 8 87 
3 7 102t 

2085 1 6 42 
2 6 49 
3 6 45 

2430 1 2 114f 
2 3 92f 
3 4 87 

2785 1 1$ • 

2 1$ • 

3 2% • 

1994 
HUAP Trmt NAWB Blooms/15. 5m2 
1375 1 8 29 

2 8 43 
3 6 52 

1550 1 8 48 
2 8 54 
3 5 78 

1704 1 7 59 
2 7 63 
3 5 80t 

1910 1 6 56 
2 5 55 
3 5 31 

2140 1 6 83f 
2 6 50 
3 6 38 

2498 1 4 16 
2 4 10 
3 5 10 

2880 1 3$ 24 
2 3$ 21 
3 4$ 32 

t Peak bloom 
$ Cut-out 
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Soil-Water Status 

The upper 150 cm of the soil profile holds approximately 

19.0 cm of plant available water at FC. The amount of plant 

available water present in the profile one day prior to the 

initial post-plant irrigation for all treatments is given in 

Table 5. With increased exposure to stress resulting from 

delaying the initial irrigation, there was a subsequent 

decrease in the amount of plant available water in the 

profile. 

The soil-water extraction patterns for both years of the 

study are shown in Figures 5 (1993) and 6 (1994). T1 plants 

did not extract water below 125 cm in either year. At depths 

below 125 cm, plant available water exceeded the available 

amount at FC. This could be an error associated with either 

the FC determination at these depths or the spatial variablity 

present in the field. Root activity was probably the most 

extensive in the upper 25 cm of the profile in the T1 plots as 

evidenced by the least amount of water being present at the 25 

cm depth prior to irrigation. This is similar to observations 

by Klepper et al. (1973), where root density was greatest in 

the upper 3 0 cm in well-watered plots. 

Table 6 summarizes the mean 0V for each measured depth in 

each treatment one day prior to applying the initial post-

plant irrigation. The table also shows whether the water 

contents were significantly different at each depth among the 
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treatments. In 1993, differences were significant at the 25 

and 100 cm depths among all treatments. In 1994, significant 

differences among all treatments occurred only at the 25 cm 

depth. Except at the 15 cm depth, where evaporation from the 

soil surface was also occurring, 8y in the T3 plots was lowest 

at the 100cm depth (1993) and at the 75 and 100 cm depth in 

1994. This could indicate a high amount of root activity at 

this depth(s), although root biomass was not measured. Though 

the midday LWP in T2 plots measured -1.9 MPa in both years, 

the plants were responding to different soil environments, 

with more water present in the profile in 1994. 
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Table 5. Plant available water (cm) in the upper 150 cm of 
the soil profile and the percent of total plant 
available water for each treatment at the time of 
the initial post-plant irrigation. 
Irrigation Timing Experiment. Marana, Az. 

1993 

Treatment Plant Available Water (cm) % Total 
T1 (6/04) 16.5 86 
T2 (6/18) 11.4 60 
T3 (6/28) 6.9 36 

1994 

Treatment Plant Available Water (cm) % Total 
T1 (5/29) 15.7 83 
T2 (6/10) 12.4 65 
T3 (6/25) 5.3 28 
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Figure 5. Plant available water and extraction patterns in the 
upper 150 cm of the soil profile at the initial post-plant 
irrigation for Tl(6/03), T2(6/17), and T3(6/28). 
Irrigation Timing Experiment Marana AZ. 
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Figure 6. Plant available water and extraction patterns in the 
upper 150 cm of the soil profile at the initial post-plant 
irrigation for Tl(5/28), T2(6/08), and T3(6/25). 
Irrigation Timing Experiment Marana AZ. 
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Table 6. Mean volumetric water content(9V) 
(cm3water/cm"3 soil) for each measured depth (cm) 
one day prior to the initial post-plant 
irrigation in each treatment. 
Irrigation Timing Experiment. Marana, AZ. 

1993 

DeDthfcnO T1 (6 / 03) T2 (6/17) T3(6/28) OSLt cvm: 
15 0.173 a 0. 168 a 0.124 b 0.0031 14.8 
25 0.225 a 0. 198 b 0.184 c 0.0007 7.7 
50 0.236 a 0. 190 b 0.169 b 0.0015 14.5 
75 0.229 a 0. 161 b 0.137 b 0.0004 22.7 
100 0.198 a 0. 166 b 0.116 c 0.0021 21.8 
125 0.189 a 0. 149 b 0.126 b 0.0404 23.5 
150 0.180 a 0. 135 a 0.152 a 0.0588 31.6 

1994 

DeDth(cm) TK5/28) T2 (6/09) T3 <6/25) OSLf cvm: 
15 0.162 a 0. 157 a 0.136 b 0.0132 4.80 
25 0.210 a 0. 196 b 0.168 c 0.0011 2.30 
50 0.237 a 0. 211 a 0.151 b 0.0021 12.7 
75 0.219 a 0. 202 a 0.115 b 0.0002 15.9 
100 0.185 a 0. 171 a 0.116 b 0.0015 16.7 
125 0.193 a 0. 149 a 0.127 a 0.0704 32.0 
150 0.191 a 0. 140 a 0.138 a 0.1709 27.2 

Means followed by the same letter within a row are not 
significantly different (P<0.05) according to pairwise 
comparisons using a Fisher LSD 
f OSL Observed Significance Level 
$ CV Coefficient of Variation 



59 

Figures 7, 8, and 9 illustrate root activity with depth 

for each treatment and year, in terms of plant available water 

present in the profile at the time of the initial post-plant 

irrigation. Extraction patterns in both years were similar 

in the T1 plots. In T2 and T3 plots, there was some variation 

at the 50 and 75 cm depths. In all the treatments, the most 

activity occurred in the upper 75 cm of the profile, although 

as previously stated, there was maximum soil-water extraction 

at the 100 cm depth in 1993. Aydin (1994) reported that 80% 

of the roots in cotton growing in a clay soil were in the 

upper 50 cm of the profile. Irrigation water was applied when 

the available water was depleted to 40% of the total available 

water. This would be similar to plants in the T3 plots, 

although plant-water status was not measured in Aydin's study. 

Grimes et al. (1978) found that though cotton tap roots 

extended to 150 cm, the major root activity occurred in the 

upper 50 cm of the profile. 

Total water use (cm) per depth (cm) was calculated by 

subtracting the volume of soil-water present in the profile at 

the time of the initial irrigation from the volume at FC, then 

multiplying that value by 12.5 (15 and 125 cm depths) or 25 

(all other depths) (Table 7) . Water use increased with 

continued plant-water stress and resulted in soil-water 

extraction from deeper segments of the profile. Maximum 

uptake in Tl plots occurred at the 25 cm depth. This agrees 
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with the other figures presented in this paper. Approximately 

70% of the total uptake in the T2 and T3 plots was extracted 

from the upper 75 cm of the profile. Root activity in these 

treatments extended below previously observed depths in other 

experiments (Klepper et al., 1973; Grimes et al., 1978; Aydin, 

1994). Despite the differences in climatic conditions between 

the two years, the differences in water use was only slightly 

more than one cm in each treatment between years. Total water 

use was higher in 1994 in T1 and T3 plots, and lower in the T2 

plots. 
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Figure 7. Soil water extraction patterns one day prior 
to initiating Tl in 1993 and 1994. 
Irrigation Timing Experiment Marana AZ. 
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Figure 8. Soil water extraction patterns one day prior 
to initiating T2 in 1993 and 1994. 

(T2) 1993 Irrigation Timing Experiment Marana AZ. 

(T2) 1994 
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Figure 9. Soil water extraction patterns one day prior 
to initiating T3 in 1993 and 1994. 

4 + (T2) 1993 Irrigation Timing Experiment Marana AZ. 

O-O (T2) 1994 
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Table 7. Total water use (cm) per measured soil layer (cm) 
at the time of the initial post-plant irrigation 
for Tl, T2, and T3. 
Irrigation Timing Experiment. Marana, Az. 

1993 

Depth (cm) Tl 6/08t (9001:1: T2 6/18t(1224)£ T3 6/29t(1477)t 
15 0.96 1.03 1.58 
25 1.13 1.80 2.15 
50 0.60 1.75 2.28 
75 0.03 1.73 2.33 
100 0.30 1.10 2.35 
125 0 0.78 1.35 
150 0 0.58 0.36 

Total 3.02 8.77 12.40 

1994 

Depth(cm) Tl 5/29+(711)i T2 6/10+(1020)± T3 6/25+(1417)± 
15 1.10 1.16 1.43 
25 1.50 1.85 2.55 
50 0.58 1.23 2.73 
75 0.28 0.70 2.88 
100 0.63 0.98 2.35 
125 0 0.78 1.33 
150 0 0.50 0.53 

Total 4.09 7.20 13.80 

t Date of initial post-plant irrigation 
$ HUAP on date of Tl, T2, and T3 
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Field counts close to the surface (0 to 15 cm) can result 

in error due to the escape of neutrons to the atmosphere. 

This can be especially important under dry soil conditions. 

Calculated volumetric soil-water from the neutron probe 

readings were plotted against those calculated using 

gravimetric data from surface soil samples and a measured bulk 

density of 1.4 g/cm3. Generally, there was a good fit between 

the two measurements as illustrated in Figures 10 (1993) and 

11 (1994). In Figure 11, TO represents data from tubes that 

were installed in an area with bare soil surface (no crop 

cover). 

Volumetric water contents of the soil profile later in 

the season when all treatments were irrigated in a similar 

fashion were analyzed by depth for significant differences 

among the treatments (data not shown) (SAS Inst., 1985). 

There were no differences among treatments at any measured 

depth within the profile in 1993. Soil-water content at the 

25 cm depth in T3 plots was significantly different than T1 

and T2 plots in 1994 (Pr > F = 0.037). This indicates that 

root extraction patterns under well-watered conditions were 

similar regardless of early season water stress. However, 

aboveground morphology differences among treatments, such as 

plant height and HNR, persisted throughout the growing 

season. There is an apparent ability by the root system to 

recover from stress that is not present in the stem and 
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leaves. Leaf expansion has been observed to be more sensitive 

to water stress than root elongation (Ball et al.,1994). The 

ability of the root system to recover from stress may be due 

to the fact that the relative humidity of soil-air in 

equilibrium with the soil remains very close to 100% even at 

high soil-water suction values (6120 cm) (Hillel, 1982). The 

aboveground biomass is subject to changing climatic conditions 

and a relative humidity that is dependent upon air 

temperature. 
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Figure 10. Volumetric water contents in the surface (0 -15 cm) soil 
Neutron probe readings vs. gravimetric samples 
6v grav calculated from Ogvalues and bulk density 1.4g/cm' 
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Figure 11. Volumetric water contents in the surface (0 -15 cm) soil 
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Crop Yield 

Sensitivity to water stress was expressed in yield 

differences in both years among the treatments (Table 8) . 

Differences were highly significant in 1993 when the midday 

LWP was allowed to fall below -1.9 MPa. This is supported by 

an observed significance level of 0.0014 and a low coefficient 

of variation of 2.82%. Yields were not significantly 

different in 1994, and were lower in all plots than the 

previous year. Lower yields could have been the result of 

high night temperatures in early August that would place an 

additional stress on the crop and contribute to the loss of 

small bolls and flowers. However, there was a consistent 

trend towards decreased yield with increasing early season 

plant-water stress as evidenced by Figure 12. 
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Table 8. Yield (kg lint/ha) for Tl, T2, and T3. 
Irrigation Timing Experiment. Marana AZ. 

1993 1994 

Treatment 
1 
2 
3 

1263 a 
1244 a 
1110 b 

1229 a 
1176 a 
1095 a 

LSD0.05 
OSLt 
CV(%)$ 

52 
0.0014 
2.82 

NS 
0.0981 
6.15 

t OSL Observed Significance Level 
$ CV Coefficient of Variation 
Means followed by same letter are not significantly 
different (P< 0.05) 
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Figure 12. Lint yield vs. measured midday LWP values (MPa) 
1992 (Brown et al.), 1993, and 1994 
Irrigation Timing Experiment Marana,AZ 
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CHAPTER 5 

CONCLUSIONS 

Many cotton growers in the desert Southwest plant full-

season varieties taking advantage of the long growing season. 

Full season production is an idealistic long-term goal that 

may or may not be realized based upon climate, insect 

pressure, production costs, and market prices. Alternatives 

to full-season production are short- and medium-season 

varieties that can be planted and harvested early in an effort 

to reduce production costs and maximize efficiencies. Short-

season varieties are more determinate and have a shorter, more 

compact primary fruiting cycle. Consequently, stresses early 

in the season will have a negative impact on yield. 

The primary objective of this study was to investigate 

the optimum timing of the initial post-plant irrigation in a 

short-season Upland cotton variety using midday LWP 

measurements. Increasing early season water stress resulted 

in the following observations: (i) an alteration in the 

plant's vegetative/reproductive balance; (ii) fewer NAWB at 

early bloom and a greater bloom count per unit area earlier in 

the season; (i i i) a trend towards decreasing yield with 

significant differences occurring in 1993; and (iv) a 

depletion of plant available water in the soil profile and 

extraction by the roots deeper in the profile with increasing 
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water stress. 

This study was conducted for three consecutive years at 

the same field site. Yield data consistently showed decreased 

yield with increasing early season water stress. There does 

not appear to be any "top crop" potential with DPL 20 as 

growth following cut-out did not contribute harvestable bolls 

to yield. Year-to-year variability in climatic conditions 

between the last two site years resulted in variation in the 

timing of the initial post-plant irrigation and the soil-water 

extraction patterns among the three treatments. This clearly 

supports the need to base irrigation timing on plant- or soil-

water status rather than days after planting. 

Monitoring soil-water content and relating it to plant-

water stress can be complicated due to the different diurnal 

variations in the two environments. Soil is complex, 

heterogeneous, and dynamic, making assumptions based upon 

homogeneity difficult. Measurements of LWP using a pressure 

chamber are well-suited for research field observations, 

however, it is unlikely that this method will be accepted for 

use by growers. Large-scale field sampling is limited by the 

number of possible observations per unit time, making adequate 

sampling to determine crop water stress difficult. 

This experiment shows that postponement of the initial 

post-plant irrigation in short-season Upland cotton does not 

encourage root activity deeper in the profile later in the 
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season. Early application of water also affects plant growth 

patterns by moving the plant toward a higher HNR and a 

vegetative tendency. It would appear then that maximum yield 

potential probably occurs when the initial post-plant 

irrigation is applied at a LWP equal to -1.9 MPa. The 

accumulated data from this study can be combined with AZMET 

weather station data to assist growers with management 

decisions relative to their soil type, cotton variety, and 

field location. 
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