
Abstract 
 
MEIJER, ALAN DAVID.  Characterizing a Crop Water Stress Index for Predicting Yield 
in Corn.  (Under the direction of Ronnie W. Heiniger) 
 
The purpose of this research was to develop a Crop Water Stress Index (CWSI) for 

conditions in North Carolina and use it to study the spatial characteristics of water stress 

and predict grain yield in corn (Zea mays L.).  CWSI readings were taken from plots in 

two locations throughout the growing season in 2001.  Due to lack of water stress, an 

upper water-stressed baseline could not be calculated and a published baseline of +4.6oC 

was used.  Lower non water-stressed baselines were calculated from the data for each 

date.  A seasonal baseline was also calculated from the pooled data.  Analysis showed 

that the individual baselines for each date were not significantly different from the 

seasonal baseline in most cases.  Also, the seasonal baselines for each location were not 

significantly different from each other.  Variography analysis was performed on data 

from 2001 and 2002 to study the spatial characteristics of water stress at a field scale.  

Spatial models were fit to the data in most cases.  The range tended to increase late in the 

season, while the proportion of variability due to location tended to decrease.  To 

accurately capture the spatial variability of water stress prior to the sidedress nitrogen 

application, samples would have had to be taken at intervals of 15 m or less.  However, 

slightly larger intervals would be required when soil water was limiting.  A location by 

water interaction tended to influence CWSI, as did a main nitrogen treatment effect.  

Plants with preplant nitrogen applied had lower CWSI values than plants without.  Plants 

with 0 kg N ha-1 before planting that received 224 kg N ha-1 at sidedress, showed a 

significant drop in CWSI.   Grain yield was negatively correlated to CWSI, showing that 



as CWSI increased, grain yield decreased.  At Lewiston in 2002, CWSI measured on 26 

June was able to account for 86% of the variability in corn yields. 
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CHAPTER 1 

LITERATURE REVIEW 



Introduction 
 
 
 With a growing public awareness of the polluting of riverine and riparian 

habitats in eastern North Carolina, the regulation of farmers’ management practices 

has increased as well.  This has resulted in a stronger emphasis on research measuring 

nutrient uptake in crops.  New, tougher restrictions on farmer-applied fertilizers are 

being introduced and will likely become more prevalent.  These new limits placed on 

fertilizer application may be based on a factor known as yield potential, which is a 

measure of how well a given crop will yield, on average, on a given piece of land.  

Already, growers use yield potential to make decisions on the amount of fertilizer and 

irrigation to apply.   The purpose of this study was to determine if the Crop Water 

Stress Index is an efficient tool for determining yield potential and subsequently, 

determining nitrogen application rates in corn. 

 Yield potential is typically based on the average yield history of the field.  For 

fields with greater yield potential, more nitrogen could be applied with the 

expectation that the crop will use it and yield accordingly.  For fields with lower yield 

potential, less nitrogen could be applied.  This would allow the grower to use nitrogen 

more efficiently.  However, yield potential varies from year to year, as environmental 

conditions are more or less favorable for crop growth.  Developing a method for 

predicting crop yield in-season would allow a grower to adapt his fertility plan based 

on current conditions. 
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Justification 

 Not only are environmental laws changing the face of agriculture, but 

technology is changing as well.  Currently, various crop and soil amendments such as 

irrigation and nitrogen fertilizer can be applied using variable rate technology (VRT).  

With VRT, one can match inputs to the requirements of specific areas of the field.  

However, to effectively implement this technology, within-field variation must be 

accurately identified and reliably interpreted (Sawyer, 1994).  There is also a need to 

determine what measurement of crop vigor, or health, will tell how much of an input 

(i.e. nitrogen) to apply.  This is more critical in a situation where amendment 

decisions are to be made in-season.  Normally, using yield history as a measure of 

yield potential, fertility plans can be set in place prior to planting.  However if an in-

season measurement of yield potential is needed, an immediate answer is used for 

these questions:  Does the crop, at an early stage of development, have the nutrients 

required for strong growth, or are nutrients lacking in some areas of the field?  In-

season adjustment of inputs based on yield potential would have to use a method that 

is quick and reliable, cost-effective and non-destructive. 

 Currently, the Crop Water Stress Index (CWSI) is used as a critical tool for 

scheduling irrigations in parts of the world (Stockle et al. 1992, Husman et al., 1992).  

The CWSI has also been linked to yield potential in particular situations (Nielsen and 

Halvorsen, 1991; Pinter et al., 1983).  The CWSI is relatively quick to calculate and is 

non-destructive in nature.  It could be an important tool in measuring yield potential 

for North Carolina corn growers, allowing them to adjust their nitrogen rates for 

optimum production. 
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History of Plant Water Stress Measurement 

 Plant canopy temperatures were first measured in the 1960s using infrared 

thermometers (Fuchs and Tanner, 1966). This practice became more common as 

portable, handheld infrared thermometers were developed. Using canopy temperature, 

Idso et al. (1977) devised a “stress degree day” (SDD) concept in which the final crop 

yield was hypothesized to be linearly related to the total SDD’s accumulated over a 

critical time interval.  This is analogous to the “growing degree day” concept 

commonly used to measure crop growth and development.  Idso et al. (1977) found 

that the canopy-air temperature differential (Tc - Ta) was negative when wheat 

(Triticum aestivum L.) plants were well-watered and was positive when plants were 

water-stressed.    This relationship shows how evapotranspiration functions as a major 

mechanism for cooling plant leaves through the evaporative process.  Basically, as 

soil water becomes limiting, evaporative cooling is reduced and canopy temperatures 

rise (Jalali-Farahani et al. 1993.).  This work led to the development of the crop water 

stress index in the early 1980s. 

 

Development of the Crop Water Stress Index 

 The Crop Water Stress Index (CWSI) was first defined and used to quantify 

water stress in plants by Idso et al. (1981) and Jackson et al. (1981).  The index relies 

on simultaneous measurements of canopy temperature (Tc), air temperature (Ta), and 

vapor pressure deficit (VPD).  VPD is the difference (deficit) between the amount of 
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moisture in the air and how much moisture the air can hold when it is saturated.  

When plotted on a graph with dT on the x-axis and VPD on the y-axis, two baselines 

are developed (Fig.1.1). 

 The upper baseline represents a water-stressed crop in which all transpiration 

has ceased, while the lower baseline represents a well-watered crop transpiring at full 

potential.  The CWSI can be expressed by the following equation (Idso et al. 1981) 

             10*
MINMAX

MINdTCWSI
−

−
=                                                   [1] 

where dT is the difference in canopy and air temperature (Tc-Ta), MIN is the value for 

dT of a non-water stressed plant at the measured VPD, which is the vapor pressure 

deficit (kPa), and MAX is the upper limit of dT as defined by the upper baseline (oC).  

In the example in Fig. 1.1, a sample measurement of dT = 0 and VPD = 4 returns a 

CWSI of 5.66.  As seen in the figure, the sample point is approximately halfway 

between the two baselines at that point.  A point found near the upper baseline would 

have a CWSI approaching 10.0, indicating maximum water stress, while a point near 

the lower baseline would have a CWSI approaching zero, indicating minimum water 

stress.  

The key to developing the CWSI lies in defining the upper and lower 

baselines.  To determine these baselines, measurements of Tc, Ta, and Vapor Pressure 

Deficit (VPD) can be made on a single day or at a certain time over many days 

(Gardner et al., 1992b).  This non-water-stressed baseline is described by this 

equation (Idso et al. 1981) 

            dT = A + B*VPD (oC)                                                    [2] 
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where A is the intercept of the non-water stressed baseline and B is the slope of the 

same baseline.  Equations 1 and 2 describe what is known as the empirical definition 

of CWSI, an index calculated by measurements made in situ.  This differs from the 

analytical definition of the CWSI, which focuses more on the equation of the energy 

balance of a surface (Gardner et al. 1992a). 
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Fig. 1.1.  A graphical representation of the CWSI.  A sample measurement (dT = 0oC, 
VPD = 4.0 kPa) is shown, and the resulting index calculation. 
 
 

Required Measurements for Determining the CWSI 

 Using the empirical definition of the CWSI, all the necessary measurements 

can be taken simultaneously in the field with relative ease and simple equipment.  
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The air temperature measurement can be made with an accurate thermometer, while 

the canopy temperature measurement is made using a portable infrared thermometer.  

Vapor Pressure Deficit can be calculated from measurements of relative humidity 

(RH), ambient air temperature (Ta), and wet-bulb temperature (Tw). 

 

Past and Present Uses of the Crop Water Stress Index 

 The CWSI concept has been applied to a variety of crops and/or plant 

canopies for numerous purposes.  The CWSI has been used to schedule irrigation for 

various crops such as cotton (Stockle and Duga, 1992, Husman and Garrot, 1992), 

potatoes (Shae et al., 1999), turfgrass (Jalali-Farahani et al., 1993), wheat (Stegman 

and Soderland, 1992), and corn (Neilsen and Gardner, 1987; Yazar et al., 1999; Irmak 

et al., 2000; Clawson and Blad, 1982).  Water stress and CWSI have been related to 

soil water availability (Hatfield, 1983; Reginato and Garrot, 1987), leaf water 

potential (Hatfield, 1990; Ehrler et al., 1978), and yield potential (Walker and 

Hatfield, 1983; Irmak et al., 2000). 

 

Special Considerations in Developing the CWSI: 

 Although the Crop Water Stress Index can be calculated relatively easily, 

there are a number of issues which need to be considered when calculating and using 

CWSI.  Many of these factors deal with the environmental conditions in which the 

measurements are made and include:  evaporation from dew or wet soil that adds to 

the evaporative cooling of the plant; low solar radiation level due to clouds or haze; 

measurements being taken at low solar angles; wind speeds higher than those that 
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occurred during baseline creation; measurements of shaded leaves instead of those 

sunlit; cooler air temperatures than the air temperatures existing when baselines were 

created; and measurements that captured soil surface due to thin canopy stands early 

in season (Gardner et al., 1992a).  Wind speed in particular is a critical factor.  A 

higher wind velocity can cause cooler canopy temperature readings when compared 

to conditions where wind speed is very low. (O’Toole and Hatfield, 1983; O’Toole 

and Real, 1984.)   

 Gardner et al. (1992b) outlined other non-environmental factors associated 

with instrumentation such as the location where the Ta and RH readings are made.  

Even small changes in distance from canopy can cause significant changes in 

readings.  Therefore, consistency throughout the taking of measurements is important. 

 

The Relationship between CWSI, Nitrogen, and Yield. 

 The aim of this study is, in part, to determine if the CWSI can be used as a 

predictor of yield.  Past research on this subject has yielded significant results.  

Nielsen and Halvorsen (1991) performed work with dryland winter wheat, trying to 

determine how the level of nitrogen (N) fertilization influences water use, water 

stress, and crop yield.  They found that plant height, above-ground biomass, water 

use, and grain yield increased with increasing N.  CWSI values decreased after 

rainfall, and increased during periods of no rain.  However, nitrogen treatment effects 

on CWSI varied with the severity of the water stress.  When CWSI values were below 

3.8 increasing N rates decreased water stress because a slight increase in rooting 

volume resulted.  When CWSI values were greater than 3.8, increasing N rate 
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increased water stress because the excessive transpirational demand of the canopy 

was not compensated for by the increased rooting volume.  In their study, larger 

plants resulted from the higher N treatments but yielded less than those plants that 

received less nitrogen and subsequently had lower biomass and less water stress. 

They also found that grain yield was linearly correlated with cumulative 

evapotranspiration. Similarly, Idso et al. (1980) found that grain yield was directly 

related to the mean plant water stress index over the reproductive growth period of 

wheat. 

 Research on the effects of water stress on N nutrition of sorghum (Rego et al., 

1986) also showed that increased N fertilization caused increased vegetative growth 

that could deplete the available water causing a decrease in grain fill.  However, 

reductions in dry matter yield due to water stress also reduced the demand for N, as 

well as other nutrients. 

 Hattendorf et al. (1988) showed that the effects of water stress on yield 

accumulated over time, but also that even low levels of CWSI (in the 5.0 range), 

when accumulated over a period of time, caused yield reduction of nearly 10% in 

alfalfa.  This is significant to note because usually a crop with a CWSI reading of 5.0 

would be considered well-watered.   

 A study by Braunworth and Mack (1989), working with sweet corn, also 

showed that CWSI and yield were closely related.  Their results showed that the yield 

deficit of husked ears was closely related to the CWSI with a goodness of fit ranging 

from 0.82 to 0.93.  However, they noted that variations in their results indicated that 

their measurements of CWSI must be improved.   
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 Anconelli et al. (1994) described results indicating that a tomato crop could 

withstand moderate CWSI values up to 3.5 without any decrease in product yield or 

quality. Their treatments included irrigations scheduled when plots reached increasing 

CWSI thresholds.  Irrigation led to significant increases in marketable yield.  

However, the longer they waited to irrigate, that is the higher the CWSI threshold 

used, the greater the yield penalty.  Diaz et al. (1983) saw similar results when 

comparing a number of different water-stress indices to yield in spring wheat.  They 

found a direct relationship between yield reductions and CWSI (r2 = 0.78). 

Pinter et al. (1983) found similar results when trying to predict yield based on CWSI 

measurements.  The final yield of seed cotton was inversely correlated with the 

average CWSI observed during the period of reproductive growth in the cotton plant.  

They found that an average CWSI value of 2.0 was enough to result in decreased 

yields.  However, the magnitude of the final yield in a non-determinant crop such as 

cotton was strongly dependent on the length of the irrigated period.  They also noted 

that the CWSI could be used to schedule irrigations in a more accurate and timely 

manner, and that maximum profits were not only be attained when highest yields 

were obtained but through the elimination of excessive irrigation.  In this case, the 

CWSI could be used to quantify the extent of stress encountered prior to an irrigation 

event delaying it, if necessary, in order to encourage fruit development.  

 

Characterizing In-Field Variability of Water Stress 

 The Crop Water Stress Index has been used to measure water stress across an 

entire field.  However, little work has been done to show how water stress is spatially 
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distributed across a landscape.  Does water stress, as measured by the CWSI, have 

spatial properties that we can map? 

 Many natural phenomena exhibit a characteristic known as spatial continuity 

(Isaaks and Srivastava, 1989).  This means that a measurement made at one location 

will not characterize a whole area exactly.  For example, crop growth is not uniform 

across a field.  Factors such as soil structure, fertility, available moisture, and insect 

and weed pressure can affect the growth patterns in any crop.  Yield maps obtained 

from harvester yield monitors are indicators of the level of variability in yield across a 

field.   

 The application of global positioning systems (GPS), geographic information 

systems (GIS), and VRT to farming, and the theory behind these technologies have 

become known as precision farming.  Precision farming has created an opportunity 

for growers to vary the rate of inputs such as fertilizer, herbicides, insecticides, and 

water to maximize their economic returns.  In order for VRT to be applied, the spatial 

properties and patterns of the variable in question, in this case water stress, must be 

quantified and evaluated. 

 Geostatistics is a class of statistical tools that concentrates on the statistical 

modeling of spatial dependence.  It is a branch of applied statistics that focuses on the 

detection, modeling, and estimation of spatial patterns (Rossi et al. 1992).  While 

classical statistics is based on a presumption that samples are independent of one 

another, many of the variables studied in agricultural settings, such as crop and soil 

characteristics, exhibit some level of spatial dependency (Marx and Thompson, 1987; 

Rossi et al. 1992).  However, most classical statistical methods, including the 
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appropriate tests such as ANOVA, t, and F tests, plus the assumption of a normal 

distribution, make no use of the spatial information in earth data sets (Isaaks and 

Srivastava, 1989; Rossi et al., 1992).   

 Geostatistics offers a way of describing the spatial continuity that is a feature 

of many natural phenomena and provides adaptations of classical regression 

techniques to take advantage of this continuity (Isaaks and Srivastava, 1989).  

Geostatistics allows scientists to use the values of measured variables to estimate the 

values of other variables at unsampled locations (Webster, 1996; Oliver, 1987).  Two 

important techniques used by scientists in geostatistics are variography, which is one 

way to model spatial dependence, and kriging, which provides estimates values for 

unsampled locations (Rossi et al. 1992). 

 Variography is based on the theory of regionalized variables developed by G. 

Matheron in the 1960s (Matheron, 1965; Marx et al., 1987; Oliver, 1987).  When a 

variable is distributed in space, it is said to be regionalized (Marx et al., 1987).  

Examples of such variables would include: the elevation of a water table, the level of 

soil pH in a field, or the distribution of insects in a parcel of land.  In most of these 

cases, these variables would not be uniform in distribution, but would vary in their 

height, depth, numbers, etc.  The variation may be subtle and gradual, or it may 

dramatic and sudden.  This spatial variation can be measured using the tools of 

variography.  The variogram, or semivariogram as it is also called, is the essential 

tool used in variography.  It is the function most often used to describe how some 

property varies with respect to location (Oliver and Webster, 1991).  It expresses 

mathematically the way in which the variance of a property changes as the distance 
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(lag) and direction between any two points varies.  The variogram is defined as 

follows.  The semivariance, denoted by , at a given lag separation is half the 

expected (E) squared difference between values at that separation (lag) as expressed 

by the following equation: 

γ

           ( ) ( ) ( ){ }[ ]2hxZxZ
2
1h +−Ε=γ                                  [3] 

where Z(x) and Z(x+h) are the values of Z at any two places, x and x+h, separated by 

h, a vector having both distance and direction known as the lag.   For each lag, the 

semivariance value is calculated and plotted for all pairs of points.  Therefore, the 

variogram is a function relating semivariance to lag (Oliver and Webster, 1991).  A 

variogram is graphically expressed with semivariance on the x-axis and lag distance 

on the y-axis.   

 Variograms can be directional or omnidirectional in scope.  An 

omnidirectional semivariogram computes an average over all pairs of points with no 

regards to direction or orientation to each other, while a directional variogram is 

calculated for specific directions (Rossi et al., 1992).  If the data shows differences in 

spatial continuity with direction, the data is said to be anisotropic.  It is said to be 

isotropic if there are no differences with direction (Rossi et al., 1992). 

The variogram (Fig. 1.2) has a number of key elements which denote the extent and 

amount of spatial variability in a dataset.  These are the sill, range, and nugget.  The 

point at which the semivariance levels off is known as the sill variance or sill.  

Typically, this represents the overall variance within the data set.  The lag distance 

which corresponds to the point where the sill begins is known as the range.  The 

range represents the average distance beyond which the samples are not spatially 
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correlated.  The nugget is the point at which the model intercepts the ordinate.  This is 

the nugget variance, or nugget effect, which includes variation due to measurement 

error, or pure random error (Oliver, 1987).  In effect, the nugget reflects the variation 

that would be found in measuring a variable repeatedly at the same location.  Rossi et 

al. (1992) explained two causes for the nugget effect:  1) there is spatial variability 

below the minimum lag distance, and therefore, cannot be modeled in the present 

sampling scheme, and 2) experimental error has added variance to the calculations.  A 

key issue in the use of variogram analysis is the acquisition of an adequate number of 

samples.  Journel and Huibregts (1978) indicate that 30-50 sample pairs should be 

measured for each lag. 
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Fig. 1.2.  A semivariogram showing a spherical model.  The nugget, range, and sill 

 The other main tool used in geostatistics is that of kriging.  Kriging is a 

method for estimating values of a property for all points between sampling locations 

are indicated with labels. 
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(Webster and Burgess, 1983; Rossi et al., 1992) without bias and with minimum 

variance (Webster, 1996; Webster and Burgess, 1983).  The estimates are linear sums 

of weighted observations (samples) within a given neighborhood (Oliver, 1987) as 

described in the following equation: 

                                                  [3] ( ) ( )∑
=

Ζ=
n

i
i ixxZ

1
0ˆ λ

where  is the estimate of ( )0xẐ Ζ  at , 0x iλ  is the weight associated with the ith 

observation,  is the observation at the i( )ixΖ th location ( )ix , and n the number of 

observations within the neighborhood. The weights depend on the semivariogram and 

the configuration of sampling points (Oliver, 1987).  Kriged estimates can be made 

with precision from observations of continuous properties on a regular grid and from 

irregularly scattered data with some loss of precision (Oliver, 1987).  The kriged 

estimates can then be displayed as isarithmic maps to show the variation (Oliver, 

1987).  

 Geostatistical methods are applicable throughout the earth and biological 

sciences to measure properties that vary continuously in space.  Actually, many 

ecological analyses include investigations of the dispersion and patterns in association 

between different species at different places and times (Pielou, 1977).  While much of 

the early work with regional variables is attributed to Matérn in the 1940’s through 

1960’s, Matérn himself related that a Swedish forester named Langsaeter was 

describing variation in Swedish forests with what is now known as the variogram as 

early as 1926 (Rossi, 1992).  Other pioneers in the use of variography include 

 15



Matheron (1963), and Journel and Huijbregts (1978), who worked in the field of 

mining geology.   

 Recently, much work has been done describing the use of variography in the 

soil and agronomic sciences.  Cambardella and Karlen (1999) stated that identifying 

the spatial distributions of soil properties is needed to implement site-specific 

management practices.  They studied the spatial patterns for nine soil chemical 

properties in two adjacent fields, one fertilized with inorganic fertilizer and the other 

with organic nutrient sources.  They sampled the soil in each field on grids to a depth 

of 30 cm, and found that the soil properties with strong spatial correlations, and the 

extent to which they correlated, differed for the two fields.  Some properties were 

strongly correlated and had range values greater than 182 m in the conventional field, 

while other values had much smaller ranges.  It also appeared that going to a finer 

grid in the organic field would have improved results while moving to a coarser grid 

in the conventional field would not have negatively influenced the results.  These 

findings illustrate the need for identifying the spatial distributions of whatever the 

variable of interest may be.  The way in which a factor such as soil pH in this case, or 

water stress, as in our case, is spatially distributed can be significantly different 

depending on the field characteristics or management history of the field.  

 McBratney and Pringle (1999) stated that site-specific farming required a 

method for gathering information about the spatial variability of soil in order to 

reduce the need for expensive and intensive sampling.  They stated that this could be 

achieved through using ‘average’ and ‘proportional’ variograms.  They compared 

variograms for various soil chemical properties that were published in the available 
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literature.  They found that variograms for some of these properties displayed a level 

of proportionality, such that the variogram could be predicted from a mean value.  

Understanding these relationships would be beneficial because it would allow for the 

planning of optimum soil sampling and management schemes. 

 Geypens et al., (1999) also did work in using variography to characterize the 

spatial distribution of soil chemical properties while Pozdnyakova and Zhang (1999) 

performed geostatistical analyses of soil salinity in a large field.  Other studies 

involving variography in agricultural research included the comparison of spatial 

methods for predicting soil pH (Laslett and McBratney, 1990), designing sampling 

strategies for soil survey (Di et al., 1989), and measuring the spatial variability of 

topsoil micronutrient content (Paz et al., 1996). 

 

Summary and Statement of Objectives 

 The Crop Water Stress Index is a measure of water stress that has been 

correlated with yield.  As an indicator of yield potential and N requirement it could 

become a valuable tool to growers that are adjusting their production practices to 

accommodate new regulations on fertilizer use in eastern North Carolina.  In order for 

this index to be used in conjunction with modern precision farming practices and 

application techniques such as VRT, a thorough understanding of the spatial 

characteristics of water stress is necessary.  Precision farming is a young discipline, 

and new technologies are still being developed. Therefore, there is lots of potential 

for developing and adapting techniques that can apply to precision farming.  The 
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CWSI has the potential to accurately measure water stress and its variability within a 

field, paving the way for procedures to measure N or irrigation requirements. 

 The objectives of this study are threefold:  to develop the Crop Water Stress 

Index for conditions in eastern North Carolina; to characterize the spatial variability 

of water stress at a field scale; and to examine the relationship between CWSI and 

grain yield. 
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OBJECTIVES 

 The objectives of this study were:  1) to determine if baselines used in 

calculating the CWSI could be created in the environmental conditions of eastern 

North Carolina; 2) to determine if baselines derived from measurements taken on a 

single day could serve as the basis for the index for the whole season; and 3) if 

baselines are location-specific or if they could be used over a wider area without 

taking new measurements.  Since the non-water-stressed baseline is the key to the 

CWSI, these objectives were carried out primarilywith respect to the lower baseline. 

 

MATERIALS AND METHODS 

 Tests were held at two locations in 2001.  One test, “Lewiston”, was 

conducted in Bertie County, on the Peanut Belt Research Station near Lewiston-

Woodville, NC.  The soil type was predominantly Norfolk sandy loam (Fine-loamy, 

siliceous, thermic Typic Paleudults) with a small area of Goldsboro sandy loam 

(Fine-loamy, siliceous, thermic, Aquic Paleudults).  The other test, “Plymouth”, was 

conducted in Washington County, on the Tidewater Research Station in Plymouth, 

NC, on a Portsmouth sandy loam (Fine-loamy over sandy or sandy-skeletal, mixed, 

thermic Typic Umbraquults).   

 In Plymouth, Pioneer 31G98 was planted on 30 April in 0.96-m rows at a 

population of 67 500 seeds per hectare.  In Lewiston, Pioneer 31G98 was planted on  

4 April in 0.91-m rows at a population of 67 500 plants per hectare.  Both fields were 
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bedded and planted using conventional tillage.  Standard herbicides were used and 

weed control was excellent at both locations. 

Experimental Design 

The experimental design at both sites consisted of a modified split split plot 

design laid out in three blocks with irrigation treatments as main plots and nitrogen 

rates as subplots.  Three water treatments were applied to the main plots to obtain 

different levels of water stress in corn.  These water treatments, or regimes, consisted 

of a “0” treatment consisting of no irrigation, a “1” treatment consisting of regular 

irrigation, and a “2” treatment, consisting of twice the regular amount of irrigation.  

Subplots were four rates of nitrogen (0, 112, 168, and 224 kg N ha-1) applied at 

planting to randomly selected subplots within each irrigation treatment.  Sub subplots 

were four rates of nitrogen (0, 112, 168, and 224 kg N ha-1) randomly applied to the 

subplots at growth stage VT (Ritchie at al., 1996.) applied randomly within split 

plots.    

Data Collection 

Canopy temperature (Tc) and ambient temperature (Ta) measurements were taken 

from the nitrogen treatment subplots on a 3.7-m (across the rows) x 15.2-m (with the 

rows) grid.  Canopy temperature was recorded using a portable infrared thermometer 

(IRT) (Model RAYMX2U, Raytek, Santa Cruz, CA).  Six canopy temperature 

measurements were made at each location.  These measurements were made by 

targeting the upper side of the corn leaf as it faced the sun.  All the canopy 

measurements were made with the sampler’s back to the sun so that the leaf would be 

 21



facing the sun.  Measurements were not made on shaded leaves.  Air temperature 

(Ta), relative humidity (RH), and wet bulb temperature (Tw) were recorded at each 

location, at the top of the canopy, using a digital thermometer/psychrometer (Model 

#990DW, Mannix Testing and Measurement, Lynbrook, NY).  Measurements were 

taken weekly, within two hours of solar noon (approximately 1030 hours to 1400 

hours) on clear, sunny days, from late May through mid-August, when weather 

permitted. Results were obtained for four days at the Plymouth site in 2001 (19 June, 

27 June, 6 July, and 16 July) and for five dates at the Lewiston site (30 May, 8 June, 

11 June, 6 July and 26 July).  Other attempts at collecting data were made, but 

changes in conditions (i.e. increased cloudiness or wind speed) prevented the 

completion of full sets of readings. 

Vapor Pressure Deficit (VPD) was calculated by subtracting the actual vapor 

pressure (EA) from the saturation vapor pressure (ES).  The following three equations 

were used to calculate ES and EA (Weast et al., 1990).  To find ES in kPa, from the 

air temperature, Ta, in degrees C, this equation was used: 

              ES = 0.61078 exp [17.269 Ta /(237.3 + Ta)]                                  [4] 

EA was derived from this equation:    

              EA = -0.00066 * (1 + 0.00115 Tw) * (Ta – Tw) * (P)                 [5] 

where ESw is the saturation vapor pressure at wet bulb temperature (Tw), and P is the 

atmospheric pressure calculated from temperature and altitude (Alt) in meters using 

this equation: 

               P = 101.3*EXP[-3.42E-2*ALT/(Ta + 273.15)]                            [6] 
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Lower Baseline Calculation 

There are two approaches to developing the non-water-stressed baselines 

(Gardner et al., 1992a).  One is to conduct a diurnal study of a well water crop, 

recording the dT and VPD over the course of a single day from 1000h to 1600h 

obtaining a wide range of dT and VPD (Gardner et al. 1992a).  The other approach is 

to take measurements from 1000 hrs to 1400hrs, on various days throughout the 

growing season and pooling all the data (Gardner et al. 1992a).  For both of these 

methods, a linear regression is derived from the data. 

Since our plots included water treatments (intended to guarantee us a well-

watered situation if the season turned extremely dry), and nitrogen treatments, we 

elected to take measurements across all our sampling points between 10 and 2 on 

various days throughout the growing season, generating baselines from each date as 

well as an overall baseline from the combined seasonal data.  Due to the treatment 

effects of water and nitrogen, we selected the lowest values of dT across the range of 

VPD to derive our lower, or non-water stressed baselines using the Boundary Line 

Determination Technique (BOLIDES), as described by Schnug et al., (1996).  These 

selected values of dT were regressed on VPD using PROC REG (SAS Software, 

Cary, NC).  This determined the slope and intercept for our lower baseline.   

Due to the abundant rainfall, the upper (water-stressed) baseline could not be 

calculated from the data points, so a published baseline was used.  Once both the 

water-stressed and non water-stressed baselines were established, the CWSI value for 

each point was calculated, using Equation 1. 
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Grouping of Sample Dates by Comparable Growth Stages Across Locations 

As can be observed from the form and relationships of the water-stressed and non 

water-stressed baselines (Fig. 1.1), the lower baseline is critical to the construction 

and use of the index.  Since this baseline is a function of change in dT over a range of 

VPD, it is useful to understand what factors had an effect on dT.  The factors we 

looked at were initial nitrogen treatments (n), water treatment (w), sampling date 

(date), location (loc), and sidedress nitrogen (sd).  Samples were only taken on the 

same date at both locations on only one occasion.  Therefore, dates could not be 

compared across location.  To remedy that, the data was grouped into comparable 

growth stages by the number of days after planting when it was measured.  By 

combining data sets across location by similar number of days after planting (DAP), 

four growth stages (S-I, S-II, S-III, S-IV) were defined.  The Plymouth 19 June date 

(50 DAP) and the Lewiston 30 May date (46 DAP) were categorized in S-I.  This 

corresponds with growth stage V7 (Ritchie et al., 1996).  The Plymouth 27 June date 

(58 DAP) was paired with the Lewiston 8 June (55 DAP) and the Lewiston 11 June 

date (58 DAP) in S-II.  This corresponds with the V9 growth stage.  S-III, which 

corresponds with the R1 (silking) stage, included the Plymouth 6 July date (67 DAP) 

and the Lewiston 26 June date (73 DAP).  The last two dates, the 16 July dates of 

Plymouth (7 DAP) and the 6 July date of Lewiston (83 DAP) were paired up in S-IV, 

which corresponds with the R2 growth stage.  Since the sidedress treatment occurred 

after between sampling dates, the data was separated to pre-sidedress and post-

sidedress subsets, and analyzed accordingly.   
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The data was processed for analysis of variance and means separation using 

PROC GLM (SAS Software, Cary, NC), to determine the impact that stage, 

irrigation, initial nitrogen, and sidedress nitrogen had on dT.   

 [Note:  dT is the difference between canopy and air temperature, so a lower 

value for dT is actually a greater difference between Tc and Ta.] 

Lower Baseline Comparison Across Dates 

 To further understand the effect of sampling date in defining the non water-

stressed baseline, the lower baselines for each sampling date were compared using 

PROC IML (SAS Software, Cary, NC).  The data points used in constructing the 

individual (sampling date) baselines were not all used in the calculation of the 

seasonal baseline.  Likewise, some of the points that were used to create the seasonal 

baseline model may not have been used in any individual dates’ models.  Therefore 

the IML program was set up to give three tests.  The first test compared the slope and 

intercept of the seasonal line at one location to each of the baselines for the individual 

dates at the same location.  The second and third tests compared the slope and 

intercept, respectively, of the seasonal line to the baselines of the individual dates at 

one location.  This procedure was run separately for Plymouth and Lewiston.  For 

each test, the null hypothesis was no difference between the seasonal and date 

parameters.  A significant p-value (p < 0.05) meant a rejection of the null hypothesis. 

Lower Baseline Comparison Across Locations 

 The seasonal baseline for Lewiston was compared to the seasonal baseline for 

Plymouth to see if they were identical by using full and reduced models, and 
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comparing the error sum of squares (SSE1) of a full model with the SSE of a reduced 

model (SSE2) using an F test shown in Equation 7.  MSE1 is the mean square error for 

the full model, k is the degrees of freedom of the reduced model and g is the degrees 

of freedom of the full model. 

                                                   
1

12

MSE

SSESSE

F gk −
−

=                                               [7] 

 

An F statistic less than the critical value for Fα=0.05 with k-g and n-(k+1) degrees of 

freedom would cause us not to reject the hull hypothesis of the two baselines being 

equal (Ott, 1988). 

 

RESULTS & DISCUSSION 

Environmental Conditions in 2001 

Plentiful rainfall and cooler temperatures characterized the growing season in 

North Carolina in 2001. Both sites received adequate rainfall (Figs. 2.1 and 2.2). This 

scenario led to exceptional growing conditions for corn as evident by record state 

corn yields (R.W. Heiniger, personal communication, 2003).  These conditions 

resulted in an inability to calculate upper (water-stressed) baselines from the data 

since water stress was virtually non-existent throughout the 2001 growing season.  

This is reflected in the data as the canopy remained cooler than the surrounding air in 

most cases.  Had we observed water stress, we would have expected more situations 

in which the canopy heated to temperatures beyond that of the surrounding air.  Irmak  
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Fig. 2.1.  Precipitation amounts, sampling dates, and sidedress nitrogen application 
date for Plymouth in 2001. 
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Fig. 2.2.  Precipitation, sampling dates, and sidedress nitrogen application date for 
Lewiston in 2001. 
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et al. (2000) observed in their study that the use of published upper baselines for 

situations such as this is a valid option.  We utilized such a published water-stressed 

baseline of dT = +4.6oC (Irmak et al., 2000). 

 

Effect of Growth Stage on dT: 

Analysis of variance for stage showed a stage by water treatment interaction (Table 

2.1) as well as a significant effect of nitrogen treatment.  Analysis showed that plants 

measured at S-II that received no water ('0' treatment) were “cooler” than the plants 

from the same water treatment at other stages.   

 

Table 2.1. Analysis of variance for stage on dT. 
Source DF Type III SS MSE Pr>F 

stage 3 90.795 30.265 0.417 

w 2 63.780 31.890 0.373 

stage*w 6 164.06 27.344 <0.0001 

n 3 50.486 16.829 0.0002 

stage*n 9 35.761 3.973 0.1082 

w*n 6 6.602 1.100 0.8478 

stage*w*n 18 30.524 1.696 0.8250 

 

 

Non-irrigated plants at S-I, S-III and S-IV had nearly identical values of dT (approx. -

1.7oC).  In the water regime "1", dT varied over a range from -1.75oC to -3.75oC 

across the stages.  Plants at S-II that received normal irrigation (water regime “1”) 

were warmer than the same plants sampled at other stages (Fig 2.3).  The samples 
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taken from water regime “2” also exhibited a wide variation in dT with a range from -

2.25oC to -3.37oC. Within water regime “2”,   plants sampled in the first two stages 

Growth Stage

I II III IV

dT
 (o C

)

-4

-3

-2

-1

Water Regime '0'
Water Regime '1'
Water Regime '2'

a d a ae d
c

a d a
b

a
b

a
b

b
c

Fig. 2.3.  Graph showing the effect of the stage by water interaction on dT. Bars 
containing same letter do not differ significantly at the α = 0.05 level. 
 

were cooler in relation to the surrounding air than the plants sampled at S-III and S-

IV.  At both Lewiston and Plymouth, the S-III and S-IV sampling dates occurred 

during periods where precipitation levels were lower in the week prior to sampling 

(Figs. 2.1 and 2.2), than the periods during which S-I and S-II sampling dates 

occurred at either location.  There may have been differences related to proximity of 

sampling to the most recent irrigation event. 

 The plants from stages S-I, S-III, S-IV all reflected more or less the same 

general pattern with a sharp reduction in dT value from the “0” to the “1” water 

regime and a slight reduction in dT from the “1” to the “2” water regime.  Only plants 

measured at S-II did not follow this trend as described earlier.  For the most part, 
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plants measured at all but S-II followed the expected trend – that is a generally 

cooling of the plant when moving from non-irrigated towards the irrigated plants.  It 

was not clear why measurements taken from S-II did not follow this pattern. 

 The nitrogen treatments prior to planting were also significant (p = 0.0002).  

The plants that received more preplant N were cooler in relation to the surrounding 

air than those plants receiving less N (r2 = 0.98)(Fig. 2.4).  This may have resulted 

from the increased rooting depth and subsequent water obtaining potential of the plant 

resulting from the increased nitrogen.   

 

Preplant Nitrogen Rate (kg ha-1)
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 (o C

)
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-2.0

-1.5

-1.0

-0.5

0.0

a

b
b b

 

Fig. 2.4.  Effect of initial nitrogen treatment on dT. Bars containing same letter do not 
differ significantly at the α = 0.05 level.  
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Effect of Location (pre-sidedress) on dT 

 Using only the presidedress measurements, an analysis of variance for 

location showed a location by water treatment interaction as well as a nitrogen 

treatment main effect (Table 2.2).  In the case of the location by water (loc*w) 

interaction, at both locations, dT declined between water regimes ‘0’ 

and ‘1’ (Fig. 2.5).  For each location, the value of dT went from approximately  

-2.13oC to -3.2oC.  However, while dT at Plymouth continued to decrease (-4.1oC at 

water regime ‘2’), in Lewiston dT increased from -3.2oC at water regime ‘1’ to -2.7oC 

at water regime ‘2’.  There was also a significant effect of nitrogen as noted in the 

previous section. 

 

 

Table 2.2.  Analysis of variance for location (pre-sidedress) on dT. 
Source DF Type III SS MSE Pr>F 

Loc 1 11.091 11.091 0.5678* 

W 2 90.229 45.114 0.3486* 

Loc*w (error 1) 2 48.278 24.139 0.0004* 

N 3 63.962 21.321 0.0001* 

Loc*n 3 16.069 5.356 0.1485* 

w*n 6 9.318 1.553 0.7935* 

Loc*w*n (error 2) 6 17.964 2.994 0.4242* 
* denotes significance at α = 0.05. 
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Fig. 2.5. Effect of the location by irrigation interaction (pre-sidedress) on dT. Bars 
containing same letter do not differ significantly at the α = 0.05 level.  
 

Effect of location (post-sidedress) on dT 

 Analysis of variance of location for those dates after sidedress showed a 

location by water interaction, a location by sidedress interaction, as well as a preplant 

nitrogen treatment by sidedress interaction (Table 2.3).   

The post-sidedress location by water interaction was similar to the interaction at pre-

sidedress.  At Plymouth there was a sharp decrease in dT (from -1.7oC to -2.6oC to-

3.15oC) from water regime ‘0’ to ‘1’ to ‘2’, respectively (Fig. 2.5).  At Lewiston, 

there was no significant difference in the plants’ response to water treatment after 

sidedress.   
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Table 2.3.  Analysis of variance for location (post-sidedress) on dT. 
Source DF Type III SS MSE Pr>F 

loc 1 11.091 11.091 0.5678* 

w 2 90.229 45.114 0.3486* 

loc*w 2 48.278 24.139 0.0004* 

n 3 63.962 21.321 0.0001* 

loc*n 3 16.069 5.356 0.1485* 

w*n 6 9.318 1.553 0.7935* 

loc*w*n 6 17.964 2.994 0.4242* 

sd 1 4.275 4.275 0.1011* 

loc*sd 1 7.980 7.980 0.0255* 

w*sd 2 1.724 0.862 0.5799* 

n*sd 3 14.796 4.932 0.0266* 

w*n*sd 6 6.212 1.035 0.6852* 
*significant at α = 0.05 level 

 

 

The loc x sd interaction results from the fact that dT at 0 and 224 kg N ha-1 sidedress 

treatments at Plymouth were similar while at Lewiston they were significantly 

different (Fig. 2.6).  In this case, the sidedress nitrogen caused dT to decrease, that is, 

the plants were cooler after sidedress.  The nitrogen by sidedress interaction indicated 

that canopy temperature in plots that obtained 0 or 112 kg N ha-1 prior to planting 

were affected more by the sidedress treatment of 224 kg N ha-1 as opposed to those 

plants which had 168 kg N ha-1 or 224 kg N ha-1 at planting (Fig. 2.7). 
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Fig. 2.6.  Effect of location and sidedress N on dT.  Bars containing same letter do not 
differ significantly at the α = 0.05 level. 
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Fig. 2.7.  Effect of preplant nitrogen by sidedress nitrogen interaction on dT.  Bars 
containing same letter do not differ significantly at the α = 0.05 level. 
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Development of Non-water-stressed Baselines Across Sampling Dates 

Plymouth  

 Intercepts and slopes for the non-water-stressed (lower) baselines were 

determined for the four dates (Table 2.4).  Slopes and intercepts for three of the 

Plymouth dates (19 June, 27 June, 16 July) were relatively similar with good r2 values 

(0.69 ≤ r2 ≤ 0.79).  These results are also quite consistent with baselines described in 

the literature.  Only the regressed baseline for the 6 July sampling date did not fit the 

data well (r2 = 0.41).  Data from this sampling date was excluded from the calculation 

of the seasonal baseline.  These results are shown in Figs. 2.3 – 2.6, and summarized 

in Fig. 2.7. 

 

 

Table 2.4.  Lower baseline regression parameters – Plymouth 2001. 
Date Intercept Slope r2 Equation 

19 June 2001 3.636 -2.984 0.79 dT = 3.636 – 2.984*VPD 

27 June 2001 3.178 -2.107 0.69 dT = 3.178 – 2.107*VPD 

6 July 2001 -0.209 -1.436 0.41 dT = -0.209 – 1.436*VPD 

16 July 2001 3.632 -2.535 0.75 dT = 3.632 – 2.535*VPD 

Season 2001 0.839 -2.103 0.85 dT = 0.839 – 2.103*VPD 
 
 
 
 
 

 35



19 June, 2001 - Plymouth

VPD (kPa)

0 1 2 3 4 5 6

dT
 (o C

)

-16

-14

-12

-10

-8

-6

-4

-2

0

2

4

6

Water Regime "0"
Water Regime "1"
Water Regime "2"
Baseline Points
dT = 3.636 - 2.984VPD (R2 = 0.79)

 

Fig. 2.8.  Non-water-stressed baseline for Plymouth, 19 June 2001. 
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Fig. 2.9.  Non-water-stressed baseline for Plymouth, 27 June 2001. 
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6 July, 2001 - Plymouth
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Fig. 2.10.  Non-water-stressed baseline for Plymouth, 6 July 2001. 
 

16 July, 2001 - Plymouth

VPD (kPa)

0 1 2 3 4 5 6

dT
 (o C

)

-14

-12

-10

-8

-6

-4

-2

0

2

4

6

Water Regime "0"
Water Regime "1"
Water Regime "2"
Baseline Points
dT = 3.363 - 2.535VPD (R2 = 0.75)

 

Fig. 2.11.  Non-water-stressed baseline for Plymouth, 16 July 2001. 
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2001 Season Lower Baseline - Plymouth
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Fig. 2.12.  Non-water-stressed baseline and individual date baselines for Plymouth, 
all dates, 2001.  Points are colored by water regime. 
 

Lewiston 

 Intercepts and slopes for the non-water-stressed (lower) baselines were 

determined for the five dates (Table 2.5). 

 

Table 2.5.  Lower Baseline regression parameters - Lewiston 2001. 
Date Intercept Slope r2 Equation 

30 May 2001 5.178 -3.136 0.74 dT = 5.178 – 3.136VPD 

8 June 2001 3.127 -2.886 0.94 dT = 3.127 – 2.886*VPD 

11 June 2001 0.969 -2.346 0.98 dT = 0.969 – 2.346*VPD 

26 June 2001 -5.437 0.662 0.10 dT = -5.437 + 0.662*VPD 

6 July 2001 5.652 -3.115 0.65 dT = 5.652 – 3.115*VPD 

Season 2.170 -2.441 0.71 dT = 2.170 – 2.441*VPD 
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 Slopes and intercepts for four of the Lewiston dates (30 May, 8 June, 11 June, 

6 July) were consistent, with good to excellent r2 values (0.65 ≤ r2 ≤ 0.98).  These 

results are also quite consistent with baselines described in the literature.  Only the 26 

June sampling date had very different relationships, with a positive slope.  This was 

due to the fact that the data was clustered quite tightly, with very little range in VPD.   

The r2 value for this sampling date was extremely poor (r2 = 0.10).  Data from this 

sampling date was excluded from the calculation of the seasonal baseline.  These 

results are shown in Figs. 2.8 – 2.12 and summarized by location in Fig. 2.13. 
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Fig. 2.13.  Non-water-stressed baseline for Lewiston, 30 May 2001. 
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8 June, 2001 - Lewiston
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Fig. 2.14.  Non-water-stressed baseline for Lewiston, 8 June 2001. 
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Fig. 2.15.  Non-water-stressed baseline for Lewiston, 11 June 2001. 
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26 June, 2001 - Lewiston
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Fig. 2.16.  Non-water-stressed baseline for Lewiston, 26 June 2001. 
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Fig. 2.17.  Non-water-stressed baseline for Lewiston, 6 July 2001. 
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2001 Season Lower Baselines - Lewiston 
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Fig. 2.18.  Non-water-stressed baseline and individual date baselines for Lewiston, all 
dates, 2001.  Points are colored by water regime. 
 

 

Non Water-stressed Baseline Comparisons Across Dates 

Tables 2.6 and 2.7 show the results from the IML procedure indicating which 

baselines, and their components, intercept and slope, were statistically the same as the 

seasonal baseline for Lewiston and Plymouth.  For each date, three separate tests are 

run; the first one comparing the overall line, consisting of the slope and intercept, of 

each date to the overall seasonal line (slope and intercept).  The other two tests 

compared the slopes and intercepts, individually, of each date to that of the seasonal 

line.   
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Plymouth 

 At Plymouth, the 19 June and 6 July baselines were not significantly different 

from the seasonal baseline (Table 2.6).  Therefore, there is no need to look at the tests 

for comparing slope and intercept individually since the first test showed no 

significant difference in the baselines.  The 27 June and 16 July baselines were 

significantly different from the seasonal line when the baseline was examined as a 

whole (slope and intercept together).  We then examined the individual tests for 

differences for both slope and intercept.  We found that while the first test indicated 

significant differences, the other two tests showed that the slopes and intercepts, when 

tested individually, were not significantly different. This indicates that the baselines 

were very similar even though the overall test was significant.  

 

 Table 2.6.  Comparisons of baselines at Plymouth in 2001 
Plymouth 2001 

 Baseline Test 1: 
Slope & Int. 

Test 2: 
Slope 

Test 3: 
Intercept 

Date Intercept Slope FSI† PSI§ FS†† PS§§§ FI††† PI§§§ 
19 Jun 3.6357 -2.9841 2.6889 0.0849 4.4253 0.0439* 5.9009 0.0575 

27 Jun 3.1785 -2.1069 39.870 4.75E-9* 6.93E-5 0.9934 2.2565 0.1435 

6 Jul 0.1071 -1.6358 0.3470 0.7079 0.4843 0.4919 0.3164 0.5780 

16 Jul 3.6316 -2.5347 21.650 1.76E-6* 0.9360 0.3410 3.8300 0.0600 

Season 0.8389 -2.1028       
† F-statistic for comparison of slope and intercept (Test 1) 
§ P value for Test 1 
†† F-statistic for comparison of slope (Test 2) 
§§ P value for Test 2 
††† F-statistic for comparison of intercept (Test 3) 
§§§ P value for (Test 3) 
* denotes significance at α = 0.05 level (slope or intercept different from seasonal ) 
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Lewiston 

 At Lewiston, only the baseline for 8 June showed no significant difference 

from the seasonal baseline when testing the slope and intercept together.  For 30 May, 

11 June, and 6 July dates, the slopes of the baselines were not significantly different 

from the overall seasonal baseline.  For these three dates, there was also no significant 

difference between the intercepts and the intercept of the seasonal baseline.  

However, for the 26 June sample date, both the slope and intercept of the lower 

baseline differed significantly from the slope and intercept of the seasonal lower 

baseline.  Again, this shows that there are close similarities in the baselines, even 

though the test indicated differences.  For 26 June, all three tests showed significant 

differences.  This was expected as the baseline for that date had a positive slope and a 

vastly lower intercept.  As observed earlier, this was due to the small amount of data 

collected for that date, and the narrow range of VPD over which it was collected.   

Table 2.7.  Comparisons of baselines at Lewiston in 2001 
Lewiston 2001 

 Baseline Test 1: 
Slope & Int 

Test 2: 
Slope 

Test 3: 
Intercept 

Date Slope Intercept FSI† PSI§ FS†† PS§§ FI††† PI§§§ 
30 May 5.1792 -3.1364 14.280 7.9E-6* 1.4850 0.2280 3.2290 0.0770 

8 Jun 3.1243 -2.8855 1.8870 0.1600 0.8600 0.3570 0.4350 0.5120 

11 Jun 0.9689 -2.3457 5.7510 0.0050* 0.0360 0.8500 0.7250 0.3980 

26 Jun -5.4369 0.6620 7.6240 0.0010* 6.4860 0.0130* 5.3070 0.0240* 

6 Jul 5.6518 -3.1154 19.320 3.01E-6* 0.4370 0.5110 1.6460 0.200 

Season 2.1699 -2.4412       
† F-statistic for comparison of slope and intercept (Test 1) 
§ P value for Test 1 
†† F-statistic for comparison of slope (Test 2) 
§§ P value for Test 2 
††† F-statistic for comparison of intercept (Test 3) 
§§§ P value for (Test 3) 
* denotes significance at α = 0.05 level (slope or intercept different from seasonal ) 
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Non Water-stressed Baseline Comparisons Across Locations 

We found that there was no significant difference between the seasonal 

baselines at Lewiston and Plymouth.  The calculated F statistic of 4.65 was less than 

the critical value for F(2,1) of 199.50.   

 

CONCLUSIONS 

 Across growth stages, the general trend was a decrease in dT with increasing 

application of irrigation water.  While we could not determine a reasonable 

explanation for the fact that at S-II, plants in water regime ‘1’ were warmer in relation 

to the surrounding air as plants at water regimes ‘0’ or ‘2’, the general response of 

canopy temperature to water was similar to that reported in the literature.  For the 

other stages, plants under irrigation were cooler than the non-irrigated plants.  The 

significant effect of nitrogen on dT suggests that the preplant nitrogen had an effect 

on the water stress of the plants later on.  This may be because plants that receive 

adequate nitrogen early grow healthy root systems that both pick up the necessary 

water early to ensure vigorous early growth, but also aid in the absorption of moisture 

later in the season when conditions are dryer.  Plants without the preplant-N tended 

suffer water stress quicker.   

 When locations were compared, a decrease in dT occurred at Plymouth as 

more water was applied.  However, at Lewiston, dT decreased between water regimes 

‘0’ and water regime ‘1’, but there was no significant difference between water 

regimes ‘0’ and ‘2’.  It is not clear why this occurred.  The location by sidedress 

nitrogen interaction (loc*sd) showed that at Lewiston, the canopy temperature of 
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plants responded significantly to sidedress nitrogen while at Plymouth, there was no 

significant response.  This may be due to the fact that at Plymouth, the soils are 

higher in mineralizable nitrogen than at Lewiston.  The sidedress by nitrogen 

interaction (n*sd) supports the observations made based on the significant effect of 

preplant nitrogen (n).  Here, the application of 224 kg N ha-1 at sidedress to plants that 

had received 0 kg N ha-1 preplant nitrogen resulted in a cooling of the canopy not 

seen in the plants that received 0 kg N ha-1 at sidedress.  However, for plants that had 

received 112, 168 and 224 kg N ha-1 preplant, there was no significant difference in 

dT due to sidedress nitrogen.  This application of sidedress nitrogen may have 

influenced canopy temperature through the stimulation of root growth, which would 

help the plant obtain water and avoid water stress.  While others have observed a 

relationship between nitrogen and canopy temperature, this study found that canopy 

temperature could be influenced by both a preplant and late season nitrogen 

application. 

 While it was not possible to determine the upper water-stressed baseline, the 

non water-stressed baseline was successfully calculated from different measurements 

made throughout the growing season.  Intercepts and slopes of baselines calculated 

for individual dates in this study were comparable to those calculated by (Idso, 1982) 

and (Steele et al., 1994).  The range of VPD over which measurements were made 

was generally quite wide, from 1.25 kPa to 5.5 kPa, on different dates.  On those 

dates where the range of VPD was narrow, the strength of the model was reduced, 

and baselines from those dates were not similar to the baselines from the seasonal 

trend. 
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 We found that non water-stressed baselines calculated from individual dates at 

each location were generally equal to the seasonal non water-stressed baselines 

determined from all data for each location.  The dates that had significantly different 

baselines had limited data, and had limited ranges of VPD.  It is clear, as the literature 

also suggests, that a wide range of VPD is helpful in the accurate determination of 

baselines.  We also showed that the non water-stressed baselines calculated for each 

location were not significantly different.  Non water-stressed baselines calculated 

from either site could be used accurately at either location. 
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CHAPTER 3   

CHARACTERIZING THE SPATIAL VARIABILITY OF 

WATER STRESS AT FIELD SCALE USING CWSI 

 48



INTRODUCTION 

 Variability in plant growth within corn fields is common.  This variability can 

be attributed to a variety of factors such as soil type, topography, field history, soil 

fertility, soil acidity, and soil moisture.  Therefore, applying amendments such as 

fertilizer, lime, or irrigation at a uniform rate is problematic.  Some areas of the field 

would not receive enough, while some would receive too much.  Variable rate 

application (VRA) of fertilizer, lime, and/or irrigation has proven to be successful 

(NCDA, 2002).  The key to successful VRA is the ability to identify crop 

requirements in different areas of the field.  Therefore, in order to implement VRA, it 

is important to understand the spatial variability of the factor in question.   

 The CWSI has been shown to be a good indicator of water stress in corn 

(Irmak et al., 2000).  In order to measure water stress with the CWSI and use it to 

prescribe a treatment, such as irrigation, at a variable rate, the spatial characteristics 

of CWSI measurements must be understood.  The objectives of this chapter were to 

use variography to describe the influence of spatial variability on the CWSI, and how 

the spatial variability changes throughout the growing season. 

 

MATERIALS AND METHODS 

2001 

 Data was collected from two tests located in Plymouth and Lewiston.  The 

experimental design, agricultural practices, and data collection methods were 

previously described in Chapter 2.  In addition, the sample locations were recorded 
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using a differential-corrected Global Positioning System (GPS) (Trimble AG132, 

Trimble Navigation, Sunnyvale, CA) and Agri-Logic software (Case Corporation, 

Racine, WI) on a Palmtop PC.  Figure 3.1 shows the layout of sample points recorded 

with GPS at Plymouth and Lewiston in 2001. 

 

 
Fig. 3.1.  Layout of Sample Points at Lewiston and Plymouth in 2001. 
 

The 2001 growing season was characterized by adequate rainfall (Figs. 2.1 

and 2.2) and moderate temperatures that resulted in record corn yields for North 

Carolina.  Yields were excellent, partly because water stress was virtually nonexistent 

in 2001.  Canopy temperature, air temperature, and dew point  readings were made on 

four dates in Plymouth (19 June, 27 June, 6 July, and 16 July), and five dates in 
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Lewiston (30 May, 8 June, 11 June, 6 July, and 26 July).  Generally, measurements 

were made as often as possible, whenever weather conditions were favorable.   

 

2002  

 In 2002, tests were conducted at two locations. One test, “Lewiston” was 

located at the Peanut Belt Research Station in Lewiston, NC, on a site consisting 

primarily of Lynchburg sandy loam (Fine-loamy, siliceous, thermic Aeric 

Paleaquults) and a Rains sandy loam (Fine loamy, siliceous, thermic Typic 

Paleaquults) with small sections of the plot located on a Goldsboro sandy loam (Fine-

loamy, siliceous, thermic Aquic Paleudults).  Pioneer 31G98 was planted 06 April in 

0.91-m rows.  Cultural practices, such as weed control and nitrogen application were 

handled using standard production methods by research station personnel.  The other 

test, “Plymouth”, was located in Plymouth, NC on the Tidewater Research Station on 

soils consisting of a Portsmouth sandy loam (Fine-loamy over sandy or sandy-

skeletal, mixed, thermic Typic Umbraquults) and a Cape Fear loam (Clayey, mixed, 

thermic Typic Umbraquults).  In Plymouth, Pioneer 31G98 was planted 27 April in 

0.96-m rows.  As with Lewiston, weed control and nitrogen application were handled 

by the research station staff using standard methods for the area.  At both locations, 

plant emergence was uniform and a good plant stand was obtained.   

Irrigation was applied to one half of the field on a weekly basis after the corn 

reached the V4 growth stage (Ritchie et al., 1996).  Approximately 2.5 cm of water 

was applied per irrigation session.  Plants were irrigated until they reached the R3 

(milk) stage, approximately 20 days after they reached the R1 (silking) stage.  The 
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other half of the field was not irrigated.  Two 10- x 10-m sampling grids were set up.  

One grid was set up in the irrigated section of the field while the other was situated in 

the non-irrigated area.  Seventy sample locations were present in each grid.  Canopy, 

air, and wet-bulb temperature measurements were made at each point on the two grids 

as described previously in Chapter 2.  Figure 3.2 shows the location of CWSI 

sampling points for both Plymouth and Lewiston. 

  

Fig. 3.2.  Layout of Sample Points at Lewiston and Plymouth in 2002. 
 

Rainfall was more variable in 2002 with Plymouth receiving more rain events and 

precipitation than Lewiston (Fig. 3.3 and 3.4).  The soils in Lewiston are more sandy 
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and well-drained than those in Plymouth, which accentuated the drought stress that 

occurred in Lewiston in the non-irrigated site.  At Plymouth, drought stress was never 

as severe as it was in Lewiston.  Measurements were made as often as possible 

whenever weather conditions were favorable.  This resulted in full sets of readings 

being made in Plymouth on 11 June, 1 July, and 30 July.  In Lewiston, full sets of 

readings were made on 24 May, 6 June, and 27 June. 

  

Calculation of the CWSI 

 For Plymouth, CWSI was calculated using the following equation, determined 

by previous study (Chapter 2): 

dT = 0.839 – 2.103VPD 
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Fig. 3.3.  Daily precipitation totals and sample dates for Plymouth in 2002. 
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 Fig. 3.4.  Daily precipitation totals and sample dates for Lewiston in 2002. 

 

This equation was calculated from the seasonal baseline derived in 2001 from the 

measurements taken at the Plymouth location.  Lewiston’s 2002 CWSI values were 

calculated in the same manner using the equation 

dT = 2.170 – 2.441VPD 

This equation was calculated from the seasonal baseline derived in 2001 from 

measurements taken in Lewiston in 2001. 

 

Spatial Analysis 

 The geographic coordinates were converted from unprojected geographic 

coordinates, latitude/longitude (WGS84), to a projected NAD 1983 State Plane (meter 

units) and joined to the CWSI data using ArcView software (ESRI, Redlands, CA).  
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Variography analysis was performed to examine spatial characteristics using GS+ 

Software v.5.3.2 (Gamma Design Software, (Plainwell, MI).   

The data collected for each date was tested for normality in the software and, in all 

cases, was found to be normally distributed.  To construct a semivariogram, the active 

lag distance and the lag class distance interval must be set.  The active lag distance 

specifies the range over which semivariance will be calculated (Robertson, 2000).  

The maximum distance that this can be set to is the largest distance between points in 

the dataset, while the minimum distance can be the minimum distance between 

points.  The lag class distance interval defines how pairs of points will be grouped 

into lag classes, or bins.  Each point in the semivariogram represents the average 

semivariance for a single lag class.  The active lag distance (ALD) was set as high as 

possible to start and the lag class distance interval (LCDI) was set as low as possible 

to start, and a semivariogram was calculated.  By setting the two values at their 

maximum and minimum, the scientist can examine the overall pattern in the data.  

Usually, these settings are not optimum for the dataset in question.  Then the LCDI is 

increased slightly and semivariograms recalculated.  This is repeated until a distinct 

trend is visible.  The average semivariance for large lag classes tends to be more 

variable than that of the smaller lag class intervals.  Thus, the ALD is decreased and 

semivariograms recalculated until there is a good fit.  Based on the shape of the 

relationship, the appropriate model (spherical, exponential or linear) was selected and 

semivariograms were constructed for each sampling date at each location.   

The spherical model is a modified quadratic function for which at some 

distance (the range), pairs of points will no longer be autocorrelated and the 
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semivariogram reaches an asymptote, or sill (Robertson, 2000).  The exponential 

model is similar to the spherical model but approaches the sill at a different rate, and 

never actually reaches an asymptote.  The linear model describes a straight line 

variogram.  There is no sill in this model and the range is arbitrarily determined – 

hence, the range of a linear model should not be compared with the ranges of other 

valid models (Robertson, 2000).  This method for creating a semivariogram was 

performed on the data for each sampling date at both locations for both years of 

research.   

The values for nugget, range, sill, structural variance, and proportion were 

plotted over time for each location to examine the seasonal trend of those parameters.  

These values are important for understanding the spatial variability of the CWSI in 

the field.  The nugget is a measure of the variation in the model due to measurement, 

or pure random error.  The range represents the average distance to which samples are 

spatially correlated.  The range, therefore, indicates at what separation distance 

samples can be taken and still capture the spatial variability in the field.  The sill 

represents the variance in the model that is either due to location or the error 

expressed in the nugget.  The structural variance is the variance in the model after the 

nugget variance has been subtracted.  It is the variance due to location.  The 

proportion represents the structural variance as a proportion, or percentage, of the sill 

variance. 

 

 56



RESULTS 

2001 

Plymouth 2001  

In Plymouth, semivariograms displaying the models found to be the best fit 

for the data are shown in Figures 3.5 – 3.8.  The sample variance and the average 

semivariance values for each lag class are also shown in the semivariogram.  Lag 

classes always contained a minimum of 50 lag pairs with most of the lag classes 

containing between 200 – 400 lag pairs.  Strong spatial correlation was evident at all 

dates.  The coefficient of determination for the spherical model fit to the 19 June date 

was 0.88, while the r2 for the exponential models fit to the last three dates were, 0.88, 

0.96, and 0.95 respectively.  The residual sum of squares (RSS) over all dates ranged 

from 0.034 to 0.005.  For the most part, the sill matched the sample variance 

indicating that the model was a good fit and provided an adequate description of the 

spatial relationships for CWSI in this field.  The structural variance (proportion) was 

found to range from 0.52 to almost 1.00.  Table 3.1 shows the model and 

semivariogram parameters for each date at Plymouth in 2001.  

Figure 3.9 provides a summary of how some of these parameters changed 

over the season.  The nugget varied from date to date with the lowest on 19 June and 

the highest on 27 June.  There was not a clear trend across dates.  The increased 

nugget indicates that there was more random variation or variation due to sampling as 

opposed to spatial differences.  Across sampling dates, the range tended to increase 

with time with a dramatic lengthening from 40 to 136 m between 6 July and 16 July.  

The sill was quite constant over dates, ranging from 1.579 to1.127.  Structural 
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variance dropped from 1.578 on 19 June to 0.743 and remained constant over the last 

three dates. A corresponding trend occurred in the overall sample variance.  It also 

dropped significantly after the 19 June and remained lower and more constant over 

the last three dates.  The proportion of variability that could be attributed to location 

decreased over time.  This indicates that variance due to location was in smaller 

proportion to the sampling and random error in the last three dates than it was in the 

19 June.  In fact, the spherical model for 19 June shows that over 99% of the variance 

in the model was due to sample location; while by 16 July, 52% of the overall 

variance was attributed to location. 
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Fig. 3.5.  Semivariogram for 19 June 2001, Plymouth. 
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Fig. 3.6.  Semivariogram for 27 June 2001, Plymouth. 
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Fig. 3.7.  Semivariogram for 6 July 2001, Plymouth. 
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Fig. 3.8.  Semivariogram for 16 July 2001, Plymouth. 
 

 
 
Table 3.1.  Model parameters for Plymouth 2001 semivariograms. 
 19 June 27 June 06 July 16 July 

Range 18.4 26.22 40.62 137.40 
Sill 1.579 1.457 1.127 1.355 

Nugget: 0.001 0.742 0.385 0.655 
Variance 2.282 1.525 1.19 1.28 

r2 0.88 0.88 0.96 0.95 
RSS 0.095 0.015 0.041 0.006 

Proportion 0.999 0.500 0.658 0.517 
Structural 
Variance 

1.578 0.743 0.742 0.700 
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Fig. 3.9.  Summary of model parameters across dates at Plymouth, 2001. 

 

Lewiston 2001 

 Results from the five sampling dates at Lewiston were mixed.  There were not 

enough samples taken on 11 June to develop a spatial model.  Figures 3.10 – 3.13 

show the semivariograms created for 30 May, 6 June, 26 June, and 6 July.  Spatial 

structure was evident for both the 30 May and 26 June sampling dates, and a spherical 

and exponential model were fit to each.  For the sampling dates of 8 June and 6 July, 

no spatial structure was evident in the data as evidenced by the high nugget, low r2, 

and high RSS.  Linear models were fit to both, indicating pure nugget effects.  

Coefficients of determination for the 30 May and 26 June models ranged from 0.95 

and 0.98.  However, the coefficients of determination were extremely poor (0.025 – 

0.04) for the 8 June and 6 July models, due to the fact that there was no spatial 
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relationship in the data.  Across all dates, the residual sum of squares ranged from 

0.0337 to 0.0874. 

 For 30 May and 26 June, the sill was similar to the sample variance which 

indicates that the selected models were a good fit and provided an adequate 

description of the spatial relationships for CWSI in the field.  Proportion values were 

0.866 for 30 May and 0.921 for 26 June, indicating that between 86 and 92% of the 

variance was due to location.  For the dates showing pure nugget effect (8 June and 6 

July), the proportion was 0.021 and 0.000, respectively.  Since the proportion is a 

value indicating the amount of variance in the model attributable to spatial 

dependencies, we would expect extremely low proportions when a nugget effect is 

present.  Table 3.2 summarizes the model and variogram parameters by date for 

Lewiston in 2001.  

Figure 3.14 provides a summary of how these parameters changed over time.  

Since there were nugget effects present for 8 June and 6 July, only the nugget and 

sample variance are shown for those dates.  The nugget was very low for dates 30 

May and 26 June, the two dates with significant spatial structure.  There was no trend 

across these dates.  The low nugget for these two dates indicates that sample and 

random error were low. For 8 June and 6 July, the nuggets were similar to the overall 

variance and indicated that there were no spatial dependencies in the dataset for either 

date.  The ranges were low for both 30 May and 26 June, although the range for 26 

June was about half that of the range for 30 May.  This indicates that samples taken at 

distances greater than 23.8 m on 30 May, and 12.3 m on 26 June were not spatially 

correlated.  Sample variance was approximately 1.3 at all dates except for 8 June 
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where is approached 3.0.  Some intermittent cloud cover at the time of sampling may 

be a reason for the higher variance and nugget effect, even though samples were not 

taken until clouds had passed.  The sills for the 30 May and 26 June dates closely 

matched the sample variance indicating that the model was a good fit and adequately 

described the dataset in each case.  The proportion of variability that could be 

attributed to location was similar between 30 May and 26 June, with values of 0.87 

and 0.92 respectively.  This indicates that between 87 and 90% of the variance in the 

model was due to location and not sample or random error. 
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Fig. 3.10.  Semivariogram for 30 May 2001, Lewiston. 
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Fig. 3.11.  Semivariogram for 8 June 2001, Lewiston. 
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Fig. 3.12.  Semivariogram for 26 June 2001, Lewiston. 
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Fig. 3.13.  Semivariogram for 6 July 2001, Lewiston. 
 

 

 
Table 3.2.  Model parameters for Lewiston 2001 semivariograms. 
 30 May 08 June 26 June 06 July 
Range 23.77 † 12.3 † 
Sill 1.318 † 1.346 † 
Nugget: 0.177 2.876 0.107 1.196 
Variance 1.304 2.975 1.393 1.246 
r2 0.95 † 0.98 † 
RSS 0.034 † 0.002 † 
Proportion 0.87 † 0.92 † 
Structural 
Variance 

1.41 † 1.239 † 

† indicates pure nugget effect 
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Fig. 3.14.  Summary of model parameters across dates at Lewiston, 2001. 
 

 

2002 

  

Plymouth 2002 – Non-irrigated 

In Plymouth, the semivariograms developed for the 11 June, 1 July, and 30 

July sampling dates in the non-irrigated test are shown in Figures 3.15, 3.17, and 

3.19.  Lag classes always contained a minimum of 50 pairs.  Most lag classes 

contained between 200 and 400 pairs of points.  Strong spatial correlation was evident 

for the 11 June and 1 July date, as spherical models were fit to the data for those 

dates.  No spatial correlation was found in the 30 July data, and a linear model was 

fit, indicating a pure nugget effect.  The coefficient of determination for the 30 July 

model was 0.25 (Table 3.3).  This is low because of the lack of spatial correlation in 
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the model.  The r2 for 11 June and 1 July were 0.92 and 0.83, respectively.  The 

residual sum of squares over all dates ranged from 0.0247 to 0.104.  The proportion 

of the variance represented by location differences was between 0.50 and 0.83 for the 

two dates with spatial structure.  Table 3.3 shows the model parameters for each date 

in the non-irrigated test in 2002 at Plymouth.   

Figures 3.16, 3.18, and 3.20 show three dimensional maps interpolated by 

kriging, using the model shown in the semivariograms.  Fig. 3.16 shows how the 

CWSI varied across the field on 11 June 2002 in Plymouth.  On this date, the CWSI 

starts high on one end of the field and decreases continually all the way across the 

field.  This is the reason that the semivariogram constructed for that date has such a 

high sill (Fig. 3.15).  The CWSI variable continued to change as distance increased.  

By 1 July, the surface map created for the CWSI showed a pattern with no field-wide 

trend as found on 11 June (Fig. 3.18).  The nugget did not change much over this time 

frame but the sample variance had decreased.  By 30 July, there was no apparent 

spatial pattern in the CWSI values across the field (Fig. 3.20).  This was reflected in 

the lack of spatial structure.  The nugget effect seen in the semivariogram indicates 

that spatial structure was lacking on 30 July (Fig. 3.19). 

Figure 3.21 provides a summary of how the model parameters changed over 

the season.  The nugget was fairly constant between the 11 June and 1 July dates but 

was much higher for 30 July.  In fact, the model for this date showed a pure nugget 

effect.  The range decreased dramatically between 11 June to 1 July, going from 117 

to 49.9 m.  This indicates that samples could be taken at shorter intervals as the 

season progressed.  The sample variance on 1 July (0.8207) was almost half of what it 
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was on 11 June (1.7484).  The sill decreased by two thirds from 3.03 to 0.94 over the 

same time frame.  On 1 July, the sill and sample variance were quite similar.  This, 

along with the high r2 and low RSS, indicates that the spherical model was a good fit 

and provided an adequate description of the data for those dates.  For 30 July, there 

was no sill due to the nugget effect.  Structural variance dropped from 2.52 to 0.469 

between 11 June to 1 July.  This indicates that there was much more variability 

attributed to location in 11 June than 1 July.   
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Fig. 3.15.  Semivariogram for non-irrigated test in Plymouth sampled on 11 June, 
Plymouth, 2002. 
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Fig. 3.16.  3D Map of Kriged CWSI Surface for non-irrigated test in Plymouth 
sampled on 11 June, 2002. 
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Fig. 3.17.  Semivariogram for the non-irrigated test in Plymouth sampled on 1 July, 
Plymouth, 2002. 
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Fig. 3.18.  3D Map of Kriged CWSI Surface for non-irrigated test in Plymouth 
sampled on 1 July, 2002. 
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Fig. 3.19.  Semivariogram for non-irrigated test in Plymouth sampled on 30 July, 
2002. 
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Fig. 3.20.  3D Map of Kriged CWSI Surface for non-irrigated test in Plymouth, 
sampled on 30 July, 2002. 
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Table 3.3.  Model parameters for Plymouth 2002 Non-irrigated semivariograms. 
 11 June 1 July 30 July 
Range 117.0 49.9 † 
Sill 3.03 0.937 † 
Nugget: 0.509 0.468 1.774 
Variance 1.748 0.821 1.708 
r2 0.92 0.83 † 
RSS 0.104 0.025 † 
Proportion 0.92 0.50 † 
Structural 
Variance 

2.52 0.469 † 

† indicates pure nugget effect 
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Fig. 3.21.  Summary of model parameters across dates for the non-irrigated test at 
Plymouth in 2002. 
 

 72



Plymouth 2002 – Irrigated 

 Semivariograms for the irrigated test in 2002 at Plymouth are shown in 

Figures 3.22, 3.24, and 3.26.  Strong spatial relationships are clearly evident for all 

three sampling dates, with exponential models fit to the 11 June and 30 July data, and 

a spherical model fit to the 1 July data.  Coefficients of determination ranged from 

0.79 to 0.99 (Table 3.4).  The residual sum of squares was low for each date, ranging 

from 0.036 to 0.066.  The sill was similar to the sample variance in all 3 cases.  The 

proportion of variability attributable to location ranged from 0.64 to 0.92.  Table 3.4 

shows the model parameters for each of the sampling dates in the irrigated plot in 

2002 at Plymouth.  Figures 3.23, 3.25, and 3.27 show three dimensional maps 

interpolated using the model shown in the semivariograms.  Figure 3.27 shows that 

there were definite spatial differences in the field on 30 July.  One end of the sample 

site has medium to high CWSI values while the other two thirds of the site is much 

lower.  This shows what the semivariogram indicates, that there was a high amount of 

variability in the dataset due to location.  Figures 3.23 and 3.25 do not reveal the 

same type of spatial trend for 11 June or 1 July as shown in Fig. 3.27.  Variability is 

present in these cases, but it is not as well organized or clearly defined.  The 

proportion of variability attributable to location increased across all dates, from 

64.1% of the variability at 11 June to 95.2% on 30 July. 

 Figure 3.28 provides a summary of how these parameters changed over 

season.  The nugget tended to decrease somewhat over the course of the season, 

indicating less sampling and random error in the data.  Across sampling dates, the 

range fluctuated, dropping from about 47 m on 11 June to 24.22 m on 1 July, only to 
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increase to almost 63 m by 30 July (Table 3.4).  The sample variance was constant 

over the first two dates and then almost doubled by 30 July, going from about 1.3 to 

almost 3.0.  The sill also remained steady over the period from 11 June to 1 July and 

then doubled by 30 July, increasing from 1.38 to 3.33.  In all cases, the sill matched 

the sample variance quite well, indicating that the models were a good fit and gave an 

adequate description of the data. Coefficients of determination were quite high (0.79 

to 0.99) while residual sums of squares were quite low (0.036 to 0.066), both of 

which indicate that the models fit the data well.  Structural variance remained steady 

over the 11 June and 1 July dates, but increased dramatically by 30 July.   
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Fig. 3.22.  Semivariogram for the irrigated test in Plymouth sampled on 11 June, 
2002. 
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Fig. 3.23.  3D Map of Kriged CWSI Surface for the irrigated test at Plymouth 
sampled on 11 June, 2002. 
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Fig. 3.24.  Semivariogram for the irrigated test in Plymouth sampled on 1 July, 2002. 
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Fig. 3.25.  3D Map of Kriged CWSI Surface for the irrigated test in Plymouth 
sampled on 1 July, 2002. 
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Fig. 3.26.  Semivariogram for the irrigated test in Plymouth sampled on 30 July, 
2002. 
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Fig. 3.27.  3D Map of Kriged CWSI Surface for the irrigated test in Plymouth 
sampled on 30 July, 2002. 
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Table 3.4.  Model parameters for irrigated semivariograms at Plymouth in 2002. 
 11 June 1 July 30 July 
Range 46.80 24.22 62.88 
Sill 1.607 1.376 3.330 
Nugget: 0.577 0.411 0.160 
Variance 1.403 1.257 2.981 
r2 0.87 0.79 0.99 
RSS 0.046 0.066 0.036 
Proportion 0.64 0.70 0.95 
Structural 
Variance 

1.030 0.965 3.170 
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Fig. 3.28.  Summary of model parameters across dates for the irrigated test in 
Plymouth in 2002. 
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Comparison of Water Treatments at Plymouth 2002. 

There were two key differences in the results from the irrigated and non-

irrigated tests at Plymouth in 2002.  One significant difference between the two was 

the structural variance.  In the non-irrigated site, the 11 June date had the highest 

structural variance.  This parameter then decreased and no spatial structure was found 

on 30 July.  In contrast, the irrigated site saw similar but smaller structural variances 

for 11 June and 1 July which increased dramatically by 30 July.   

The other difference was in the range.  In the non-irrigated field, the range 

decreased as the season progressed, while in the irrigated field, the range increased 

over time.  The reason for differences in structural variance and range between the 

fields was probably due to the fact that while rainfall was uniform across the sites, 

there may have been a problem with the equal application of water due to a 

malfunction nozzle, or in the distance in travel of the linear irrigation system resulting 

in an increasing amount of spatial variation in CWSI. 

Lewiston  2002 – Non-irrigated 

 Clear spatial structure was evident for the 24 May, 6 June, and 27 June 

sampling dates for the non-irrigated test at Lewiston in 2002.  Semivariograms were 

created and exponential models were fit to the data for all three sampling dates (Figs. 

3.29, 3.31, and 3.33).  Coefficients of determination were high and ranged from 0.86 

to 0.96 (Table 3.5).  Residual sum of squares were more varied across dates from 1.5 

for 24 May, to 0.926 for 27 June to 0.051 for the 6 June date.  The structural variance 

was high for the first and last dates, ranging from 10.39 to 11.809, while it was only 
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4.035 for the 6 June date.  Table 3.5 shows the various model parameters for each 

date in the non-irrigated test at Lewiston in 2002.   

 Figures 3.30, 3.32, and 3.34 show three dimensional maps interpolated using 

the model shown in the semivariograms.  Figure 3.34 shows high CWSI values across 

the test area, but a decrease in CWSI in one corner of the test area.  The model shows 

both a long range and a large variance.  The CWSI is fairly even across much of the 

plot which may account for the longer range.  However, the large decrease in CWSI 

at one end of the field created the large variance. 

 Figure 3.35 shows the trend in the model parameters as they changed over the 

season.  The nugget was steady over the 24 May and 6 June dates but increased from 

0.5 to 3.8 by 27 June.  This indicates that random error and/or sampling error were 

much higher by this time in the season.  The plants in this section of the test were 

facing extreme drought stress at this time, except for a small section of the field 

where the elevation was low, and some moisture remained.  The conditions of the 

plants at this time may have created more random variation.  The range dropped a 

little from 58.2 m on 24 May to 24.6 m on 6 June, and then increased tenfold by 27 

June to 221 m.  The sample variance also dropped from the first to the second date, 

only to rise again by 27 June, going from a value of 10.36 to 4.40 to 9.61 over that 

time frame.  The sill was similar to the overall sample variance, indicating a good fit 

for the data and that the chosen models provided excellent descriptions of the patterns 

in semivariance at that location.  The coefficients of determination were high for all 

three dates, with values between 0.86 and 0.96.  The low RSS for 6 June (0.0507) 

shows the model for that date was a good fit and adequately described the data.  The 
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structural variance of the models declined from 24 May to 6 June, but increased by 27 

June.   This indicates that there was more variance attributable to location in the 

models for the 24 May and 27 June sampling dates that that of 6 June.  While the 

structural variance was high, the proportion of variance attributable to location was 

not as high on 27 June as in the other two dates.  The increase in nugget was 

responsible for the reduction in the proportion of variability attributable to location.  

Overall, the proportion indicated that the structural variance accounted for from 70 to 

92% of the variability in the model.   
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Fig. 3.29.  Semivariogram for the non-irrigated test at Lewiston sampled on 24 May, 
2002. 
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Fig. 3.30.  3D Map of Kriged CWSI Surface for the non-irrigated test at Lewiston 
sampled on 24 May, 2002. 
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Fig. 3.31.  Semivariogram for the non-irrigated test at Plymouth sampled on 6 June, 
2002. 
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Fig. 3.32.  3D Map of Kriged CWSI Surface for the non-irrigated test at Lewiston 
sampled on 6 June, 2002. 
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Fig. 3.33.  Semivariogram for the non-irrigated test at Lewiston sampled on 27 June, 
2002. 
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Fig. 3.34.  3D Map of Kriged CWSI Surface for the non-irrigated test sampled on 27 
June, 2002. 
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Table 3.5.  Model parameters for the non-irrigated semivariograms at Lewiston 
in 2002. 
 24 May 6 June 27 June 
Range 58.2 24.6 221.4 
Sill 11.29 4.535 15.609 
Nugget: 0.90 0.50 3.8 
Variance 10.36 4.404 9.610 
r2 0.926 0.96 0.86 
RSS 1.5 0.051 0.926 
Proportion 0.92 0.89 0.70 
Structural 
Variance 

10.39 4.035 11.809 
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Fig. 3.35.  Summary of model parameters for the non-irrigated test at Lewiston across 
sampling dates in 2002. 
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Lewiston 2002 - Irrigated 

  Clear spatial structure was also evident for the data from the 24 May, 6 June, 

and 27 June sampling dates in the irrigated test at Lewiston in 2002 (Figs. 3.36, 3.38, 

and 3.40).  Semivariograms were created and exponential models were fit to all dates 

except for the 24 May, where a spherical model was found to fit best.  Coefficients of 

determination were high in all cases and ranged from 0.93 to almost 1.0 (Table 3.6).  

Residual sum of squares were very low for 24 May and 27 June, ranging between 

0.001 and 0.007.  The RSS approached 0.2 for the 6 June sampling date.  The overall 

variability on this date was much higher.  This is reflected in the structural variance, 

as it was higher for this date as well, increasing from 1.122 on 24 May to 7.483 on 6 

June, before decreasing to 1.706 on 27 June.  It appears that a few of the sample 

locations on that date had significantly higher CWSI values than the surrounding 

points.  This is evidenced in Fig. 3.39 where sharp “spikes” in the 3D representation 

are visible.  This would result in the higher overall variance in the model.  Table 3.6 

shows the various model parameters for each date in the irrigated test at Lewiston in 

2002.  

 Figure 3.42 summarizes the model parameters as they changed over the 

season.  The nugget  was very consistent across dates.  The range remained almost 

identical for 24 May and 6 June, dropping from 28.3 m to 24.3 m.  However, the 

range almost quadrupled by 27 June to 87 m.  This suggests that the CWSI levels 

were more uniform across the field by the last sampling date.  The sample variance 

increased significantly from 24 May to 6 June before decreasing by 27 June.  The sill 

closely matched the sample variance in all three cases, indicating that the models 
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were a good fit and provided an adequate description of the spatial relationships for 

CWSI in the field.  The high coefficients of determination and low residual sum of 

squares for all but one date also indicate that the models fit the data well.  The 

structural variance was higher at the 6 June date than in the other two dates.  The 

proportion of variance attributable to location was also higher on 6 June.  This is 

attributable to the high structural variance modeled for that date and the low nugget. 
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Fig. 3.36.  Semivariogram for the irrigated test at Lewiston sampled on 24 May, 
2002. 
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Fig. 3.37.  3D Map of Kriged CWSI Surface for the irrigated test at Lewiston sampled 
on 24 May, 2002. 
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Fig. 3.38.  Semivariogram for the irrigated test at Lewiston sampled on 6 June, 2002. 
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Fig. 3.39.  3D Map of Kriged CWSI Surface for the irrigated test at Lewiston sampled 
on 6 June, 2002. 
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Fig. 3.40.  Semivariogram for the irrigated test at Lewiston sampled on 27 June, 
2002. 
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Fig. 3.41.  3D Map of Kriged CWSI Surface for the irrigated test at Lewiston sampled 
on 27 June, 2002. 
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Table 3.6.  Model parameters for the irrigated semivariograms at Lewiston in 
2002. 
 24 May 6 June 27 June 
Range 28.3 24.3 87.0 
Sill 1.946 7.923 2.888 
Nugget: 0.824 0.44 1.182 
Variance 1.920 8.141 2.813 
r2 0.97 0.93 0.997 
RSS 0.007 0.119 0.001 
Proportion 0.58 0.944 0.59 
Structural 
Variance 

1.122 7.483 1.706 
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Fig. 3.42.  Summary of model parameters for the irrigated semivariograms across all 
sampling dates at Lewiston in 2002. 
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Comparison of Water Treatments at Lewiston 2002. 

There were few differences in the results when comparing the irrigated and 

non-irrigated tests at Lewiston in 2002.  The nugget was fairly constant across dates 

and irrigation treatments.  The range increased in both irrigation treatments on 27 

June.  However, the range increased much more in the non-irrigated section, from 

24.6 to 221.4 m there, as opposed to an increase from 24.3 to 87.0 m in the irrigated 

section. The sill, variance, and structural variance were much higher for the non-

irrigated study than for the irrigated study.  This may be due to the fact that water 

stress was evident in the plot throughout much of the growing season, and proceeded 

to worsen as time went on, resulting in more variability in CWSI.  Over all dates, the 

proportion of the variability attributable to location was higher in the non-irrigated 

field than in the irrigated test. 

  

CONCLUSIONS 

 

 With the exception of one Plymouth date in 2002 and three dates in 2001, 

semivariance models were found that adequately fit the CWSI data.  The nugget, 

range, and sill were clearly defined in most cases.  The models were statistically 

strong in most cases where spatial structure was evident.  The overall variance was 

not large in 2001 at either location, nor was it large in Plymouth in 2002.  In these 

locations and years, the variance ranged from 0.821 to 2.981.  At Lewiston in 2002, 

where rainfall was more of a limiting factor, the variance was much greater ranging 
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from 10.36 in the non-irrigated plots and as high as 8.14 in the irrigated plots.  It 

seems that as water becomes limiting, that the overall variance increases. 

 The proportion of variability attributable to location was above 50% in all the 

models, and was as higher than 90% in one third of the semivariograms.  Overall, a 

clear pattern did not emerge with respect to the proportion.  In general, the proportion 

of the variability attributable to sample location tended to decrease as the crop 

matured, but there were cases such as in the irrigated test at Plymouth in 2002 where 

the proportion increased as the season progressed.  These cases were often the result 

of spatial patterns introduced by the uneven application of water. 

In general, the range tended to increase later in the season at Plymouth in 

2001, in the irrigated test at Plymouth in 2002, as well as both sites at Lewiston in 

2002.  This trend is important to us.  In order to use the CWSI to predict yield 

potential, and therefore to prescribe sidedress nitrogen rates for a variable rate 

application, we must know how dense the sample locations must be.  The range from 

the first half of the season is the concern here as well, because that is when sidedress 

nitrogen rates would need to be prescribed.  In our study, we found that CWSI 

measurements would have to taken at approximately 15-m intervals or less (and 

slightly higher in situations with limited water) in order to capture the spatial 

variability present in the field, and accurately prescribe nitrogen rates. 
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CHAPTER 4  

CHARACTERIZING THE RELATIONSHIP BETWEEN 

CWSI AND CORN YIELD 
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INTRODUCTION 

 

 So far in this study, we have established a Crop Water Stress Index for corn in 

North Carolina, and studied its spatial trends at a field scale.  To be valuable, it is 

important to assess the usefulness of the index as predictive tool in agriculture in 

North Carolina.  We would not only like to use the CWSI to predict irrigation, which 

is done commonly in areas of the coastal plain, but more importantly, we’d like to use 

the CWSI to predict yield potential.  This, in turn, would allow us to use the CWSI to 

predict the sidedress nitrogen needs of a corn crop during the season. 

 The objective of this study was to determine the relationship between CWSI 

and yield.  This objective was carried out by: examining how CWSI was affected by 

sampling date, water treatment and nitrogen treatment; then by determining crop 

stages when both water and/or nitrogen treatments significantly affected both CWSI 

and yield; and finally by examining the relationship between CWSI and yield.   

 

MATERIALS AND METHODS 

 

2001  

 As described in Chapter 2, the experimental design in 2001 at Plymouth and 

Lewiston consisted of a modified split plot with irrigation (0, 1x and 2x rates) as the 

main plots, and initial nitrogen (0, 112, 168 and 224 kg N ha-1) rates as split plots.  

Agricultural practices, and data collection techniques for 2001 have been described in 
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Chapter 2.  CWSI measurements were made four times in Plymouth on 19 June, 27 

June, 6 July, and 16 July.  In Lewiston, measurements were made on four dates, 30 

May, 8 June 26 June, and 6 July.  Since samples could rarely be performed on the 

same day at both locations, sampling dates were grouped together by relative days 

after planting (DAP) of the plants.  By combining data sets across location by similar 

number of days after planting (DAP), four growth stages (S-I, S-II, S-III, S-IV) were 

defined.  The Plymouth 19 June date (50 DAP) and the Lewiston 30 May date (46 

DAP) were categorized in S-I.  The Plymouth 27 June date (58 DAP) was paired with 

the Lewiston 8 June (55 DAP) and the Lewiston 11 June date (58 DAP) in S-II.  S-III 

included the Plymouth 6 July date (67 DAP) and the Lewiston 26 June date (73 

DAP).  The last two dates, the 16 July dates of Plymouth (79 DAP) and the 6 July 

date of Lewiston (83 DAP) were paired up in S-IV.  These four groupings correspond 

to the V7, V9, R1, and R2 growth stages of corn, respectively, as discussed in 

Chapter 2. 

2002  

 As described in Chapter 3, the experimental design in 2002 at both locations 

consisted of sample locations (designated as blocking factors).  Two irrigation 

treatments, consisting of a 0x and 1x rate, were applied at both locations.  CWSI 

measurements were made using a 10- by 10-m grid sampling pattern on 11 June, 1 

July, and 30 July in Plymouth and on 24 May, 6 June, and 27 June in Lewiston.  In 

order to compare locations by date, the sample dates were paired up by comparable 

growth stage.  This was determined by their relative days after planting (DAP).  Stage 

I (S-I) consisted of 11 June at Plymouth and 24 May at Lewiston (45-50 DAP), and 
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corresponds to the V7 corn growth stage.  Stage II (S-II) consisted of 1 July at 

Plymouth and 6 June at Lewiston (60-65 DAP).  The S-II stage corresponds with the 

V9 corn growth stage.  Stage III (S-III) consisted of 30 July at Plymouth and 27 June 

at Lewiston (80-90 DAP), and it corresponds to the R2 stage of corn development.   

 Since the purposes of this study were to determine the relationship between 

CWSI and grain yield, and to determine what factors influenced that relationship, a 

multi-step analysis was performed. 

 

Factors Influencing Crop Water Stress Index 

2001  

 The first step was to determine whether sampling date, water regime, or 

nitrogen rate influenced CWSI in this study.  Therefore, an analysis of variance was 

performed at both Plymouth and Lewiston on the 2001 data using PROC GLM (SAS 

Software, Cary, NC) to determine which treatments had a significant effect on CWSI.  

The treatments analyzed were sample date, water regime, and preplant nitrogen.  The 

experimental design was a split plot with sample date and water treatment designated 

as main plots and preplant nitrogen treatments designated as subplots. 

2002  

 Analysis of variance was performed for each location, across stages and water 

regimes.  Neither preplant nor sidedress nitrogen was a treatment variable in 2002.  

The experimental design in this situation was a randomized complete block with 

sampling date and water regime as treatments. 
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Common Trends in Effect on CWSI and Grain Yield 

2001  

 The second step in studying the relationship between CWSI and yield was to 

determine the crop stages where factors such as water regime or nitrogen (224 kg N 

ha-1 only) had similar influences on CWSI and yield.  In 2001, the experimental 

design was a modified split plot and analysis of variance was performed across 

locations by using comparable growth stages designated as S-I and S-II.  Location, 

water regime and nitrogen were the class variables in this analysis.  Location and 

water regime were considered main effects and nitrogen treatments were considered 

subplots.  We did not test growth stages that occurred after the sidedress nitrogen 

application because there is little value in using CWSI to determine yield for nitrogen 

application or irrigation after growth stage VT.   

2002  

 In 2002, data was analyzed as a randomized complete block.  Analysis of 

variance was performed using PROC GLM by location to determine how location and 

water affected CWSI and grain yield.  This was done across locations by combining 

sampling dates into similar crop growth stages.  Neither preplant nor sidedress 

nitrogen was a treatment variable in 2002. 
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Correlation of CWSI and Grain Yield 

2001  

 Correlation analysis was performed using PROC CORR (SAS Software, Cary, 

NC) to determine if CWSI was correlated to grain yield.  Correlation analysis was 

performed for all combinations of main treatments of location, pre-sidedress stage (S-

I and S-II), and water regime.  Since different amounts of sidedress nitrogen would 

have influenced the yield, correlation analysis was also performed within a location 

by separating the plots that received 0 and 224 kg N ha-1 at sidedress for each pre-

sidedress stage at each location.  Points were plotted and colored according to their 

nitrogen treatment to show how the nitrogen treatment influenced the correlation.    

Correlation and regression analysis were performed for the 0 and 224 kg N ha-1 

sidedress plots, across locations for each stage.  In this case, points were colored by 

water regime to show the influence of water in the overall correlation.  Linear 

regression analysis was then performed on the data that produced a significant 

correlation model using PROC REG to describe the relationship.  This sequence of 

analysis helped us to determine how location, water, and nitrogen affected the 

relationship of CWSI and grain yield.   

 

2002  

 In 2002, correlation analysis was performed for each location and water 

regime to see if CWSI was correlated to grain yield.  Then, correlation analysis was 

performed for each date and location.  In all cases, linear regression analysis followed 
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when correlation was significant.  Points were plotted and colored according to water 

treatment to show its affect on the relationship between CWSI and grain yield. 

 

 

RESULTS 

Factors Influencing Crop Water Stress Index 

Plymouth 2001  

 Analysis of variance for CWSI in Plymouth found an interaction between date 

and water.  The main effects of nitrogen, date and water were also significant (Table 

4.1).  At all sampling dates, the CWSI decreased from water regime ‘0’ (no irrigation) 

to water regime ‘2’ (2x irrigation) (Fig. 4.1c).  

  

Table 4.1.  Analysis of variance for treatment effects on CWSI at Plymouth 2001. 
Source DF Type III SS MSE Pr>F 

date 3 209.40 69.80 0.0014* 
w 2 91.01 45.50 0.0058* 

date*w 6 19.94 3.32 0.0051* 
n 3 15.75 5.25 0.0021* 

date*n 9 10.33 1.15 0.4192* 
w*n 6 4.86 0.81 0.6304* 

date*w*n 18 12.89 0.72 0.8656* 
*denotes significance at α = 0.05. 

 

However, there were no significant differences in CWSI between water regimes ‘1’ 

and ‘2’ on 27 June and 6 July.  When considered across all dates, water had a 

significant influence on CWSI in all treatments (Fig. 4.1b).  Mean CWSI values 
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dropped significantly in each of the treatments, from 3.12 in the non-irrigated plots to 

2.32 and 1.73 in the 1x and 2x irrigation plots, respectively.  This is what one might 

expect – that increased water would reduce water stress.  When CWSI values were 

compared across dates, the highest CWSI values were recorded on 27 June with lower 

but similar values recorded on 6 July and 16 July.  The lowest CWSI values were 

recorded on 19 June (Fig. 4.1a).  Examination of the rainfall record (Fig. 2.1) showed 

that less than 15 mm fell between 19 June and 27 June.  This resulted in a significant 

increase in CWSI by the 27 June sampling date.  However, even though only 5 mm of 

rainfall fell between 27 June and 6 July, water stress was modified by the addition of 

sidedress nitrogen on 5 July resulting in lower CWSI values for the last two sampling 

dates.   

 Mean CWSI values were significantly affected by initial nitrogen applications 

as well.  Figure 4.1d shows that mean CWSI values decreased with increased 

nitrogen.  With 0 kg N ha-1, the mean CWSI value was 2.71 while the lowest value 

for CWSI occurred in the 224 kg N ha-1 treatment, with a mean value of 2.09.  There 

was a significant difference between treatments that received 0 and 112 kg N ha-1 and 

plots that received 224 kg N ha-1.  The apparent benefit in receiving more nitrogen 

may be related to the increased rooting volume enabled by the nitrogen, making the 

plant less susceptible to water stress, or to changes in tissue nitrogen resulting in 

better utilization of CO2 and an increase in stomatal conductance of vapor and gases. 
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Fig. 4.1.  Effect of: a) date, b) water, c) date and water, and d) nitrogen on CWSI at 
Plymouth in 2001.  Columns within groups marked by the same letter do not differ 
significantly at the α = 0.05 level. 
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Lewiston 2001  

 Analysis of variance for CWSI at Lewiston also showed that CWSI was 

significantly affected by a date by water interaction.  However, at this location the 

response of CWSI to nitrogen was complicated by a date by nitrogen interaction, a 

water by nitrogen interaction as well as a nitrogen main effect (Table 4.2).  In the case 

of the date by water interaction, there were significant differences in mean CWSI  

 

Table 4.2. Analysis of variance for treatment effects on CWSI at Lewiston 2001. 
Source DF Type III SS MSE Pr>F 

date 2 34.12 17.06 0.3032* 
w 2 20.52 10.26 0.4501* 

date*w 4 41.82 10.46 <0.0001** 
n 3 25.98 8.66 0.0001* 

date*n 6 12.43 2.07 0.0176* 
w*n 6 11.38 1.89 0.0239* 

date*w*n 12 6.02 0.50 0.8590* 
*denotes significance at α = 0.05. 

 

values for each of the three water regimes on 30 May (Fig. 4.2a).  The irrigated plots 

on this date had significantly lower CWSI values than the plants that were non-

irrigated, and the plants in water regime ‘1’ (1x irrigation) had significantly lower 

CWSI values than the plants in water regime ‘2’ (2x irrigation).  On 26 June, there 

were no significant differences among CWSI values in the three water regimes.  

However, on 6 July, there were significant differences in mean CWSI values between 

water regimes ‘0’ and ‘1’.  Plants in water regime ‘0’ on 6 July had a mean CWSI of 

3.94, while CWSI decreased to 3.20 in water regime ‘1’.  The plants in water regime 
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‘2’ had a higher CWSI (3.56) than plants in water regime ‘1’, but were not 

significantly different from either of the other two water regimes.   

 On 30 May, there was a significant decrease in CWSI between plants that 

received 0 kg N ha-1 at planting and those that received 112, 168, and 224 kg N ha-1 

(Fig. 4.2c).  These last three treatments did not differ significantly in CWSI values.  

Plants that received 0 kg N ha-1 had a mean CWSI value of 3.76, while the remaining 

three treatments had CWSI means that ranged from 2.52 to 2.68.  On 26 June, there 

was a significant difference between plants that received 0 or 112 kg N ha-1 at 

planting and those plants that received 168 and 224 kg N ha-1.  By 6 July, there were 

no significant differences in mean CWSI values between any of the nitrogen 

treatments.  The sidedress application of nitrogen made on 19 June could have 

influenced CWSI values resulting in a lack of differences among nitrogen treatments. 

 The effect of the water by nitrogen interaction is shown in figure 4.2b.   In 

water regime ‘0’, plants that received 168 or 224 kg N ha-1 had significantly lower 

CWSI values than the plants that received 0 kg N ha-1.  In water regime ‘1’, plants 

that received any nitrogen had significantly lower CWSI values.  However, in water 

regime ‘2’, while plants that received applications of 0, 112, and 224 kg N ha-1 had 

similar CWSI values, but there was a significant decrease in CWSI in the 168 kg N 

ha-1 treatment.  Generally, the results here follow the trends observed at Plymouth 

where increased rates of nitrogen resulted in lower CWSI values. 
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Fig. 4.2.  Effect of: a) date and water, b) water and nitrogen, and c) date and nitrogen 
on CWSI at Lewiston in 2001.  Columns within groups marked by the same letter do 
not differ significantly at α = 0.05. 
 

Plymouth 2002  

 Analysis of variance at Plymouth in 2002 showed that both date and water had 

a significant effect on CWSI (Table 4.3).  CWSI values were significantly higher on 1 

July and 30 July than on 11 June (Fig. 4.3b).  This may be partly explained by the 
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large rain event that occurred just prior to the 11 June sampling date and the small 

amount of precipitation that fell in the last few weeks of June (Fig. 3.3).  The 

approximately 16 cm of rain that fell in the week prior to the 30 July date was not 

sufficient to significantly affect CWSI.  Even though CWSI values were low at 

Plymouth in 2002, there was a significant difference in CWSI means between the 

non-irrigated and irrigated plots (Fig. 4.3a).  Non-irrigated plants had a mean CWSI 

of 1.11 while plants that were irrigated were significantly cooler with a mean CWSI 

of 0.55. 

 

Table 4.3. Analysis of variance for treatment effects on CWSI at Plymouth 2002. 
Source DF Type III SS MSE Pr>F 

date 2 188.03 94.02 0.0013* 
w 1 32.80 32.80 0.0204* 

date*w 2 1.38 0.69 0.6636* 
*denotes significance at α = 0.05. 
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Fig. 4.3.  Effect of: a) date, and b) water on CWSI at Plymouth in 2002. Columns 
marked by the same letter do not differ significantly at α = 0.05. 
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Lewiston 2002  

 In Lewiston, CWSI was significantly affected by a date by water interaction, 

as well as a water main effect (Table 4.4).  Irrigated plants sampled on 24 May were  

 

Table 4.4. Analysis of variance for treatment effects on CWSI at Lewiston 2002. 
Source DF Type III SS MSE Pr>F 

date 2 697.36 348.68 <0.2488* 
w 1 6680.30 6680.30 <0.0168* 

date*w 2 230.93 115.47 <0.0001* 
*denotes significance at α = 0.05. 

 

cooler than irrigated plants on either 6 June or 26 June, which were statistically 

similar.  In general, the irrigated plants had low CWSI values, ranging from -1.21 to 

0.13.  Across dates, CWSI values for non-irrigated plants tended to increase 

significantly with each sampling date.  CWSI values indicated extreme water stress 

by late June, increasing from 5.17 on 24 May to 7.68 on 6 June to 10.09 on 26 June.  

Analysis of variance showed that irrigated plants had significantly lower CWSI 

means than plants that received no irrigation (Fig. 4.4).     The condition of the non-

irrigated plants continued to worsen as the season went on since rainfall was limited.  

This is reflected both in the water stress measurements as well as yield.  Across dates, 

mean CWSI values for the non-irrigated test (-0.33) were significantly lower than the 

CWSI values for the irrigated site (7.65). 
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Fig. 4.4.  Effect of date and water on CWSI at Lewiston in 2002.  Columns marked 
by the same letter do not differ significantly at α = 0.05 
 

 

Common Trends in Effect on CWSI and Grain Yield 

2001  

 In the previous section, the treatment factors of date, water regime, and 

nitrogen (200 kg N ha-1 only) were examined to see if and how they affected CWSI.  

In this section, the focus shifts to determine at what crop stage CWSI and grain yield 

were affected by similar factors.  This step of the analysis should then point to crop 

stages when CWSI and grain yield could be related. 

 When tested across locations in 2001, there was a location by water 

interaction and a nitrogen main effect present in all three variables tested at S-I:  dT, 

CWSI, and grain yield (Table 4.5).  In comparison, at S-II, there were no significant 

effects (Table 4.6) found for any of the variables except for yield.   
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Table 4.5. Analysis of variance for treatment effects on dT, CWSI and yield at 
stage S-I. 

  dT CWSI Yield 

Source DF MSE Pr > F MSE Pr > F MSE Pr > F 
loc 1 222.17 0.1200 128.49 0.1262 76192.38 0.1278 
w 2 75.81 0.2993 48.23 0.2921 1879.62 0.8643 
loc*w 2 32.38 0.0014* 19.90 0.0025* 11976.50 0.0040* 
n 3 10.81 0.0163* 10.20 0.0099* 44515.32 < 0.0001* 
loc*n 3 1.96 0.6200 1.09 0.7000 799.98 0.4337 
w*n 6 1.03 0.3200 0.66 0.4358 681.06 0.5489 
loc*w*n 6 1.36 0.4031 1.04 0.4263 756.16 0.4692 
*denotes significance at α = 0.05. 

 
 
 
 
 
Table 4.6. Analysis of variance for treatment effects on dT, CWSI and yield at 
stage S-II. 

  dT CWSI Yield 
Source DF MSE Pr > F MSE Pr > F MSE Pr > F 

loc 1 33.56 0.0726 66.51 0.0202 76192.38 0.1278 
w 2 15.82 0.1472 3.51 0.2828 1879.62 0.8643 
loc*w 2 2.73 0.7025 1.38 0.6829 11976.50 0.0040* 
n 3 12.14 0.3252 12.41 0.1466 44515.32 < 0.0001* 
loc*n 3 5.18 0.7021 2.98 0.5212 799.98 0.4337 
w*n 6 4.45 0.5887 2.58 0.6227 681.06 0.5489 
loc*w*n 6 6.86 0.0605 3.18 0.1161 756.16 0.4692 
*denotes significance at α = 0.05. 

 

 In Plymouth, mean dT values tended to fall significantly with each increase of 

water (Fig. 4.5a).  At Lewiston, dT decreased between water regimes ‘0’ and ‘1’. 

However, dT was lower in water regime ‘1’ than in water regime ‘2’.  It is not clear 

why this occurred.  As must be expected, the same trends were seen in the effect of 

location and water on CWSI (Fig. 4.5b).  The affect of water on yield differed at the 

two locations (Fig. 4.5c).  At Plymouth, yield dropped significantly from 8.55 Mg ha-

1 in water regime ‘0’ to 7.31 Mg ha-1 in water regime ‘1’.  Mean grain yield increased 
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to 7.90 in water regime ‘2’, but was not significantly different from the yield of water 

regimes ‘0’ or ‘1’. 

 There was a significant effect of nitrogen at S-I on dT, CWSI and yield (Table 

4.5).  As nitrogen increased, dT decreased (Fig. 4.6a).  Mean dT values dropped 

significantly from -2.53 oC in the 0 kg N ha-1 treatment to -3.34oC in the 112 kg N  

ha-1 treatments.  However, dT decreased significantly between the 112 and 224 kg N 

ha-1 treatments.  CWSI also decreased significantly with the application of nitrogen 

(Fig. 4.6b).  CWSI in the 0 kg N ha-1 treatment was significantly higher than in any of 

the other three treatments which, again, did not differ significantly.   

 As one might expect, grain yield showed a positive response to increased 

nitrogen (Fig. 4.6c).  Grain yield increased significantly for each successively higher 

nitrogen treatment.  The lowest yield was 6.5 Mg ha-1 in the 0 kg N ha-1 treatment 

while the highest was 10.87 Mg ha-1 in the 224 kg N ha-1 treatment.  The similarity in 

pattern between CWSI and grain yield across nitrogen treatments indicated that a 

relationship could exist in this situation between these variables. 
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Fig. 4.5.  Effects of location and water on: a) dT, b) CWSI, and c) grain yield at stage 
S-I in 2001. Columns within groups marked with same letters do not differ 
significantly at α = 0.05. 
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Fig. 4.6.  Effect of nitrogen on: a) nitrogen, b) CWSI, and c) grain yield at stage S-I in 
2001.  Columns marked with same letters do not differ significantly at α = 0.05. 

 

2002  

 In 2002, nitrogen was not used as a treatment.  A location by water interaction 

was present for each of the three sampling dates.  There was a significant decrease in 

CWSI at both locations at S-I when the irrigated and the non-irrigated plants were 
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compared (Fig. 4.7a).  At Plymouth, the difference was small, decreasing from 0.24 

in the non-irrigated plot to -0.48 in the irrigated plot.  At Lewiston, the difference in 

CWSI between non-irrigated and irrigated plots was large.  The mean CWSI value for 

the non-irrigated plot was 5.17 while it was only -1.21 in the irrigated plot. 

 At S-II, the response was similar except for Plymouth location (Fig. 4.7b). 

Here, there was no significant difference in CWSI values between the two water 

regimes.  At Lewiston, the irrigated plot had a mean CWSI value of 0.01, which was 

much lower than the mean CWSI value of 7.68 in the non-irrigated plot.  The 

response was identical at S-III (Fig. 4.7c).  At Plymouth, CWSI did not respond 

significantly to irrigation while at Lewiston, there was a huge decrease in CWSI in 

response to irrigation.   

 The yield response to irrigation is shown in Fig. 4.7d.  At Plymouth, there was 

a small but significant increase in yield of 0.78 Mg ha-1 due to irrigation.  At 

Lewiston, the benefit of irrigation to yield was much greater.  Irrigated plots here 

yielded 6.77 Mg ha-1 more than in the non-irrigated plots.  Again, the similarity in the 

effects of location and water on both CWSI and grain yield indicate the potential for a 

relationship between these variables. 
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Fig. 4.7.  Effect of location and water on CWSI at: a) S-I, b) S-II, c) S-III and on d) 
grain yield in 2002.  Columns marked with same letters are not significantly different 
at α = 0.05. 
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Correlation of CWSI to Grain Yield 

2001  

 At Plymouth, the results of the correlation analysis performed for the split 

plots for each stage and preplant nitrogen application are shown in Table 4.7. 

 

Table 4.7.  Correlation of CWSI and grain yield for Plymouth in 2001. 
S-I†  S-II†† 

Water 
Regime 

Nitrogen 
(kg ha-1) r  Water 

Regime 
Nitrogen 
(kg ha-1) r 

0 0 -0.07  0 0 0.66*
0 112 0.23  0 112 0.82*
0 168 0.26  0 168 -0.13*
0 224 -0.46  0 224 -0.76*
1 0 -0.76  1 0 0.77*
1 112 -0.65  1 112 -0.77*
1 168 -0.65  1 168 -0.40*
1 224 -0.47  1 224 0.82*
2 0 -0.14  2 0 0.53*
2 112 -0.26  2 112 -0.03*
2 168 -0.61  2 168 -0.70*
2 224 -0.47  2 224 -0.80*

† refers to stage 1 (first sampling date) data.  
†† refers to stage 2 (second sampling date) data. 
* indicates significant correlation (p-value = 0.05) 

When the dataset was subdivided so both water and nitrogen were considered 

separately, two of the plots showed a significant positive correlation.  They were the 

water regime ‘0’-112 kg N ha-1 and water regime ‘1’-224 kg N ha-1 plots at S-II in 

Plymouth.  There were six points in each plot so it is not surprising that without a 

strong relationship, few correlations were significant.  The results for the same 

analysis at Lewiston are shown in Table 4.8.  In this case, none of the water/nitrogen 

treatments showed any significant correlations. 
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Table 4.8.  Correlation of CWSI and grain yield for Lewiston in 2001. 
S-I†  S-II†† 

Water 
Regime 

Nitrogen 
(kg ha-1) r  Water 

Regime 
Nitrogen 
(kg ha-1) r 

0 0 -0.11  0 0 -0.02
0 112 -0.31  0 112 -0.26
0 168 0.08  0 168 -0.29
0 224 0.44  0 224 0.05
1 0 0.16  1 0 ---‡
1 112 -0.18  1 112 ---‡
1 168 -0.40  1 168 ---‡
1 224 -0.25  1 224 ---‡
2 0 -0.38  2 0 0.46
2 112 0.40  2 112 -0.12
2 168 -0.28  2 168 -0.61
2 224 -0.05  2 224 0.16

† refers to stage 1 (first sampling date) data.  
†† refers to stage 2 (second sampling date) data. 
‡ indicates that no data was collected for this treatment at this stage. 

 

This analysis indicates that outside of the treatments applied in this study, there were 

few relationships between CWSI and grain yield. 

 Location by water, and nitrogen effects were evident in the previous analysis 

of variance.  Therefore, correlation analysis was done for each location to compare 

CWSI with yield based on water regime, for S-I and S-II.  The correlation table is 

shown in Table 4.9.  Several significant correlations were found when the data was 

analyzed with location and water accounted for.  At Plymouth, CWSI and yield were 

significantly correlated in water regimes ‘1’ and ‘2’ (1x and 2x irrigation), at both 

sampling stages.  Fig. 4.8 and 4.9 show the relationship between CWSI and grain 

yield for Plymouth at S-I in water regime ‘1’ and ‘2’.  The points are colored by 
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initial nitrogen treatment to show the influence of nitrogen treatments in the 

relationship. 

 

Table 4.9.  Correlation of CWSI and grain yield by water regime, location and 
stage in 2001. 

Plymouth  Lewiston 
Stage Water 

Regime 
r  Stage Water 

Regime 
r 

I 0 -0.12*  I 0 -0.42*
I 1 -0.66*  I 1 -0.48*
I 2 -0.47*  I 2 -0.18*
II 0 0.01*  II 0 -0.19*
II 1 -0.50*  II 1 ---†--  
II 2 -0.47*  II 2 -0.33*

* denotes significant correlations (α = 0.05) 
† denotes insufficient data for this treatment 
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Fig. 4.8.  Relationship of CWSI to grain yield at Plymouth at growth stage S-I, in 
water regime ‘1’ in 2001. 
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Fig. 4.9.  Relationship of CWSI to grain yield at Plymouth at growth stage S-I, in 
ater regime ‘2’ in 2001. 

 

as a negative correlation (r = -0.66) between CWSI and 

grain yield indicating that grain yield decreased with increasing CWSI.  The plots that 

received 0 and 112 kg N ha  tended to have measurements which did not fit the trend 

line.  This was probably due to the fact that sidedress nitrogen, which was applied 

later, affected the plots that received little or no nitrogen preplant.  There was also a 

negative correlation here (r=-0.47), between CWSI and grain yield at S-I in water 

regime ‘2’ at Plymouth, although the relationship here is not quite as strong as was 

seen for water regime ‘1’.  It was also evident that the 0 and 112 kg N ha  data 

tended to be more scattered.  This was probably due to the fact that the sidedress 

w

In water regime ‘1’, there w

-1

-1
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nitrogen application applied in different rates to different plots, affected some plots 

more and in different ways than other plots.   

 At S-II in Plymouth, significant correlation between CWSI and grain yield 

occurred in the same water regimes as in S-I (Fig. 4.10 and 4.11).  Correlation 

coefficients were -0.50 and -0.47, and coefficients of determination were 0.25 and 

0.24, respectively.  In both cases, the plots that received 168 and 224 kg N ha-1 

preplant had greater yields and lower CWSI values thatn the plot that received 0 or 

112 kg N ha-1 preplant. 
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Fig. 4.10.  Relationship of CWSI to grain yield at Plymouth at growth stage S-II, and 

 

water regime ‘1’ in 2001. 
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Fig. 4.11.  Relationship of CWSI to grain yield at Plymouth at growth stage S-II, and 

 At Lewiston, CWSI and yield were negatively correlated at stage S-I in water 

regimes ‘0’ and ‘1’ (Fig. 4.12 and 4.13) with correlation coefficients of -0.43 and  

-0.48, respectively.  There were several measurements made from plots that received 

0 kg N ha  that were not well represented by the linear regression model fit to the 

data.  Grain yield was most likely influenced by the additional nitrogen applied later 

at sidedress.  This resulted in weaker regression models with coefficients of 

determination of 0.18 and 0.23, respectively. 

 

water regime ‘2’ in 2001. 
 

-1
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Fig. 4.12.  Relationship of CWSI to grain yield at Lewiston at growth stage S-I, and 
water regime ‘0’ in 2001. 
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Fig. 4.13.  Relationship of CWSI to grain yield at Lewiston at growth stage S-I, in 
water regime ‘1’ in 2001. 
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 To assess the impact of water treatments on the relationship between CWSI 

and grain yield, the correlation between CWSI and grain yield was determined by 

location for plots that received either 0 or 200 kg N ha-1 at sidedress (Table 4.10). 

 

Table 4.10.  Correlation between CWSI and grain yield for plots that received 0 
or 224 kg N ha-1 at sidedress in Plymouth and Lewiston in 2001. 

Plymouth  Lewiston 

Stage Sidedress 
N (kg ha-1) r  Stage Sidedress 

N (kg ha-1) r 

I 0 -0.17*  I 0 -0.43* 
I 224 -0.20*  I 224 -0.46* 
II 0 -0.44*  II 0 -0.29* 
II 224 -0.21*  II 224 -0.27* 

* denotes significant correlations (p-value = 0.05) 
 

 At Plymouth, only one of the subplots had a significant correlation between 

CWSI and grain yield (growth stage S-II in the plots that received 0 kg N ha-1) with a 

correlation factor of -0.44 (Fig. 4.14).  The points from all three water regimes are 

scattered throughout the plot.  Irrigation did not make a significant difference in 

CWSI at S-II in Plymouth (Fig. 4.7b), so it makes sense that water regime did not 

affect the relationship between CWSI and yield. 
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Fig. 4.14.  Relationship of CWSI to grain yield at Plymouth at growth stage S-II in 
plots that received 0 kg N ha-1 in 2001. 
 

 In Lewiston, correlations between CWSI and grain yields, where plots were 

analyzed by sidedress treatment at stage S-I,  are shown in Table 4.10.  CWSI and 

grain yield were significantly correlated in plots that received 0 and 224 kg N ha-1 at 

sidedress.  Fig. 4.15 shows that plots that received no irrigation (in red) had greater 

CWSI values than the plots that received 1x or 2x irrigation.  However, the key 

reason for the scatter in the data can be attributed to the fact that preplant nitrogen 

treatments had a significant influence on grain yield levels within a water regime.   

 The effect of adding sidedress nitrogen can be observed if we compare the 

plots that received 224 kg N ha-1 at sidedress (Fig. 4.16) to those that did not receive 

any sidedress nitrogen.  Grain yield in the plots receiving the 224 kg N ha-1 sidedress 

treatment were considerably higher across water regimes when compared to yields in 

the 0 kg N ha-1 treatments.  There is still some separation by water treatment as the 
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non-irrigated plots still had less yield than the 1x and 2x irrigated plots. The range is 

CWSI was similar to that of the 0 kg N ha-1 sidedress plots.  However, the range in 

yield was smaller, and yields were greater, ranging from 9.0 to 16 Mg ha-1.  These 

plants were able to compensate for the early water stress, and produced increased 

yield. 
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Fig. 4.15.  Relationship between CWSI to grain yield at Lewiston at growth stage S-I 
in all plots that received 0 kg N ha-1 in 2001. 
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Fig. 4.16.  Relationship between CWSI and grain yield at Lewiston at growth stage S-
I in plots that received 224 kg N ha-1 in 2001. 
 

 

 When the relationship between CWSI and grain yield was examined across 

both locations, all three water regimes, and four preplant nitrogen treatments, we 

found that the only significant correlations were found at S-II in both the 0 and 224 

kg N ha-1 sidedress treatments (Table 4.11).  Plots at S-II that received  

 

Table 4.11.  Correlation between CWSI and grain yield for plots that received 0 
or 224 kg N ha-1 at sidedress over all locations in 2001. 

Stage Sidedress N (kg ha-1) r 
I 0 -0.13* 
I 224 0.11 
II 0 -0.34* 
II 224 -0.51* 

* denotes significant correlations (p-value = 0.05) 
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0 kg N ha-1 at sidedress had clear separations among preplant nitrogen treatments 

(Fig. 4.17).  Plots that received 0 kg N ha-1 at preplant had lower yields than the plots 

that received 112 kg N ha-1.  The plots that received 168 and 224 kg N ha-1 at preplant 

were not separated from each other but had increased yields compare to the plots that 

received 0 and 112 kg N ha-1.  In this case, these plots received no sidedress nitrogen, 

and were never able to reach their potential yield.  When compared to the plots that 

received 224 kg N ha-1 (Fig. 4.18), it is clear that the addition of sidedress nitrogen 

eliminated the differences in yield among the preplant nitrogen treatments.  This 

reduced the influence of preplant nitrogen on final yield and resulted in a better 

relationship between CWSI and grain yield.  
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Fig. 4.17.  Relationship of CWSI to grain yield at Lewiston at growth stage S-I in 

 

plots that received 0 kg N ha-1 in 2001. 
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Fig. 4.18.  Relationship of CWSI to grain yield at Lewiston at growth stage S-I in 

2002

plots that received 224 kg N ha-1 in 2001. 
 

 

 In 2002, results of the correlations between CWSI and yield separated by 

location, crop stage, and water regime are shown in Table 4.12, and results of the 

correlations separated by stage and location are shown in Table 4.13. 
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Table 4.12.  Correlation between CWSI and grain yield for irrigated and non-
irrigated plots separated by growth stage at Plymouth and Lewiston in 2002. 

Plymouth  Lewiston 
Stage 

R
r  Stage 

R
r Water 

egime 
Water 
egime 

I -0.43*  I -0.28*NI NI 
I I I

I I

I I

RR -0.04*  I RR -0.31*
II NI -0.02*  II NI -0.38*
II RR -0.18*  II RR -0.53*
III NI 0.08*  III NI -0.65*
III RR 0.64*  III RR -0.39*

* denotes significant correlations (p-value = 0.05) 

 
 

able 4.13.  Correlation between CWSI and grain yield by plant stage at 

 Lewiston 

I denotes growth stage S-I 
II denotes growth stage S-II
III denotes growth stage S-III
NI denotes non-irrigated  
IRR denotes irrigated 
 
 
 
T
Plymouth and Lewiston in 2002. 

Plymouth 
Stage r Stage r  

I -0.30*  I -0.79*
II 0.03*  II -0.85*
III 0.34*  III -0.93*

* denotes significant correl (p-value  0.05) 

 
 

 

 In Plymouth, CWSI was significantly correlated to grain yield at growth stage 

S-I in the non-irrigated plots (Fig. 4.19), and at growth stage S-III in the irrigated 

plots (Fig. 4.20).  CWSI was also found to be correlated at growth stages S-I and S-

III, when the data was pooled by location and growth stage, but not water regime.  At 

growth stage S-I, there was a negative correlation between CWSI and grain yield 

ations =
I denotes growth stage S-I 
II denotes growth stage S-II
III denotes growth stage S-III
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amongst the non-irrigated plots (Fig. 4.19), while there was no correlation within the 

irrigated plots.  However, when pooled across irrigation regimes, CWSI was weakly 

correlated to yield (r = -0.30, r2 = 0.09).  There was significant scatter to the data, but 

enough of a trend to see that as CWSI increased, yield tended to decrease. 
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Fig. 4.19. Relationship of CWSI to grain yield in Plymouth at growth stage S-I in 
2002. 
 
 

 There was also significant correlation between CWSI and grain yield at S-III 

in Plymouth (Fig. 4.20).  However, contrary to the other correlations tested, this was a 

positive correlation between CWSI and grain yield.  For some reason, the plots that 

were irrigated tended to yield lower when CWSI was low.  The reason for this trend 
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may be due to the fact that an excess of water from irrigation and rainfall may have 

resulted in denitrification and a yield decrease.  While there was no significant 

correlation in the non-irrigated plots at this stage, the trend was strong enough in the 

irrigated plots to cause the overall dataset to show significant positive correlation 

between CWSI and grain yield. 
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Fig. 4.20.  Relationship of CWSI to grain yield in Plymouth at growth stage S-III in 

 

 In Lewiston, CWSI and grain yield were correlated in both water regimes at 

all crop stages (Table 4.12).  Strong correlations also existed when the data was 

examined by location across water regimes (Table 4.13).  The linear relationship for 

2002. 
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these correlations are shown in Fig. 4.21, 4.22, and 4.23.  CWSI was negatively 

correlated with grain yield at each stage and when examined separately by irrigat

treatments, as well as when examined across irrigation treatments.  The irrigated 

points tended to have a smaller range in CWSI when compared to the non-irrigate

plots with the exception of growth stage S-II.  Since nitrogen was uniformly applied

across both irrigated and non-irrigated treatments, the correlations within irrigation 

treatment were most likely due to soil characteristics (slope, texture, structure) that 

resulted in differences in water holding capacity. 

ion 

d 
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Fig. 4.21.  Relationship of CWSI and grain yield in Lewiston at growth stage S-I in 
002. 
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 When examined by crop stage across irrigation treatments, strong correlations 

ere found.  Correlation coefficients increased from -0.79 at S-I to -0.85 at S-II to -w

0.93 at S-III with coefficients of determination increasing from 0.63 to 0.86.  CWSI 

was significantly correlated to yield at Lewiston and available water was the key 

factors influencing both CWSI and yield. 
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Fig. 4.22.  Relationship of CWSI and grain yield in Lewiston at growth stage S-II in 

2002. 
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Fig. 4.23.  Relationship of CWSI and grain yield in Lewiston at growth stage S-III in 
2002. 
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CONCLUSIONS 

 Clear trends emerged from the analysis of variance.  In most cases, nitrogen 

and water influenced mean CWSI values, especially at Lewiston.  Since results  

differed between Plymouth and Lewiston, there was an interaction of location with 

nitrogen and/or water.  In situations where water is limiting, we would expect a water 

treatment to have a significant effect on CWSI and yield.  This was more often the 

case in Lewiston, since Plymouth received more precipitation in both 2001 and 2002.  

The effect of nitrogen on CWSI has been seen throughout the study and is important 

to note.  CWSI was clearly influenced by the preplant nitrogen treatment, but was 

also influenced surprisingly by the subsequent application of a sidedress nitrogen 

treatment. 

 When comparing the treatment effects on dT, CWSI and yield, a clear trend 

emerged at stage S-I.  At this sampling stage, a location by water interaction as well 

as main nitrogen effect significantly influenced all three variables.  This indicates that 

location, water and nitrogen had strong influences on both CWSI and yield at this 

period.  Mean CWSI values were significantly lower in plots that received nitrogen, 

while yields were significantly higher in those plots that received nitrogen.  However, 

CWSI did not continue to decrease significantly with increased nitrogen, as yield did. 

 When correlation analysis was done by separating water treatment and 

preplant nitrogen treatments at each location and stage, few significant relationships 

were found.  This indicates that we had accounted for most of the key variables 

influencing both CWSI and grain yield.  However, when plots were grouped by water 

regime in 2001, relationships were found indicating that CWSI was negatively 
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correlated with yield.  Correlation coefficients ranged from -0.47 to -0.66 in 

Plymouth and -0.42 to -0.48 in Lewiston in 2001.  This demonstrates that nitrogen 

influenced the correlations between CWSI and grain yield.  Plots with lower preplant 

nitrogen tended to yield lower and have higher CWSI values than the plots that 

received the higher nitrogen treatments.  The difference in yield in some of the 0 and 

112 kg N ha-1 plots indicated the confounding effect that subsequent sidedress 

nitrogen had on the correlations. 

 When correlation analysis was performed separately on the plots receiving 0 

or 224 kg N ha-1 sidedress, the effect of the sidedress nitrogen became apparent.  

Yields were more variable in the plots that received 0 kg N ha-1 of sidedress nitrogen 

(Fig. 4.17) compared to plots that received 168 or 224 kg N ha-1.  In the plots that 

received 224 kg N ha-1 of sidedress nitrogen (Fig. 4.18), the yields were greater.  

Yields were more consistent across water regimes, and the range of yields was 

smaller.  In the 224 kg N ha-1 plots, the yields in the non-irrigated plots were almost 

as great, as the yields from water regimes ‘1’ or ‘2’. 

 In 2002, plots within water regime tended to show a negative correlation of 

CWSI with grain yield.  When analyzed by location across both water regimes, the 

correlation of CWSI to grain yield became very strong.  Across growth stages, CWSI 

accounted for 76 – 93% of the variability in grain yield at Lewiston in 2002.  Clearly, 

in years where water is a limiting factor, there is a good opportunity to use the CWSI 

at different growth stages to determine when water is impacting yield potential.  This 

information could be used to indicate when irrigation water should be applied and 

how much to apply. 
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 It is clear that the Crop Water Stress Index could be used in eastern North 

Carolina as a way of predicting both irrigation and sidedress nitrogen needs, 

particularly on the sandy soils common to the coastal plane region of the state.  While 

the accuracy of these predictions could be influenced by other factors such as late 

season rainfall, we’ve shown that there is a relationship between CWSI and grain 

yield and that factors such as water and nitrogen influence that relationship.  Future 

studies should focus on using the relationships between CWSI and yield to determine 

how much water or nitrogen to apply in a specific situation, and in identifying ways 

that the effects of water and nitrogen on CWSI can be isolated so that the proper 

treatment can be applied to the crop. 
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