
ABSTRACT 

 

NELSON, JOHN RANDALL.  Site-specific Management and Remote Sensing Based Plant 

Growth Regulator Application Decisions in Cotton (Gossypium hirsutum L.)  (Under the 

direction of Ronnie Heiniger). 

 

The use of plant growth regulators (PGR) on cotton (Gossypium hirsutum L.) to 

balance vegetative and reproductive production in the cotton plant is important to the success 

of crop production.  The objectives of this study were: 1) to evaluate the use of color-infrared 

aerial imagery to model cotton growth status and prescribe variable-rate applications of plant 

growth regulators (PGR), 2) to examine the use of current recommendation methods in 

making variable-rate PGR applications by examining cotton growth, yield, and lint quality 

response to varying rates of PGR under different soil and environmental conditions, and 3) to 

determine the economic feasibility of an image-based, variable-rate PGR application system.  

Research was conducted in 1997, 1998, and 2005 at six on-farm sites in North Carolina.  

Grid sampling was done weekly during the growing season to record cotton plant parameters.  

Relationships between these parameters and digital pixel values were calculated using 

correlation and linear regression.   

Relationships were discovered between near infrared aerial imagery and cotton 

height, that were capable of modeling the variability of crop status throughout a field.  Near 

infrared vegetation indices consistently accounted for more than 50% of the variation in 

cotton height in study fields.  This indicates that remote sensing could be used to make 

variable-rate PGR application recommendations.  At most of the sites, including sites in the 

same field on different soil series, a low rate of PGR applied one time was enough to 

improve lint yield and lint quality.   The lack of site by PGR rate interactions indicated little 

opportunity to improve yield by varying rates of PGR.  However, this research found that 



current recommendations for applying PGR were not applicable to making variable-rate PGR 

treatments. 

In 2003 image-based variable-rate PGR applications were found to be economically 

feasible when compared to standard uniform applications.  In 2005, an optimum PGR rate 

derived from replicated PGR response plots increased profits over standard uniform PGR 

applications.  However, scouting-based variable-rate PGR treatments were less profitable 

than the uniform treatment system. 
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ABSTRACT 
 

 Although the application of variable-rate plant growth regulators (PGR) has been 

documented to improve both yield and harvest efficiency in cotton (Gossypium hirsutum L.) 

production systems, extensive field scouting to determine application rates can be both 

expensive and time consuming.  A more economical approach could be developed based on 

relationships between aerial imagery reflectance values and cotton growth status.  The 

objective of this study was to determine if spectral index or digital counts from color infrared 

(NIR) or color (RGB) imagery could be used to estimate cotton growth parameters such as 

height, height-to-node ratio, and internode length.  Research was conducted at two sites in 

each of three years: 1997, 1998, and 2005.  At each site, grid sampling was done on a weekly 

basis to collect georeferenced cotton  growth data.  Color RGB and near infrared images 

were collected on two dates in 1997 and 1998 and three dates in 2005.  Spectral indices and 

individual NIR, red, green and blue digital counts from these images were tested for 

correlation with cotton growth data at each site.  Relationships between near infrared indices 

and cotton height were consistently strong (r2 = 0.5) between all sites and years.  

Relationships between individual red, green, and blue bands and cotton height were 

considerably weaker than those observed for the near infrared indices.  While cotton height 

showed consistent significant relationships with aerial imagery, no significant relationships 

were observed for other cotton growth parameters.  This study demonstrated that cotton 

height could be consistently modeled throughout a field using aerial imagery, which 

introduces the possibility of variable-rate PGR applications based on plant height predictions 

made from aerial imagery. 
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INTRODUCTION 
 

Although the application of variable-rate plant growth regulators (PGR) has been 

documented to improve both yield and harvest efficiency in cotton (Gossypium hirsutum L.) 

production systems (Kerby, 1985; York, 1983a, 1983b), extensive field scouting to determine 

application rates can be both expensive and time consuming.  A more economical approach 

could be developed based on relationships between aerial imagery reflectance values and 

cotton growth status.  Plant et al. (2000) found that different vegetation indices such as 

Normalized Difference Vegetation Index (NDVI) and the Relative Nitrogen Vegetation 

Index (RNVI) showed significant correlations between Nodes Above White Flower (NAWF) 

and Nodes Above Cracked Boll (NACB).  Vellidis et al. (2004) found a significant 

relationship between mid-season broadband reflectance values and cotton yield, 

demonstrating the ability of remotely sensed data to model cotton productivity.  Kirkpatrick 

et al. (2005) found significant relationships between NDVI and plant height, as well as 

between NDVI and the elongation of the top 5 internodes.  Furthermore, they found that site-

specific applications of PGR resulted in higher rates applied to intense vegetative growth but 

an overall reduction of chemical use when compared to uniform applications. 

Relationships between remotely sensed spectral reflectance and vegetation status 

have been documented.  Jordan (1969) measured leaf area index (LAI) in a forest 

environment using a spectroradiometer, and found that the ratio of red and near infrared light 

was related to LAI.   This was done on the premise that leaves absorb more red than infrared 

light, therefore greater leaf area would result in a larger ratio between red and near infrared.   

Chlorophyll has been found to control much of the spectral response of a plant leaf 

(Campbell, 1996).  Because chlorophyll allows the plant to absorb sunlight, its status within 
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the plant is very important to the visible spectral signature emitted from a leaf.  Visible light 

absorption is thus reduced significantly by the lack of chlorophyll (Gates et al., 1965).  The 

near infrared spectrum has been used in combination with the visible spectrum to make 

accurate assessments of plant health (Tucker, 1979, Wanjura and Hatfield, 1987).  Reflection 

is influenced in the near infrared not by chlorophyll, but by the structure of the spongy 

mesophyll tissue (Campbell, 1996).  In plants, reflectance is greater in the near infrared than 

in the visible, which increases the effectiveness of using this spectrum for vegetation studies 

(Campbell, 1996).  Because near infrared reflectance is controlled by leaf structure, changes 

in plant health related to environmental factors can be detected in this spectrum.  However, 

Colwell (1974) found that changes in near infrared reflectance between living and dead 

vegetation were not as large as predicted.  This study also found that changes in red 

reflectance was consistently correlated with transmittance of leaves in response to stress.   

Wanjura and Hatfield (1987) found in a study of different mathematical combinations 

of reflectance bands known as vegetation indices that the vegetation indices demonstrated 

greater sensitivity to plant vegetation than individual bands.  They found the ratio of green to 

red reflectance to be the most accurate predictor of crop growth status during the peak of 

vegetative production.  It was also noted that the index ND43 (also known as the Normalized 

Difference Vegetation Index, or NDVI) showed stronger correlations with the Leaf Area 

Index (LAI) of smaller crops early in the growing season.  In a study comparing reflectance 

characteristics of normal, etiolated, and albino corn leaves, Mass and Dunlap (1989) found 

that reflectance and absorptance levels of normal leaves (presence of normal levels of plant 

pigments) was significantly greater than reflectance and absorptance of both the etiolated and 

albino leaves.  It was also found that leaf reflectance in the absence of pigments is the same 
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over most of the visible spectrum as the maximum observed at infrared wavelengths.  From 

this it was hypothesized that computing differences or ratios of infrared and visible 

reflectances, i.e. vegetation indices, can remove a significant amount of the effects caused by 

leaf thickness and water content, which are not as strongly related to plant vigor as pigment 

concentration.   

Several studies have been conducted to relate remotely sensed imagery to cotton 

growth, vigor and yield (Zarco-Tejada et al., 2005, Plant et al., 2000, Yang et al., 2004, 

Bethel et al., 2003, Li et al., 2001, Yang et al., 2001, Maas, 1998, Leon et al., 2003).  In a 

study relating hyperspectral imagery to cotton yield variability, Zarco-Tejada et al. (2005) 

found that vegetation indices, such as those related to leaf area index (LAI) showed strong 

relationships with cotton yield and growth variability within the field early in the growing 

season.  Hyperspectral indices developed to model crop physiological status were found to 

possess stronger relationships with yield and growth variability at later growth stages.  A 

similar study was done by Plant et al. (2000) using standard multispectral imagery to relate 

NDVI to cotton growth and yield.  This study was designed to test the effects of nitrogen and 

water stress on NDVI as well as determine the relationship between NDVI and late season 

plant mapping indices.  When related to Nodes Above White Flower (NAWF), a weak 

positive correlation was found with NDVI, however this relationship was not statistically 

significant.  Conversely, correlations between NDVI and Nodes Above Cracked Boll 

(NACB) were found to be significant in several cases.  Lint yield was also found to be 

significantly correlated with NDVI in highly variable conditions induced by nitrogen and 

water stress treatments, leading to the conclusion that NDVI can be used as a measure of 

spatial variability of yield potential based on canopy assessment.  Maas (1997) found 
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relationships between cotton leaf canopy reflectance and canopy density in the red region, 

while near infrared reflectance was found to be independent of canopy density.  From 

derived relationships between cotton leaf area per plant and plant spacing within the row, 

height predictions were found to be statistically significant.  It was concluded that reflectance 

from cotton canopies depends mostly upon the outer leaves of the plant canopy, inferring that 

ground cover is more important to reflectance than is canopy density.   

Cotton canopy reflectance was characterized over time and irrigation treatments by Li 

et al., (2001).  It was determined that red reflectance is high in the early season, 

corresponding to bare soil reflectance.  As the canopy grew and began to close, red 

reflectance decreased and near infrared reflectance increased due to the density of the 

vegetation.  As the plants began to senesce, red reflectance increased and near infrared 

reflectance decreased.  The irrigation portion of the study showed high reflectance in the near 

infrared region and lower reflectance in the red and mid infrared wavelengths on areas that 

were heavily watered, indicating that plant vigor can be measured accurately in the near 

infrared.  These observations coincided with increasing NDVI values that peaked near the 

end of the vegetative growth stage, indicating measurements of high near infrared and low 

red reflectance.  Positive correlations were also found between near infrared reflectance, 

NDVI, and the near infrared/red ratio to lint yield.  Yang et al., (2001) found strong 

correlations between cotton yield and the red and green bands of multispectral imagery taken 

at three dates throughout the growing season.  Conversely, relationships between yield and 

the near infrared reflectance were unusually poor.  This was determined to be a function of 

poor stand uniformity in the early season and moisture stress and plant senescence in the late 

season.   
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Limited research has been done to relate cotton plant growth parameters such as 

height, height-to-node ratio and internode length to remotely sensed imagery.  Earnest and 

Varco (2005) found that the Green Normalized Difference Vegetation Index (GNDVI) was 

related to cotton plant height.  Using a tractor mounted spectrometer, reflectance values were 

related to plant heights taken from scouting data.  It was found that relationships between 

GNDVI and height were weak in the early season and peak during the late bloom stage.  

Teague et al., (2005) conducted intensive scouting of cotton growth parameters based on the 

COTMAN Crop Monitoring System.  Although several aerial images were taken throughout 

the growing season, only cotton height was reported to be correlated with the imagery.  In an 

extensive study of image-based, variable-rate PGR, Bethel et al., (2003) compared cotton 

plant parameters such as plant height, total main stem nodes, and internode length to aerial 

multispectral imagery.  Variable rate PGR prescription maps were created based upon 

correlations between the imagery and plant parameters.  Although no specific relationships 

were reported, it was found that the variable-rate prescriptions were based on a positive 

relationship between cotton growth and the aerial imagery.  In a comparison between image-

based PGR applications and standard recommendations based on crop scouting, Kirkpatrick 

et al., (2005) indicated that the image-based recommendations correlated well with PGR 

applications derived from standard scouting methods.  It was also noted that NDVI was 

significantly correlated both with cotton plant height and top five node elongation.  Although 

no quantitative analysis was done, Thurman and Heiniger (1998) noted that a visual 

comparison between aerial imagery and interpolated contour maps of both cotton height and 

height-to-node ratio showed strong similarities in areas of variable plant growth.  Several 

vegetation indices were found to be significantly correlated with cotton plant height by Leon 
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et al. (2003).  The Soil Adjusted Vegetation Index (SAVI), Difference Vegetation Index 

(DVI), Ratio Vegetation Index (RVI), and NDVI all resulted in correlation coefficients 

greater than 0.65 when related to cotton height.  Timing of image capture was also taken into 

account.  It was reported that images taken between first bloom and first open boll explained 

the largest amount of variability in cotton growth.  The study also found a strong relationship 

between vegetation indices and yield over several years.   

The objective of our study was to determine the relationship between cotton growth 

parameters and reflectance values from color and near infrared aerial imagery.  Specifically, 

we wanted to determine if cotton growth variability across a field could be measured for use 

in variable-rate PGR applications.  Because PGR application strategies rely on growth 

parameters such as height, height-to-node ratio and internode length, among others, 

(Edmisten, 2004) the ability to model the variability of these attributes throughout the field 

makes variable-rate PGR applications feasible.  Ultimately, the imagery will not be relied on 

completely for variable-rate PGR recommendations.  Rather, it will be used in conjunction 

with minimal scouting to ensure relationships between reflectance values and plant 

parameters are strong enough to model the growth status of an entire field. 

MATERIALS AND METHODS 

Research was conducted at two sites in 1997, 1998, and 2005.  In 1997, two fields (F3 

and F54) in Bertie County, NC were sampled weekly beginning 11 July and ending 31 July.  

Field boundaries were mapped using a backpack housing a differential global positioning 

system (DGPS) with Coast Guard (from Fort Macon, NC) or satellite (OMNISTAR, Inc., 

Houston, TX) differential correction signal.  FarmGPS software (Red Hen Systems, Fort 

Collins, CO) installed on a Texas Micro Hardbody computer stored point or line coordinates 
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marked in the field.  Grid Sampler (a sub-component of FarmGPS) was used to create grids 

with center target points.  The DGPS unit was used weekly to locate sample sites within 

fields.  At the F3 site, 30 samples were taken with 19 samples coming from 50-x 50-m grids 

and 11 from 30-x 36-m grids.  Fourteen samples were taken from the F54 site on a 35-x 35-m 

grid.  Each sample point consisted of four plants of average height visually selected from 

within a 3-m diameter area to represent the entire grid cell.  The mean values of cotton 

height, height-to-node ratio and internode length were calculated from these four plants and 

were used to represent a single point in the field.   Field F3 was under center pivot irrigation 

and covered 5.1 ha, while F54 was a dryland site covering 2.1 ha.  Soil series at both 

locations included Bonneau loamy sand (loamy, siliceous, thermic Arenic Paleudults), 

Goldsboro sandy loam (fine-loamy, siliceous, thermic Aquic Paleudults), Lynchburg sandy 

loam (fine-loamy, siliceous, thermic Aeric Paleaquults), and Rains sandy loam (fine-loamy, 

siliceous, thermic Typic Paleaquults).  Cotton was managed by the grower using standard 

cultural practices. 

 In 1998, two locations were sampled weekly beginning on 22 June and terminated 

when there were less than five nodes above white flower, resulting in seven sampling dates.  

Field boundaries at both locations were mapped using a Trimble AgGPS 132 backpack unit 

with a handheld computer.  Pocket Survey (Agri-Logic, Plainwell, IL) software was used to 

store line and point coordinates.  A grid sampling plan was implemented within each field.  

Target points were marked with flags in portions of each field spaced on 0.10 ha grids.   The 

first field (Bertie) had 73 sampling points on 32-x 32-m grids.  The second field (Hyde) had 

60 sampling points on 30-x 33-m grids.  The Bertie site located near Colerain, NC covered 

15.9 ha.  Bertie contained six different mineral soil series including Craven fine sandy loam 
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(clayey, mixed, thermic Aquic Hapludults), Goldsboro sandy loam (fine-loamy, siliceous, 

thermic Aquic Paleudults), Lenoir fine sandy loam (clayey, mixed, thermic, Aeric 

Paleaquults), Lynchburg sandy loam (fine-loamy, siliceous, thermic Aeric Paleaquults), and 

Seabrook loamy sand (mixed, thermic, Aquic Udipsamments).  The Hyde field was located 

near Plymouth, NC.  This 8.7-ha field contained Wasada muck (fine-loamy, mixed, acid, 

thermic Histic Humaquepts), Arapahoe loam (fine-loamy, mixed, thermic Typic 

Ochraqualfs), and Cape Fear mucky sandy loam (fine-loamy over sandy or sandy-skeletal, 

mixed, thermic Typic Umbraquults) soils.  Bertie was irrigated but Hyde was not and 

experienced drought stress during mid-July.  Growers handled all cultural practices and 

pesticide applications.  Growers applied uniform rates of mepiquat chloride to both fields.  

Bertie received 1460.4 mL ha-1 mepiquat chloride total, with 876.3 mL ha-1 applied just prior 

to first bloom and the remaining 584.2 mL ha-1 applied 2 wk later.  Hyde received two 

mepiquat chloride applications totaling 803.2 mL ha-1, with 438.1 mL ha-1 applied before 

first bloom and the remainder applied one week after first bloom. 

 In 2005, two locations were selected for study.  Both fields were scouted on 0.75-ha 

grids beginning in late June and continuing on a weekly basis throughout the growing season.  

Mapping was done using Farm Site Mate (Farm Works Software, Hamilton, IN) installed 

onto handheld personal digital assistants connected to a DGPS.  Plant height, number of 

nodes, first fruiting node, number of fruiting nodes, internode length, and height-to-node 

ratio were all recorded from one representative plant located at the center point of each grid.  

The first field (Washington) located near Plymouth, NC covered 61.0 ha.  This site contained 

two different mineral soil series, including Conaby Muck (coarse-loamy, mixed, nonacid, 

thermic Histic Humaquepts) and Arapahoe Fine Sandy Loam (coarse-loamy, mixed, nonacid, 
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thermic Typic Humaquepts).  The second field, (Hyde 05) located near Roper, NC, covered 

82.8 ha.  The soil series included; Wasada Muck (fine-loamy, mixed, acid, thermic Histic 

Humaquepts), Yonges Loam (fine-loamy, mixed, thermic Typic Endoaqualfs), Ponzer Muck 

(loamy, mixed, dysic, thermic Terric Medisaprists), Portsmouth Mucky Sandy Loam (fine-

loamy over sandy or sandy-skeletal, mixed, thermic Typic Umbraquults), Pettigrew Muck 

(fine, mixed, nonacid, thermic Histic Humaquepts), Conaby Muck (coarse-loamy, mixed, 

nonacid, thermic Histic Humaquepts), and Argent Loam (fine, mixed, thermic Typic 

Endoaqualfs).  Neither site was irrigated but both experienced above-average rainfall through 

the growing season.  Growers handled all cultural practices and pesticide application.  

Growers applied uniform rates of mepiquat chloride to both fields.   Washington received 

1460.4 mL ha-1 mepiquat chloride total, with 876.3 mL ha-1 applied just prior to first bloom 

and the remaining 584.2 mL ha-1 applied two weeks later.  Hyde 05 received two mepiquat 

chloride applications totaling 1314.4 mL ha-1, with 657.2 mL ha-1 applied before first bloom 

and the remainder applied one week after first bloom. 

Aerial photographs (35 mm film) were taken on 20 June and 14 July in 1997 and 22 

June and 20 July in 1998 using color infrared film only in 1997 and three band color film 

(1997 and 1998) from a height of approximately 853 m.  Photographic analysis was done 

using a positive false color slide.  Slides were digitized using a slide scanner (Konica Q-

Scan, Konica Corp., Mahwah, NJ) and the software package Adobe Photoshop v. 4.0 (Adobe 

Systems, Inc., San Jose, CA).  The slides were scanned with a resolution of 40 x 50 pixels-1 

with each pixel representing approximately 0.067 m2 of ground area.  The slides were 

digitized using settings based on the tone of the original image.  Comparisons in all cases 

were limited to within a given photograph.  The film emulsions respond to light within the 
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visible and near infrared (infrared film) regions of the electromagnetic spectrum.  The Konica 

scanner produced an RGB image with 24-bit true color with three bands (8 bit red, 8 bit 

green, and 8 bit blue).  At each location on the image, the primary color value represents raw 

RGB digital counts within the range of 0 to 255.  These color values are directly proportional 

to the total light reflected from the scene.  In the case of the infrared film, band 1 was set to 

red and covered the near infrared spectrum (720-800 nm).  The other two bands captured 

light from the green (band 3 – 500-578 nm) and red (band 2 – 620-700 nm) visible 

wavelengths.  In the case of the color RGB film, band 1 represented the red visible 

wavelengths (620-700 nm), band 2 the green wavelengths (500-578 nm) and band 3 the blue 

(400-500 nm).  

In 2005, digital color infrared aerial images were taken with a Duncan Tech camera 

on 10 July, 19 July, and 2 August from a height of approximately 914 m. These images were 

similar in pixel size to those collected in 1998.  Band 1 was set to red and covered the near 

infrared spectrum (720-800 nm).  The other two bands captured light from the red (band 2 – 

620-700 nm) and green (band 3 – 500-578 nm) visible wavelengths.  

 The digitized images were analyzed using ERDAS Imagine (Leica Geosystems, 

Atlanta, GA).  All images were rectified in ERDAS Imagine using DGPS data collected from 

markers located at the corner of each field.  The location of each plant measurement was 

overlaid on the image taken on the date nearest to the scouting date.  A 3-m diameter circular 

buffer was placed over each scouting location.  Raw digital counts for each color band were 

extracted from within the buffered areas and averaged across the area.  These average digital 

counts for each band from each location were then used to compute normalized vegetation 

indices that were compared to plant parameters measured from each location.  The following 
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indices were calculated.  A normalized difference vegetation index (NDVI) (Yang and 

Anderson, 1999) was calculated using equation 1: 

NDVI = (NIR-R) / (NIR + R).                                          (1) 

Single band normalizations (Jain, 1989) were derived for the color infrared images using 

equations 2-4: 

    Normalized NIR = NIR / (NIR + R + G).                         (2) 

    Normalized R = R / (NIR + R + G).          (3) 

    Normalized G = G / (NIR + R + G)          (4) 

Single band normalizations were derived for the color images using equations 5-7: 

    Normalized B = B / (B + R + G)          (5) 

    Normalized R = R / (B + R + G)                                       (6) 

    Normalized G = G / (B + R + G)                                       (7) 

A ratio vegetation index (RVI) (Jordan, 1969) and a difference vegetation index (DVI) 

(Tucker, 1979) were calculated using equations 8 and 9, respectively. 

    RVI = NIR / R             (8) 

    DVI = NIR – R.            (9) 

To account for soil reflectance in the early growing season, a soil-adjusted vegetation index 

(SAVI) (Huete, 1988) was calculated using equation 10. 

    SAVI = [(NIR – R) / (NIR + R + 0.5)] x 1.5         (10) 

For use in the color RGB images, a modified version of the green difference vegetation index 

(GDVI) was calculated using equation 11. 

    GDVI = (B – G)             (11) 
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 Correlations between plant parameters and digital values were calculated using PROC 

CORR in SAS (version 9.1; SAS Institute, Cary, NC).  Linear regressions were calculated by 

comparing plant parameters to digital counts and vegetation indices derived from the images 

using Microsoft Excel (Microsoft Inc. Redmond, WA).   

RESULTS AND DISCUSSION 
 

1997 
 

 Significant relationships were found between plant parameters and digital pixel 

values acquired from both NIR and color RGB images at both locations.  At site F54, 

significant correlations existed for plant height with all bands and indices, with the individual 

bands and the normalized R (Table 1).  Figures 1 and 2 show that the normalized R index and 

the individual G band explain a significant amount of the variability in cotton height within 

the field.  The second image acquired on 14 July at the F54 site resulted in very similar 

correlation coefficients between digital counts and cotton height as those found in the June 

20 image (Table 1).  The lack of any significant changes over time could be the result of a 

very small dataset (13 samples) and reduced variability between sample points.  The R and B 

bands, as well as the all of the normalized bands decreased very slightly between dates, but 

only the normalized G (r = -0.78 to r = -0.71) and normalized B (r = -0.59 to r = -0.43) 

indices showed changes in the significance of the correlations. 

 Correlation values relating cotton height to digital counts for near infrared images 

taken at the F54 site were also significant across all bands.  The 20 June near infrared image 

showed strong significant negative correlations in each of the three bands (G = -0.85 r = -0.9, 

NIR = -0.79) (Table 2). NDVI showed the strongest correlation with cotton height (r = 0.91), 

which could explain enough of the variability in cotton height within a field to allow this 
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index to be used to determine application rates for variable-rate PGR.  In general, 

correlations increased slightly in the NIR image taken at the F54 site on July 14.  Each of the 

three bands were significantly and negatively correlated with plant height, while NDVI was 

significantly and positively related to plant height.  Correlations were stronger in the G, R, 

and NIR bands, and slightly weaker in the NDVI and normalized bands.  The resulting r2 

values for each of the bands and indices tested show a strong enough relationship to explain a 

majority of the variability of cotton height within the field, with the exception of the 

normalized G index (r2 = 0.41).  Normalization of single bands in each image type often 

resulted in lower correlations than shown from the bands themselves.   

 Correlation of spectral values with cotton height or HNR at the F3 site were often 

non-significant and very weak for both image types acquired on 20 June (Tables 1, 2).  This 

was due to an error in the image acquisition that resulted in a portion of the field being 

omitted from the view.  This not only eliminated a large number of sample points to be 

analyzed, but also made geometric correction difficult and inaccurate.  A color image taken 

on 14 July at the F3 site showed stronger correlations with plant height or HNR.  Each band 

or index analyzed from the color image showed significant correlations with plant height.  

Although the red and blue bands were strongly correlated with plant height (r = -0.66 and -

0.64, respectively), neither of these bands could explain more than 50% of cotton height 

variability within the field (r2 =0.41 and 0.39, respectively).  No significant correlations were 

found to exist between digital counts and HNR.   

1998 

 In contrast to the results from the 1997 sites, color images acquired at the Hyde 

location in 1998 showed few correlations with cotton plant height at two sampling dates 
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(Table 3).  Weak but significant correlations were found for the normalized indices and 

GDVI at both sampling dates.  However, these relationships were not strong enough to 

accurately predict the cotton height within the field.  There was also very little variation in 

the strength of relationships found between sampling dates.  This can be attributed to the very 

short time frame between sampling dates, which did not allow for significant changes in 

cotton growth. 

 Images taken on June 22 and July 20 at the Bertie site showed significant 

relationships between spectral measures and cotton height (Table 3).  Every band and index, 

with the exception of the normalized B on June 22 (r = -0.26) was correlated with cotton 

height at p ≤ 0.001 at both dates,  Although correlations were highly significant, only the G 

and normalized R bands from the June 22 image were able to explain more than 50% of the 

variability in cotton height, the minimum level we believe would be needed to make accurate 

inferences about the status of cotton growth within the field for the purpose of applying PGR 

(Figs. 3 and 4). 

2005 

 Significant relationships of spectral measures with cotton height and HNR were 

found at both the Washington and Hyde 05 sites on all three dates on which images were 

acquired (Tables 4 and 5).  The July 10 image taken at the Washington location showed 

strong correlations between all bands and vegetation indices and cotton height and HNR, 

with the exception of the G band (Table 4).  Normalization of individual bands increased 

correlation values.  Normalization proved to be most effective in improving the correlations 

between the G band and both cotton height and HNR.  The normalized NIR index 

demonstrated the highest correlation with both plant height and HNR (r = 0.81 and 0.65, 
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respectively).  While this index did not explain enough of the variability in HNR to make 

accurate predictions, it could be used to make predictions about cotton height within the field 

(R2 = 0.65, Figure 5).   

The second image taken at the Washington site on 18 July had significant correlations 

of cotton height with all spectral indices tested except the G band (Table 4).  Correlations 

were also significant for HNR with all spectral indices except Norm G.  These relationships 

were slightly weaker than those found in the July 10 image as no correlation coefficients 

were greater than 0.68.  This decrease in correlation could be attributed to the significant 

increase in vegetative biomass accumulated between the two image dates, possibly causing 

saturation of reflected light to the sensor (not shown).  Average cotton heights on July 10 

were 64.8 cm.  Average heights eight days later at the second image acquisition date, average 

heights were 82 cm.  Because vegetative reflectance is very strong in the NIR, there is 

evidence that high biomass crops such as cotton can saturate the sensor with NIR reflectance 

values, causing a decrease in accuracy of values captured in the image.  The result of this 

decline in correlations reduced the r2 values for height to digital count relationships below 

0.5, which makes it more difficult to estimate cotton height from imagery on this particular 

date.   

The final image taken on 2 August captured this particular crop at a stage of slow 

vegetative growth.  Average cotton heights only increased by 10.2 cm from the previous 

sampling date on July 18.  Correlations were again generally stronger for height compared to 

HNR, but lower than either of the previous two images for HNR (Table 4).  Cotton height 

relationships with most vegetation indices, most notably those including the NIR band 

(NDVI, DVI, RVI, and normalized NIR) increased from the previous image date.  These 
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increases may have been a result of the onset of senescence of the cotton crop at this date.  

By visual inspection and height measurement, the cotton appeared to be past the stage of 

rapid vegetative growth, and was beginning to drop leaves.  This would result in less NIR 

reflectance, allowing the sensor to more accurately receive reflectance values relating to crop 

status.  While all of the vegetation indices tested showed very similar correlation values to 

both height and HNR, DVI was the strongest (r = 0.76).  This translates to an R2 value of 

0.57 (Figure 6), introducing the possibility of accurately modeling cotton growth using DVI 

values. 

Over time at the Washington site, correlations for cotton height decreased slightly 

from those observed in the early season, and increased again in the late season as the crop 

moved toward senescence.  For example, the normalized NIR index showed very strong 

correlations with cotton height in the July 10 (r = 0.81).  Correlations then decreased 

substantially on the July 18 image date (r = 0.68).  Image correlations with cotton height then 

increased considerably on the August 2 image date (r = 0.74).  This pattern is demonstrated 

in all vegetative indices across image dates (Table 4). 

 At the Hyde 05 site, significant correlations were found for spectral indices with 

cotton height and HNR at each image date.  On the July 10 image, correlations were 

significant in each band and index, with the exception of the R band,  but considerably 

weakerr than correlations observed on the July 10 image at the Washington location (Table 

5).  Normalized NIR had the strongest correlation with both plant height and HNR (r = 0.55 

and 0.48, respectively).  However this relationship would not be strong enough to accurately 

model cotton growth (R2 = 0.29 and 0.21, respectively.  The second image taken at the Hyde 

05 location on 18 July  had strong correlations of cotton height in with all bands and indices 
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except the R band.  The NIR and normalized NIR both showed the strongest correlations (r = 

0.83 and r2 = 0.68).  This image also had the strongest correlations with HNR of all of the 

images taken in 2005 at either location.  All bands and vegetation indices showed significant 

correlations with HNR, with the exception of the R band.  The NIR band showed a strong 

correlation (r = 0.75) capable of accounting for a significant amount of the variability in 

HNR within the field (r2 = 0.56).  In contrast to the 18 July image acquired at the Washington 

location, the 18 July Hyde 05 image had the strongest correlations with both height and 

HNR.  This could be explained by the later planting date at the Hyde 05 location.  The 

average height at that date was 67.3 cm, when compared to the average height of 82 cm at the 

Washington location on the same date.  The different strengths of correlations at each of 

these sites may be directly related.   

 In general, correlation values for the Hyde 05 location on August 2 were lower than 

the 18 July image, but higher than the July 10 image (Table 5).  This again could be 

attributed to the growth stage of the crop.  Average heights on 2 Aug were 83.3 cm.  All 

bands and indices were significantly correlated with plant height with the exception of the G 

and R bands.  Normalized NIR showed the strongest correlation (r = 0.69), which would not 

be strong enough to model cotton height throughout the field (r2 = 0.48)(Fig. 7).  All spectral 

bands and indices except G and R were significantly correlated with HNR (r = 0.47, -0.46, 

0.52).   

 Over both locations and all images, indices that included the NIR band (NDVI, DVI, 

RVI), generally resulted in similar correlations with plant height and HNR.  The NIR band, 

which is influenced by radiation reflected from intercellular spaces, was often a part of 
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indices with strong relationships to height, HNR, and internode length probably because 

plant growth is expressed by increasing cell number, leaf area, and biomass. 

CONCLUSIONS 

 The objective of this study was to determine if relationships existed for cotton growth 

parameters height and HNR with digital counts and spectral indices extracted from aerial 

imagery.  Over four site-years, using locations with different soil types and growing 

conditions, normalized NIR digital counts were consistently correlated with cotton height 

(Table 6).  The only inconsistency found in the relationships between normalized NIR and 

height occurred at the F3 location in 1997.  This was most likely due to image capture and 

rectification errors that reduced correlations across all bands and vegetation indices at the F3 

site.  Although relationships between normalized NIR and cotton height were generally 

strong, considerable differences in the strength of the correlations existed between sites and 

image dates, making it unrealistic to use one single relationship to explain cotton height.  

Over all dates and locations, no consistent relationships were found between imagery and 

height-to-node ratio.  Although some relationships were statistically significant, very few 

could explain the desired ≥50% of the variability throughout a field.  Thus, it would be 

unrealistic to rely on imagery to accurately model HNR in a cotton field. 

 Some of the inconsistency in correlations could be due to low positional accuracy as a 

result of problems with image rectification.  In 2005, tarps placed in the corners of each field 

to mark rectification points were not distinguishable on the images.  Therefore, rectifications 

were based on visual interpretations of assumed locations of the corners of the fields  

 Color RGB images did not demonstrate consistently strong correlations with plant 

height observed in the color infrared images.  Strong correlations with cotton height were 
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observed for all bands and indices at the F54 location in 1997 (Table 7).  However, the 

strength of these correlations was likely due to the small number of sample data points at this 

location, which reduced much of the variability.   

 In 2005, strong relationships between cotton height and vegetation indices (NDVI, 

DVI, RVI, Normalized NIR) were observed (Tables 4 and 5).  These correlations were fairly 

consistent across image capture dates.  A trend was observed suggesting that NIR reflectance 

values tend to become less accurate at the peak of cotton vegetative growth, and then 

increase in accuracy with the onset of senescence.  This observation could make PGR 

recommendations more difficult, as PGR application is most necessary at the peak of 

vegetative growth. Because only two images were taken per location in 1997 and 1998, it is 

difficult to evaluate how relationships between cotton growth and imagery compare to those 

observed in 2005.  At the F54 site in 1997, no changes were observed between cotton height 

and reflectance relationships over time.  However, correlations increased considerably over 

time at F3, indicating the possibility of strong relationships between digital values and plant 

height at peak vegetative growth.  Because correlations were inconsistent over dates and 

locations, use of one single relationship to describe cotton height variability would be 

unrealistic.  A solution to this issue could be to sample a small number of points in areas of 

variable growth within the field to develop a relationship with the imagery directly before a 

PGR application is to be made. 
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Figure 1.  Linear regression for the relationship between cotton height and the green band from RGB images taken on two dates at 
the F54 site in 1997. 
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Figure 2.  Linear regression for the relationship between cotton height and the normalized red index calculated from RGB images 
taken on two dates at the F54 site in 1997. 
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Figure 3.  Linear regression for the relationship between cotton height and the green band from RGB images taken on two dates at 
the Bertie site in 1998. 
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Figure 4.  Linear regression for the relationship between cotton height and the normalized red index calculated from RGB images 
taken on two dates at the Bertie site in 1998. 
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Figure 5.  Linear regression for the relationship between cotton height and the normalized near infrared index calculated from NIR 
images taken on three dates at the Washington site in 2005. 
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Figure 6.  Linear regression for the relationship between cotton height and the normalized difference vegetation index calculated 
from NIR images taken on three dates at the Washington site in 2005. 
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Figure 7.  Linear regression for the relationship between cotton height and the normalized near infrared index calculated from NIR 
images taken on three dates at the Hyde 05 site in 2005. 
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Table 1.  Correlation coefficients (r) for the relationship of cotton height and height-to-node ratio with single band digital counts 
and multiple-band indices from Red Green Blue (RGB) images taken at the F54 and F3 sites in June and July 1997. 

 
Image Date Green  Red  Blue GDVI Norm Green Norm Red Norm Blue 

        
F54 June 20        

   
  

       
    

  
       

    
  

    
  

       
    

  
    

Height -0.89*** -0.87***
 

 -0.87***
 

 0.56*
 

 -0.78**
 

0.89***
 

 -0.59*
 

F54 July 14 
Height -0.9*** -0.89***

 
 -0.85***

 
 0.67*

 
 -0.71*

 
0.85***

 
-0.43

 
F3 June 20 
Height 0.19 0.13

 
 0.03

 
 -0.43*

 
 0.07

 
-0.14

 
0.01

 
HNR 0.38 0.33

 
 0.29

 
 -0.33

 
 -0.17

 
-0.33

 
0.24

 
F3 July 14 
Height -0.57** -0.66***

 
 -0.64***

 
 -0.59**

 
 0.61**

 
-0.54*

 
-0.43*

 
HNR -0.31 -0.33 -0.35 -0.31 0.28 -0.23 -0.23

* Significance at the 0.05 probability level 
** Significance at the 0.001 probability level 
*** Significance at the 0.0001 probability level  
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Table 2.  Correlation coefficients (r) for the relationship of cotton height and height-to-node ratio with single band digital counts 
and multiple-band indices from color infrared images taken at the F54 and F3 sites in June and July 1997. 
 
Image Date Green  Red  Blue NDVI Norm Green Norm Red Norm NIR 
        
F54 June 20 

 
       

       
       
       

       
       
       

       
       

       

Height
 

-0.85*** -0.9*** -0.79** 0.91*** -0.07 -0.9*** 0.9***

F54 July 14 
 Height

 
-0.92*** -0.95*** -0.96*** 0.89*** 0.64* -0.88*** 0.86***

F3 June 20 
 Height

 
-0.21 -0.32 -0.18 0.25 -0.17 -0.06 0.45

HNR -0.04 -0.15 0 0.31 0.03 -0.19 0.34
* Significance at the 0.05 probability level 
** Significance at the 0.001 probability level 
*** Significance at the 0.0001 probability level 
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Table 3.  Correlation coefficients (r) for the relationship of cotton height and single band digital counts and multiple-band indices 
from a single Red Green Blue (RGB) image taken at the Hyde location on July 13, with sampling data taken on July 9 and July 16.  
Correlation coefficients are also shown for the relationship between cotton height and digital counts from RGB images taken at the 
Bertie location on 22 June and 20 July 1998.  
 
Image Date Green  Red  Blue GDVI Norm Green Norm Red Norm Blue 
        
 Hyde July 9        

     

       
      

       
       

       
       
       

       

Height
 

-0.27
 

 .03
 

.04
 

 0.4*
 

 -0.43*
 

0.43*
 

0.49*
 

 Hyde July 16 
 Height

 
-0.38 -0.1 -0.11 0.48* -0.49* 0.47* 0.5*

Bertie June 22  
 Height

 
-0.76*** -0.69*** -0.72*** 0.57*** -0.69*** 0.78*** -0.26*

Bertie July 20  
 Height -0.59*** -0.53*** -0.49*** 0.64*** -0.66*** 0.65*** 0.62***

* Significance at the 0.05 probability level 
** Significance at the 0.001 probability level 
*** Significance at the 0.0001 probability level 
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Table 4.  Correlation coefficients (r) for the relationship of cotton height and height-to-node ratio with single band digital counts 
and multiple-band indices from  color infrared images taken at the Washington site on 10 July, 18 July, and 2 August, 2005. 
 

Image Date Green  Red  NIR NDVI DVI OSAVI RVI 
Norm 
Green 

Norm 
Red 

Norm 
NIR 

July 10           
Height
 

 -0.15
 

         

          
         

    
         

          
          

          
     

         

          

-0.60***
 

0.72***
 

0.80***
 

0.80***
 

0.80***
 

0.80***
 

-0.46***
 

-0.77***
 

0.81***
 

HNR
 

-0.16 -0.47***
 

0.57*** 0.63*** 0.63*** 0.63*** 0.63*** -0.42** -0.60*** 0.65***

July 18 
 

    
Height
 

0.22 -0.35* 0.65*** 0.67*** 0.67*** 0.67*** 0.67*** -0.38** -0.63*** 0.68***

HNR
 

0.29* -0.39** 0.63*** 0.66*** 0.66*** 0.66*** 0.67*** -0.26 -0.65*** 0.64***

August 2 
 

   
Height
 

0.41**
 

-0.12
 

0.71***
 

0.75***
 

0.76***
 

0.75***
 

0.75***
 

-0.48***
 

-0.74***
 

0.74***
 

HNR 0.24* -0.15 0.44*** 0.51*** 0.51*** 0.51*** 0.51*** -0.26* -0.51*** 0.49***
* Significance at the 0.05 probability level 
** Significance at the 0.001 probability level 
*** Significance at the 0.0001 probability level 
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Table 5.  Correlation coefficients (r) for the relationship of cotton height and height-to-node ratio with single band digital counts 
and multiple-band indices from color infrared images taken at the Hyde 05 site on 10 July, 18 July, and 2 August, 2005. 
 

Image Date Green  Red  NIR NDVI DVI OSAVI RVI 
Norm 
Green 

Norm 
Red 

Norm 
NIR 

           
July 10 

 
          

          
         

           
         

     
         

         
          

         
     

         
         

           

Height
 

0.28* 0 0.55***
 

0.52*** 0.53*** 0.52*** 0.51*** -0.40** -0.44** 0.55***

HNR
 

0.15 0.04 0.47***
 

0.42** 0.43** 0.42** 0.42** -0.42** -0.33* 0.48***

July 18 
 

    
Height
 

0.55*** 0 0.83***
 

0.78*** 0.80*** 0.71*** 0.79*** -0.65*** -0.66*** 0.83***

HNR
 

0.55*** 0.07 0.75***
 

0.66*** 0.69*** 0.66*** 0.67*** -0.60*** -0.54*** 0.73***

August 2 
 

    
Height
 

-0.02 -0.03 0.54***
 

0.64*** 0.67*** 0.64*** 0.64*** -0.51*** -0.48*** 0.69***

HNR -0.10 -.009 0.39* 0.45** 0.47*** 0.45** 0.45** -0.46*** -0.29* 0.52***
* Significance at the 0.05 probability level 
** Significance at the 0.001 probability level 
*** Significance at the 0.0001 probability level  
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Table 6.  Correlation coefficients (r) and coefficients of determination (r2)  for cotton height as related to the Normalized NIR, 
Normalized Green, Normalized Red, and Normalized Difference Vegetation Indices across all image dates and locations. 
 
  Normalized NIR Normalized Green Normalized Red NDVI  
        

Location Date  r  r2 r
 

   
       

r2 r
 

r2 r
 

r2

F54    
        

          
        

          
         

          
         

          
       

          
      

      
           

     
           

  
           

20-Jun-97 0.9*** 0.81 -0.07 0 -0.9*** 0.81 0.91***
 

 0.83
 

F54 14-Jul-97 0.86*** 0.74 -0.88***
 

0.77 0.64* 0.41 0.43 0.18
 

F3 20-Jun-97 -0.3 0.09 0.78* 0.61 -0.68* 0.46 0.43 0.18
 

F3 14-Jul-97 0.45 0.21 -0.17 0.03 -0.06 0 0.25 0.06
 

Hyde 05 10-Jul-05 0.55*** 0.3 -0.40**
 

0.16 -0.44** 0.19 0.52***
 

0.27
 

Hyde 05 18-Jul-05 0.83*** 0.69 -0.65***
 

0.42 -0.66***
 

0.44 0.78***
 

0.61
 

Hyde 05  2-Aug-05 0.69*** 0.48 -0.51*** 
 

0.26 -0.48*** 
 

0.23 0.64*** 
 

0.41 
 

Washington
 

10-Jul-05 0.81*** 0.66 -0.46***
 

0.21 -0.77***
 

0.59 0.8***
 

0.64
 

Washington
 

18-Jul-05 0.68***
 

0.46 -0.38**
 

0.14
 

-0.63***
 

0.40
 

0.67*** 0.45
  

Washington 2-Aug-05 0.74*** 0.55 -0.48*** 0.23 -0.74*** 0.55 0.75*** 0.56
* Significance at the 0.05 probability level  
** Significance at the 0.001 probability level 
*** Significance at the 0.0001 probability level 
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Table 7.  Correlation coefficients (r) for the relationship of cotton height and height-to-node ratio with single band digital counts 
and multiple-band indices from all RGB images taken in 1997 and 1998. 
 
 Green  Red  Blue GDVI Norm Green Norm Red Norm Blue 
97 F54 June        
Height  
  

       
  

  
       

    
  

  
       

  
  

  
       

       
  

       
       

  
       

    
  

       
  

-0.89*** -0.87*** -0.87***
 

 0.56*
 

 -0.78**
 

 0.89***
 

 -0.59*
  

97 F54 July 
Height -0.9*** -0.89*** -0.85***

 
 0.67*

 
 -0.71*

 
 0.85***

 
 -0.43

  
97 F3 June 
Height 0.19 0.13 0.03 -0.43* 0.07 -0.14 0.01
HNR 0.38 0.33 0.29

 
 -0.33

 
 -0.17

 
 -0.33

 
 0.24

  
97 F3 July 
Height -0.57** -0.66*** -0.64*** -0.59** 0.61** -0.54*

 
 -0.43*

HNR -0.31 -0.33 -0.35
 

 -0.31
 

 0.28
 

-0.23
 

 -0.23
  

98 Bertie June 
 Height -0.76*** -0.69*** -0.72***

 
0.57***

 
-0.69***

 
0.78***

 
-0.26*

  
98 Bertie July 

 Height -0.59*** -0.53*** -0.49***
 

0.64***
 

-0.66***
 

0.65***
 

0.62***
  

98 Hyde July 9 
 Height -0.27 .03 .04

 
 0.4*

 
 -0.43*

 
.43*

 
0.49*

  
98 Hyde July 16 

 Height -0.38 -0.1 -0.11 0.48* -0.49* 0.47* 0.5*
* Significance at the 0.05 probability level 
** Significance at the 0.001 probability level  
*** Significance at the 0.0001 probability level
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ABSTRACT 

 The success of a cotton production system depends heavily upon the ability of a 

grower to balance the vegetative and reproductive production for the crop.  Plant growth 

regulators (PGR) have been widely documented to restrict vegetative growth and encourage 

reproductive growth in cotton production .  Because over- and under-application of plant 

growth regulators can adversely affect many facets of cotton production, the ability to apply 

these chemicals in varying rates at specific locations within a field could be very beneficial.  

The objectives of this study  were: i) to determine if the Modified Early Bloom strategy for 

recommending PGR was adequate for making application decisions in site-specific areas of a 

field, and ii) determine how variable-rate PGR applications based on site-specific crop 

scouting compare to uniform PGR applications based on scouting data taken throughout an 

entire field.   

Research was conducted at two separate field sites in 2005.  Two small-plot PGR 

response trials were established in two different growth areas within each field.  Each small-

plot used a split-plot design to test twelve separate PGR rates.  Uniform, variable-rate and 

untreated check plots were compared with the twelve PGR rates using a randomized block 

design.  Cotton was hand-picked from each plot and weighed to determine yield and gin 

turnout.  Samples were also tested for quality parameters.  Plant growth regulator rate effects 

were observed for cotton lint yield, seed yield, gin turnout, final plant height, micronaire, and 

fiber length.  However, responses to varying rates of PGR were similar across sites with the 

result that uniform and variable-rate treatments achieved similar yields across all field sites 

and experiments.   
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INTRODUCTION 
 
 

The use of plant growth regulators (PGR) on cotton (Gossypium hirsutum L.) has 

been widely documented as an effective means of restricting vegetative growth (Biles and 

Cothren, 2001; Kerby, 1985; York 1983a, 1983b).  Cotton in its native habitat is a perennial 

plant, continuing to produce vegetation while producing fruit.  Current production practices 

treat cotton as an annual.  This presents a wide range of problems for growers, including 

undesirable vegetative growth leading to loss of lint yield and quality.  In North Carolina, the 

growth regulator mepiquat chloride has been documented to effectively reduce many of these 

production problems by hastening maturity, reducing plant height, decreasing boll rot, 

facilitating insect management, and increasing yield (Edmisten, 2004). However, to achieve 

these benefits, the proper rate of PGR must be applied at the appropriate time based on 

current and projected rates of cotton growth.  Since the ability of the soil to supply water and 

nutrients to the plant is a major factor in cotton growth, it seems reasonable to expect that 

applications of PGR should be adjusted based on soil type.  Unfortunately, little has been 

done to examine optimum rates of PGR on different soil types.  Such information would be 

particularly useful in determining the value of varying PGR rates within individual fields. 

Cotton Growth and Development 

Because cotton is a perennial crop of indeterminate growth, managing the balance of 

vegetative and reproductive growth is one of the most important factors in producing a 

successful crop.  (McMichael, 1990; Silvertooth, et al. 1999).  The key is to set as many bolls 

as possible to produce maximum yields, while still developing enough vegetative growth to 

support the boll load (Silvertooth, et al. 1999).  Plant growth regulators can be quite effective 

in balancing plant vegetative and reproductive growth to optimize boll set and ultimately, lint 
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yield. When environmental conditions such as high moisture and N availability favor rapid 

vegetative growth, growth regulators have been found to produce significant beneficial 

responses in crop growth (Kerby, 1985).  Plant growth regulators such as mepiquat chloride 

function as gibberellin inhibitors, which limit cell expansion but not cell division (Carlson, 

1987).  This restriction of vegetative growth causes the plant to devote more carbohydrates 

into reproductive organs.  While yield response to mepiquat chloride has varied in production 

and field testing, it has been known to increase harvest efficiency by producing a more 

uniform crop at defoliation time (Landivar et al., 1999).   

Monitoring for PGR application should begin around the match head square stage and 

continue through late bloom (Stewart, 2005).  This encompasses most of the reproductive 

growth stages where PGR application may be necessary if vegetative growth continues at a 

high rate.  Fruiting of cotton generally begins at the fifth or sixth mainstem node, where 

pinhead squares will appear at the terminal of the plant (Stewart, 2005).  Several factors, 

including weather, insects, and N can affect the onset of fruiting.  Delayed fruiting on 

mainstem nodes above the sixth true leaf can be an indicator of rank growth.  If this occurs, 

scouting should be done to monitor fruit shed as an indicator of excessive vegetative growth 

(Edmisten, 2004).  Cotton height has also been found to be an accurate predictor of cotton 

growth status.  This, along with other growth parameters such as internode length, Average 

Length of Top Five Internodes (ALT5), and height-to-node ratio (HNR), have been used in 

scouting fields for PGR application (Landivar et al., 1999; Kirkpatrick, et al., 2005; Thurman 

and Heiniger 1998; Thurman and Heiniger 1999). 

Using the indicators of cotton growth just mentioned, a wide range of strategies for 

PGR application exist, with some confusion as to which is most effective.  The success of 
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any strategy depends first upon environmental conditions.  Drought and insect stress can 

make any application unnecessary, while excessive rainfall and high soil N levels can make 

PGR a very worthwhile investment (Edmisten, 2004).  The most widely used PGR 

application technique in the Southeast and Mid-south is the Early Bloom Strategy.  This 

involves an application of 586vto 1171 ml ha-1 of PGR at early bloom on cotton that is more 

than 61-cm tall when conditions are favorable for rank growth (adequate moisture, nutrients, 

heat units).  The 586 to 1171 ml ha-1 rate is also applied if the average cotton height is greater 

than 71 cm, regardless of whether or not early bloom has occurred yet.  Any cotton less than 

51-cm tall receives no treatment (Edmisten, 2004). 

The Low-Rate Multiple Application strategy was developed to take into account the 

possibility of drought occurring after an application at early bloom.  This technique involves 

three to four applications at very low rates throughout the growing season.  The first 

application of 146 to 293 ml ha-1 is made at match-head square and is followed by the same 

treatment at 7-14 day intervals when conditions are favorable for rank growth (Edmisten, 

2004). 

The Modified Early Bloom strategy takes into account a producer’s inability to cover 

all cotton acres in a timely fashion.  The Modified Early Bloom approach calls for multiple 

treatments to be made, starting 10 to 14 d before early bloom, at early bloom, and 10 to 14 d 

after early bloom.  Using this approach, rates are determined by plant parameters, such as 

height, HNR, and internode length (Edmisten, 2004).   

Cotton Response to Applications of PGR 

A wide variety of cotton responses to growth regulators has been documented.  

Briggs (1980) found significant yield increases for regulated compared to untreated cotton.  
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He also found significant height and internode length reductions in PGR-treated cotton.  

York (1983b) observed an increase in boll and seed weight in mepiquat chloride treated 

cotton.  He also found that final plant heights were significantly reduced, introducing the 

possibility of greater harvest efficiency.  York also documented variable yield responses to 

mepiquat chloride, with both significant increases and decreases depending on environmental 

conditions.  Kerby (1985) also found a wide range of responses to mepiquat chloride, 

ultimately concluding that plants with above normal final  

heights (>110 cm) show greater response to growth regulators.  Weir and Kerby (1988) 

found that cotton plants regulated to a final height of around 112 cm showed economical 

yield increases compared to taller plants.  Since this was a study of mepiquat chloride rates 

and timings, it was concluded that lower rates applied to short plants (91 cm) provided 

positive yield response.   

Because plant growth regulators are used to balance vegetative and reproductive 

growth, studies have been done to measure the physiological effect of PGR on cotton.  

Growth regulators have also been known to increase chlorophyll concentrations in cotton 

leaves. (Gausman et al., 1981).  Oosterhuis et al. (1998) found that growth regulators 

improved assimilate partitioning between vegetative and reproductive organs, with MepPlus 

(renamed Pix Plus in 1995) growth regulator significantly improving the dry weight of fruit 

as compared to unregulated cotton and increased average boll weights in plants treated with 

PGR.  Walter et al. (1980) found that mepiquat chloride not only increased boll weight, but 

also decreased leaf area and the dry weight of vegetative components.  Mepiquat chloride has 

also been found to improve cotton tolerance to high temperatures (Reddy et al., 1990).  This 
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study found that reduction of vegetative growth by mepiquat chloride, specifically main-stem 

elongation, becomes more significant as temperatures increase.  

In a study of the effect of PGR on flowering rate and yield, Biles and Cothren (2001) 

found that flowering is significantly increased in mepiquat chloride treated plants.  The 

authors concluded that the growth regulators caused the treated plants to retain more buds 

prior to the bloom period, which positively influenced flowering.  As a result of improved 

flowering, lint and seed cotton yields were also increased by 18 and 23% over untreated 

plants.   

The use of plant growth regulators has also been found to induce earliness in short-

season cotton production systems (Hoskinson et al. 1980).  This study found that maturity 

was significantly earlier in plants treated with mepiquat chloride.  Kerby (1985) also found 

that mepiquat chloride increased the number of open bolls near harvest time.  Mepiquat 

chloride was also found to induce earliness by causing plants to set significantly more bolls 

on the lower fruiting positions (Kerby et al., 1986).  Mepiquat chloride treated plants had 

more harvestable bolls on the lower positions, but fewer harvestable bolls on the upper 

positions.  They concluded that mepiquat chloride could be effective in short-season systems 

when non-rank conditions occurred, but in full season systems, yield could be significantly 

decreased by the lack of upper-position bolls.  Relationships have also been found between 

plant height and boll retention on the bottom five fruiting positions.  Munier et al. (1993) 

found that smaller plants retained more bolls on the lower fruiting positions than tall plants.   

In North Carolina, the typical growing season is too short to set bolls on the top fruiting 

branches.  As a result, mepiquat chloride treated cotton will often not form bolls on the 

highest fruiting branches (Edmisten, 2004).   
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Cotton Response to Variable-Rate PGR 

Growth variability in cotton is caused by many environmental conditions including 

soil type, fertility, moisture, and insect pressure (Thurman and Heiniger, 1999).  Due to the 

variability in these factors, the use of variable-rate applications of PGRs could result in 

increased yield.  However, because the yield response to PGR has been inconsistent (Kerby 

et al., 1986; Kerby, 1985; Briggs, 1981; Heilman, 1981; York, 1983a, 1983b) the impact of 

variable-rate applications of PGR on cotton growth and yield has been difficult to document 

(Bethel et al., 2003).  Instead, the key objective of variable rate PGR could be to achieve 

greater uniformity throughout the field to aid in defoliation and harvest efficiency (Landivar 

et al., 1999).   

The ability to quantify in-field variability using Geographic Information Systems, 

(GIS) Global Positioning Systems (GPS), and aerial imagery introduces the potential for 

greater overall efficiency in the application of PGR.  Because PGR use in cotton production 

does not always produce positive results (York, 1983a), treatments can also become 

detrimental to productivity.  The possibility of yield reduction is introduced when PGR is 

applied when biological and environmental conditions do not favor excessive (rank) growth 

(Edmisten, 2004). Therefore, variable-rate applications of PGR could be used to apply 

effective rates for reducing growth in areas of the field where rank growth is a problem, 

while avoiding applications to areas where rank growth is not occurring.   

The use of Variable Rate Technology (VRT) to apply growth regulators has been 

documented to decrease application costs while maintaining or increasing yields (Bethel et 

al., 2003).  Thurman and Heiniger (1999) found that PGR treatments based on soil 

characteristics resulted in significant yield increases in favorable growing conditions.  
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Landivar and et al. (1999) also concluded that variable-rate PGR applications can improve 

uniformity throughout the field, increase the efficiency of harvest aid chemicals, and improve 

picker efficiency.  

 In contrast to these studies showing positive effects from variable-rate applications of 

PGR, research done before the widespread use of precision farming technologies (GIS, GPS, 

VRT Controllers) showed yield decreases in variable-rate PGR treatments when compared to 

uniform applications (Munier et al., 1995, Munier et al., 1994, Munier et al., 1993).  

However, these authors suggested that more accurate placement of chemical had the potential 

to increase the effectiveness of variable-rate applications (Munier et al., 1993).  In a study 

conducted on cotton in a dryland system, Ribera and Landivar (1999) found no significant 

yield differences between variable-rate and uniform mepiquat chloride application.  

However, it was found that less PGR was used in the variable-rate application than in the 

uniform.   

Research has also been conducted using a wick delivery system for applying variable-

rate mepiquat chloride.  In a study comparing wick applications to conventional spray 

systems, Stewart et al. (2001) found no positive yield effects by using the wick system, but 

stated that PGR applications using a wick could be practical in highly variable fields where 

mepiquat chloride is applied only to the tallest plants, which could produce a more uniform 

field at the end of the growing season. 

Studies have been done in California and Mississippi to determine the viability of 

variable-rate mepiquat chloride treatments based upon both scouting and high resolution 

aerial imagery.  In a test comparing uniform applications, site-specific (100% or 0), and site-

specific variable rate, Bethel et al. (2003) found no significant differences in final plant 
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heights between treatments.  However, it was noted that the variable-rate treatment showed 

the least amount of variation among all treatments.  Yields between treatments were also 

analyzed and no statistical differences were found.  The authors observed that PGR generally 

did not influence yield in the growing conditions in which the study was conducted.   

In a study to evaluate variable-rate mepiquat chloride applications based on 

contrasting soil types, Thurman and Heiniger (1999) found that variable-rate treatments not 

only increased yields, but also resulted in final plant heights in a more ideal range (81-102 

cm.) than uniform rates.  This study analyzed cotton raised in both rapid and slow growth 

potential soils.  In a comparison between variable and uniform rates, cotton grown in the soil 

with greater growth potential was taller than ideal (117-152 cm.) when treated uniformly.  

Conversely, final plant heights of cotton in the soil with the lower growth potential were 

below the ideal range (81-102 cm.) when uniform PGR rates were applied.  Variable-rate 

mepiquat chloride applied to these fields based upon plant height, distance between fourth 

and fifth nodes from terminal, average length of top five internodes, height-to-node ratio and 

soil type resulted in more uniform final plant heights.   

In an analysis of yield and boll retention within the same study, variable-rate 

treatments on the rapid growth soil resulted in higher boll retention than uniform rates, 

demonstrating the need for height control in rapid growth situations (Thurman and Heiniger, 

1999).  Yield was also significantly increased in the rapid growth soil by variable rate 

applications.  However, PGR rates did not affect yield in the slow growth potential soil.  

Overall, the study showed a significant yield increase resulting from variable-rate mepiquat 

chloride applications when averaged over both soil types. 
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Because cotton response to PGR application is highly variable, it is difficult to 

prescribe effective PGR rates to specific areas of a field.  Thurman and Heiniger (1999) 

observed positive yield response to variable PGR applications based on soil growth potential 

in different areas of a field.  Thus, a key element for determining the value of variable-rate 

PGR applications is to document the optimum rate of PGR for different areas in the field.  

The objectives of this study  were i) to determine if the Modified Early Bloom strategy for 

PGR recommendations was adequate for making application decisions in site-specific areas 

of a field, and ii) determine how variable-rate PGR applications based on site-specific crop 

scouting compare in terms of lint yield and quality to uniform PGR applications based on 

scouting data taken throughout an entire field. 

MATERIALS AND METHODS 

 In 2005, cotton growth, yield and lint quality responses were studied in small plots at 

two separate locations within two fields (total of four sites) in the coastal plain region of 

North Carolina.  The first field (Washington) was located near Plymouth, NC.  The second 

field (Hyde) was located near Roper, NC.  Soil series at the sites included a Conaby muck 

(coarse-loamy, mixed, nonacid, thermic Histic Humaquepts) and an Arapahoe fine sandy 

loam (coarse-loamy, mixed, nonacid, thermic Typic Humaquepts) at the Washington site, 

and Wasada muck (fine-loamy, mixed, acid, thermic Histic Humaquepts), Yonges loam 

(fine-loamy, mixed, thermic Typic Endoaqualfs), Ponzer muck (loamy, mixed, dysic, thermic 

Terric Medisaprists), Portsmouth mucky sandy loam (fine-loamy over sandy or sandy-

skeletal, mixed, thermic Typic Umbraquults), Pettigrew muck (fine, mixed, nonacid, thermic 

Histic Humaquepts), Conaby muck (coarse-loamy, mixed, nonacid, thermic Histic 
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Humaquepts), and Argent loam (fine, mixed, thermic Typic Endoaqualfs) at the Hyde 

location.   

At both fields, plots were placed according to soil series delineations obtained from 

the NRCS soil database and visual interpretation of color infrared imagery of cotton grown 

on the fields in previous growing seasons.  Placement was done by locating a plot in each of 

the two most prevalent soil types of the field, while ensuring that a plot was placed in both 

high and low growth potential areas based on visual interpretation of aerial imagery.  At the 

Washington site, Experiment 1 was placed in an area of Arapahoe fine sandy loam, where 

cotton growth analyzed from the aerial imagery appeared to be minimal.  Experiment 2 was 

located in a high growth potential area of Conaby muck soil type.  At the Hyde location, 

Experiment 1 was placed in an area of Wasada muck soil, where cotton growth potential was 

determined to be low based on visual interpretation of imagery taken during the previous 

growing season.    Experiment 2 was placed in an area of Yonges loam that demonstrated 

high growth potential. 

 At all four locations, a split-plot design with four replications, five PGR rate 

treatments, and three application timings was used.  Treatments included an untreated check, 

single applications of  292, 584, 876, and 1,168 ml ha-1, two applications of 292, 584, 876, 

and 1,168 ml ha-1, and three applications of 292, 584, 876, and 1,168 ml ha-1.  Uniform, 

variable-rate, and untreated check plots were analyzed with the previous treatments in a 

randomized block design.  The uniform treatment consisted of three applications made 

throughout the season, with rates derived from averages of plant parameters measured in a 

grid sampling scheme (see below), while the variable-rate treatment consisted of three 

applications made throughout the season with rates calculated based on the average of plant 
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parameters measured from the variable-rate plots within each location at the time of 

application, with the same rate applied to all four replications. 

To acquire uniform PGR application recommendations, both fields were scouted on 

0.75-ha grids beginning in late June and continuing on a weekly basis throughout the 

growing season.  81 and 72 sample sites were selected at the Washington and Hyde sites, 

respectively.  Mapping was done using Farm Site Mate (Farm Works Software, Hamilton, 

IN) installed onto handheld personal digital assistants connected to differential global 

positioning systems (DGPS).  Plant height, number of nodes, first fruiting node, number of 

fruiting nodes, internode length, and HNR were all recorded from one representative plant 

located at the center point of each grid.  Rate recommendations for the uniform and variable-

rate treatments were made based on the Modified Early Bloom strategy described in the 

North Carolina Cotton Information publication (Edmisten, 2004).   

At the Washington site, cotton was planted in 96.52-cm rows.  Due to differences in 

the width of the area in which the plots were located, Experiment 1 consisted of two rows per 

plot, while Experiment 2 contained three rows per treatment.  The Hyde field was planted in 

76.2-cm rows.  At the Hyde field both experiments consisted of four rows per plot.  All 

experiments were 24.38-m long, with each of the four replications being 6.10-m long.   

Mepiquat chloride treatments were made using Pix Plus Plant Growth Regulator 

(4.2% N,N-dimethylpiperidinium chloride) (BASF Corp.).  A CO2 pressurized backpack 

sprayer was used to apply all treatments.  The spray boom was configured with one nozzle 

per row centered over the row.  The sprayer was calibrated to deliver 140 L ha-1 at a walking 

speed of 4.3 km hr-1.   
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 The PGR application timing was determined by monitoring plant growth stage and 

weather conditions..  At the Washington site, the first application was made on 7 July.  For 

Experiment 1, the uniform rate calculated from a field-wide average of plant parameters was 

584 ml ha-1.  The variable-rate treatment rate derived from an average of plant parameters 

measured from within the variable-rate treatment plots from each replication was 438 ml ha-1.  

Due to the increased rate of cotton growth on the more favorable soil, the variable-rate 

treatment for Experiment 2 was 731 ml ha-1.  The second application at the Washington 

location was made on 15 July.  The uniform treatment of PGR at this date was 657 ml ha-1.  

The variable-rate treatments in both Experiments were treated with 657 ml ha-1 of PGR.  The 

final PGR application at the Washington location was made on 27 July.  Variable-rate 

treatments and the uniform treatments at both Experiments were 1168 ml ha-1 of PGR.   

 The first application of PGR at the Hyde location was made on 14 and 15 July. with 

584 ml ha-1 of PGR applied to the uniform treatments and 584 ml ha-1 and 877 ml ha-1 of 

PGR applied to the variable-rate treatments in Experiments 1 and 2, respectively.  The 

second application of PGR at the Hyde location was made on 26 July.  The uniform 

application rate was 877 ml ha-1 of PGR and the variable-rate PGR treatment for both 

Experiments was 1,169 ml ha-1.  The final application was made at the Hyde location on 2 

August.  Vegetative growth was nearly completed, as average plant heights measured across 

the field prior to application had not changed significantly from measurements taken on 26 

July.  Consequently, the uniform rate was determined to be 0 ml ha-1.  However, there were 

changes in plant measurements in the variable-rate treatment plots that resulted in the 

application of 877 and 584 ml ha-1 of PGR applied in Experiments 1 and 2, respectively   
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 To measure crop response to PGR, plant parameters were measured within the plots 

at three different occasions throughout the growing season.  Parameters recorded included 

height, total nodes, first fruiting node, number of fruiting nodes, and HNR.  Internode length 

was also measured at all plots on the second and third scouting dates.  At the Washington 

field, measurements were taken from Experiment 1 on 20 June, 28 July, and 8 August.  

Experiment 2 data were collected on 22 June, 28 July, and 8 August.  Data for both 

Experiments 1 and 2 were taken at the Hyde location on 22 June, 28 July, and 5 August.  

These sampling dates were selected so that the plant measurements were made less than a 

week after PGR applications were completed.  This provided the opportunity to study the 

response of specific plant parameters to PGR.   

 At maturity the individual plots were harvested by hand-picking a 3-m section of a 

single row. Picked cotton was weighed to determine seed cotton yield and then ginned and 

reweighed to determine lint yield and percent gin turnout.  High Volume Instrument (HVI) 

analysis was done to determine micronaire, length, strength, length uniformity, color, and 

trash content.  All data were analyzed using PROC MIXED in SAS (SAS Institute, Cary, 

NC) with location, PGR rate, timing and their interactions designated as fixed effects and 

replication and all replication interactions designated as random effects.  Means were 

separated using a protected LSD at 0.10 level of significance.  All data were first analyzed by 

combining the data across experiments and locations and then were analyzed separately by 

each experiment.    Because uniform and variable-rate treatments did not have a timing 

aspect, data were analyzed separately as a randomized complete block using the Mixed 

Procedure in SAS (SAS Institute, Cary, NC) with both treatment and replication considered 
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fixed effects.  Means were separated by using a protected LSD at either the 0.05 or 0.10 

levels of significance. 

RESULTS AND DISCUSSION 

Lint Yield 

When analyzed over all sites and experiments, at and LSD of 0.1 a significant PGR 

rate main effect was observed for lint yield (Table 1).  While no significant yield differences 

were observed between plots treated with PGR; all PGR treated plots showed significantly 

greater yields than the untreated check plots regardless of application timing (Table 2).  The 

combination of two separate treatments of 1168.82 ml ha-1 resulted numerically in the highest 

lint yield (Figure 1).  However, similar yield results were also achieved by making three 

applications of 876.62 ml ha-1. While these yield differences were not statistically significant 

due to the lack of a timing by rate interaction, a general trend was observed relating higher 

yields to an increase in the amount of PGR applied.  This indicates that maximum yields 

were achieved with two or more applications of PGR.  When analyzed over all sites and 

experiments, lint yields for the variable-rate treated plots were numerically lower than the 

uniform plots, as well as the optimum rate of two treatments of 1168.82 ml ha-1.  However, 

none of these differences were statistically significant. 

To better understand the impact of the selected rates for variable-rate or uniform 

applications at each location we examined the lint yield response to PGR applications at each 

location. At Washington 1, a trend was observed suggesting that a single PGR application of 

876.62 ml ha-1 could achieve similar results when compared to all other rates made at any of 

the three applications (Figure 2).  The maximum lint yield at this location was achieved with 

two treatments of 1168.82 ml ha-1.  However, this yield was not statistically greater than 
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yields observed in any other plots (Table 3).  Lint yields for the variable-rate plots were 

numerically lower than the maximum yield, as well as yields from the uniformly treated 

plots. At this experiment, the variable-rate treatment received applications of 438.31 ml ha-1, 

657.46 ml ha-1, and 1168.82 ml ha-1, for a total of 2264.59 ml ha-1.  Total PGR applied was 

slightly lower for the uniform treatments.  Uniform plots were treated with 584.41 ml ha-1, 

657.43 ml ha-1, and 1168.82 ml ha-1 of PGR, for a total of 2410.7 ml ha-1.    

At the Washington 2 experiment, no noticeable trends were observed in the response 

of lint yield to PGR application.  Plots treated with a single application of 584.41 ml ha-1 

resulted in the highest lint yields (Table 3).  Lint yields from the variable-rate plots were 

again lower than those from the uniform plots and the maximum yield plots, but differences 

were not significant (Figure 2). At this experiment, the variable-rate treatment received 

applications of 730.51 ml ha-1, 657.46 ml ha-1, and 1168.82 ml ha-1, for a total of 2556.8 ml 

ha-1.  Total PGR applied was lower for the uniform treatments.  Uniform plots were treated 

with 584.41 ml ha-1, 657.43 ml ha-1, and 1168.82 ml ha-1 of PGR, for a total of 2410.7 ml ha-

1.    

At the Hyde 1 experiment, significant differences were observed between several 

different treatments at LSD = 0.1.  Plots treated with two applications of 1168.82 ml ha-1 

showed the highest lint yield.  These yields were significantly higher than yields from plots 

treated with single applications of 292.21 ml ha-1, 876.62 ml ha-1, and 1168.82 ml ha-1, or 

with three applications of 292.21 ml ha-1 and 1168.82 ml ha-1 (Table 3).  Plots treated with 

two applications of 1168.82 ml ha-1 also yielded significantly more than the uniform 

treatment plots.  Variable-rate plots yielded slightly higher than uniform plots, but somewhat 

lower than plots treated with the optimum rate of two applications of 1168.82 ml ha-1.  
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However, these differences were not statistically significant (Figure 3).  At this experiment, 

the variable-rate treatment received applications of 584.41 ml ha-1, 1168.82 ml ha-1, and 

876.62 ml ha-1, for a total of 2629.85 ml ha-1.  Total applied PGR was considerably lower for 

the uniform treatments.  Uniform plots were treated with 584.41 ml ha-1, 876.62 ml ha-1, and 

0 ml ha-1 of PGR, for a total of 1461.01 ml ha-1.  The decreased lint yields in the uniform 

plots could be attributed to an under-application of PGR, as total PGR applied to the uniform 

treatments was considerably lower than total PGR applied to the maximum treatment. Figure 

3 demonstrates that a third PGR application would not have been necessary at the Hyde 1 

experiment.  The general trend indicates that two applications of PGR would result in very 

similar yields regardless of application rate.   

At the Hyde 2 experiment, plots treated with three applications of 876.62 ml ha-1 

showed the highest lint yield (Figure 3).  This yield was significantly higher than yields 

observed on all plots with the exception of those treated with two and three applications of 

292.21 ml ha-1, two and three applications of 1168.82 ml ha-1, and the uniform application 

treatment (Table 3).  Yields from the variable-rate plots were considerably lower than those 

from the uniform plots.  However, this difference was not statistically significant.  In this 

experiment, the variable-rate treatment received applications of 876.62 ml ha-1, 1168.82 ml 

ha-1, and 876.62 ml ha-1, for a total of 2629.85 ml ha-1.  Total applied PGR was considerably 

lower for the uniform treatments.  Uniform plots were treated with 584.41 ml ha-1, 876.62 ml 

ha-1, and 0 ml ha-1 of PGR, for a total of 1461.01 ml ha-1.   

Seed Yield 

When analyzed over all sites and experiments, PGR rate (p< 0.01) and application 

timing (p< 0.05) main effects were observed (Table 1).  Plots treated with 1168.82 ml ha-1 of 
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PGR showed significantly higher seed yields than the untreated check and those treated with 

584.41 ml ha-1 (Table 4).  The timing main effect indicates that seed yields were significantly 

higher in plots treated with two and three applications of PGR than seed yields from plots 

treated with one application of PGR.  Although no PGR rate by application timing interaction 

was observed, it should be noted that the numerically highest yields were observed in plots 

treated with two applications of 1168.82 ml ha-1 (Figure 4). When analyzed over all sites and 

experiments, seed yields were slightly greater in plots treated with uniform applications of 

PGR than those treated with variable-rate applications (data not shown).   However, these 

differences were not statistically significant.  It should be noted that both of these treatments 

yielded only slightly less than those treated with the optimum rates of PGR.   

Final Plant Height 

As expected, higher rates of PGR significantly reduced final plant heights.  Although 

there was no PGR rate by application timing interaction (Table 1), there were significant 

application timing and PGR rate main effects for final plant height. In addition there was an 

obvious trend between final plant height and total PGR applied (Figure 5).  All treatments 

with the exception of a single application of 292.21 ml ha-1, two applications of 292.21 ml 

ha-1, three applications of 1168.82 ml ha-1, and the untreated check resulted in final plant 

heights within the ideal range of 90 to 110 cm described by Kerby (1985).  Final plant 

heights for the untreated check plots were significantly greater than final plant heights in all 

PGR-treated plots (Table 5).  Final plant heights in plots treated with 1168.82 ml ha-1 were 

significantly shorter than all treatments except for the 876.62 ml ha-1 rate.  The application 

timing main effect demonstrated the necessity of conducting more than one PGR application.  

Final height for plots treated with only one PGR application were significantly taller than 
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plant height in plots treated with two and three PGR applications.  Furthermore, plant height 

for plots treated with a single application of PGR were above the ideal final plant height 

range described by Kerby (1985), while plant heights for the plots treated with two and three 

PGR applications were within the optimum range.   

At the Washington 1 experiment, significant differences in final plant heights were 

observed (Table 6).  Because the location of the experimental site was in a characteristically 

slow growing area, average plant heights in all treatments with the exception of the untreated 

check plot and those treated with one, two, and three applications of 292.21 ml ha-1 were 

below Kerby’s suggested range of final plant height.  It is evident in Figure 6 that PGR 

application was not necessary to achieve desirable final plant height at this experimental site.  

Due to the nature of this experimental site, final heights for both the uniform and variable-

rate treatment plots were below the ideal range.   

Differences in final height were significant at the Washington 2 site (Table 6).  As 

expected, final height in the untreated check plots was significantly greater than in all other 

treatments.  All other plots, with the exception of the variable-rate, one application of 292.21 

ml ha, three applications of 876.62 ml ha, and two and three applications of 1168.82 ml ha 

were within ideal final height range specified by Kerby (1985).  Due to more favorable 

growing conditions at this experiment, plant heights from most treatments were within the 

optimum range (Fig. 6).  Final plant heights for both uniform and variable-rate plots were at 

the low end of the ideal range for plant height.  Final height for the variable-rate plots was 

slightly lower than that in the uniform plots.  However, these differences were not 

significant.   
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Final plant heights at the Hyde 1 site were also significantly different (Table 6).  

Plants in the untreated check plots were taller than any of those treated with PGR with the 

exception of a single rate of 292 ml ha-1 and a single rate of 876 ml ha-1.  Average plant 

heights in the variable-rate plots were approximately five cm shorter than those in the 

uniformly treated plots, which were near the highest end of Kerby’s (1985) range of final 

height (107 cm).  The variable rate plots received three treatments (584.41 ml ha-1, 1168.82 

ml ha-1, and 876.62 ml ha-1), while the uniform plots only received two (584.41 ml ha-1, 

876.62 ml ha-1).  However, the variable rate plots only yielded 12 kg ha-1 higher than the 

uniform plots.  In this case, the additional yield realized in the variable-rate areas may not 

have been large enough to justify the higher rates of PGR applied.  A similar trend to those 

observed at the Washington experiments was observed at the Hyde 1 experiment (Figure 7).   

At the Hyde 2 experiment, the trend in plant height response to PGR application was 

very similar to the trend observed at the Hyde 1 experiment (Figure 7).  The third 

applications appears to have effectively altered plant height when compared to the single or 

double application treatments (Table 6).   

Gin Turnout 

When analyzed over all sites and experiments, a PGR rate by application timing 

interaction was observed for gin turnout (Table 1).  Turnout for the untreated check plots was 

significantly higher than all of the two and three application treatments, with the exception of 

two treatments of 292.21 ml ha-1 (Table 7).  PGR rate and application timing main effects 

were also observed.  The trend in Figure 8 indicates that higher volumes of PGR applied 

decrease gin turnout percentage particularly when two or more applications are made.   

Lint Quality 
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Quality parameters such as staple length, fiber strength, and micronaire were less 

responsive to varying PGR rates and application timings.  Although a PGR rate main effect 

was observed for micronaire (Table 8), values for all rates were within the same market value 

grade range (Ramey, 1999).  A PGR rate main effect was observed for fiber length (Table 8).  

Micronaire values were numerically higher in the uniform treatments when compared to the 

variable-rate plots.  However, these differences were not statistically significant (Table 9).  

The trend indicated that one or two PGR applications with relatively low rates of PGR 

applied would result in the most ideal micronaire values (Figure 9).  Similar results could be 

attained through three applications, but at a greater cost.   Fiber strength values were also 

slightly higher in the uniform treatments than in the variable-rate plots.  However, both 

values were in the same class range (Ramey, 1999) and the difference was not statistically 

significant (Figure 10).  Fiber lengths in both uniform and variable-rate plots were nearly 

identical, and the difference between the two was not statistically significant (Table 9).     

In general, plots treated with PGR yielded longer fiber than the untreated check plots.  

Although there was not a PGR rate by application timing interaction for fiber length, a 

general trend was observed suggesting that higher volumes of PGR did result in greater fiber 

lengths (Figure 11).  An application timing main effect was observed for fiber strength.  

Although fiber strength for plots treated with one application were statistically greater than 

those treated with two and three applications (Table 10), all values were within the same 

class range (Ramey, 1999).     

CONCLUSIONS 

The first objective of this study was to determine if the Modified Early Bloom 

strategy for PGR recommendations was adequate for making application decisions in site-
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specific areas of a field.  At two field sites and four experiments, cotton response to different 

rates of PGR varied widely.  Overall, there was PGR rate main effect on cotton lint yield, 

seed yield, gin turnout, final plant height, micronaire, and fiber length (Tables 1 and 8).  In 

general, a single application of even a small rate of PGR was enough to increase lint yield, 

control plant height, and improve lint quality at most of the sites. The Modified Early Bloom 

strategy used to make the variable-rate applications tended to always over estimate the 

amount of PGR needed and to recommend multiple applications when no further applications 

were needed.  Based on these results we conclude that current application strategies are too 

crude to be useful for making precise, site-specific recommendations.   

The second objective of this study was to determine how variable-rate PGR 

applications based on site-specific crop scouting compare to uniform PGR applications made 

based on scouting data taken throughout an entire field.  Significant differences between 

variable-rate and uniform PGR applications very seldom occurred in this study.  Figures 1-11 

demonstrate the minute differences that existed between uniform and variable-rate PGR 

applications.  When lint yield data were analyzed separately for each experiment, no 

significant differences were observed between uniform and variable-rate treatments (Table 

3).  This same observation can be made for seed cotton yield, final plant height, and gin 

turnout.  The large amounts of PGR applied based on the Modified Early Bloom Strategy 

effectively eliminated the possibility of finding yield or quality differences between the 

uniform and variable-rate application.   

As for the yield or quality responses to changing rates of PGR at the different sites, a 

PGR rate by application timing interaction was observed only for gin turnout (Table 1).  This 

demonstrates that variability in cotton growth among field sites often can be addressed with 
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similar applications of PGR.  The lack of consistent plant responses to PGR resulted in 

difficulty in measuring significant differences in lint yield. Because cotton growth responds 

to environmental conditions such as temperature, moisture, soil type, and insect and weed 

pressure, response to PGR application is often difficult to measure.  Small differences in lint 

yield or quality among sites did exist but these differences were negated by the large 

variability in the data. 

 Because lint yield response to  VRT PGR has been generally mixed.  It is possible 

that the aim of a site-specific PGR system should focus on field-wide uniformity at harvest 

time.  This may be more important to growers due to the possibility of more efficient 

defoliation and harvesting.    

Some of the difficulty in measuring cotton response to PGR in this study could be 

attributed to the inability of the experimental design to capture cotton growth, yield, and 

quality response.  Further research using the same split plot experimental design should 

include considerably more replications to explain some of the variability within each plot.  

Further research is necessary to determine a PGR rate recommendation system 

designed for site-specific management.  This system may include the ability to judge cotton 

growth for more precise rate recommendations.  A true site-specific PGR system could 

include soil type, fertility, previous production, grower knowledge, moisture, and 

temperature as possible factors in determining PGR rates and application areas. 

 
 
 
 
 
 
 
 

 62



REFERENCES 
 

Bethel, M., Gress, T., White, S., Johnson, J., Sheely, T., Roberts, B., Paggi, M., and 
Groenenberg, N.  2003.  Image-based, variable rate plant growth regulator application 
in cotton at Sheely Farms in California.  p. 1755-1766.  In D.A. Richter (ed.) 2003 
Proc. Beltwide Cotton Conf., Nashville, TN.  6-10 Jan. 2003.  Natl. Cotton Council of 
Am., Memphis, TN. 

 
Biles, S.P., and J.T. Cothren.  2001.  Flowering and yield response of cotton to application of 

mepiquat chloride and PGR-IV.  Crop Sci.  41:1834-1837.   
 
Briggs, R.E.  1980.  Effect of the plant growth regulator Pix on cotton in Arizona.  p. 32.  In 

J.M. Brown (ed.) Proc. Beltwide Cotton Production Res. Conf., St. Louis, MO.  6-10 
Jan. 1980.  National Cotton Council of America, Memphis, TN. 

 
Briggs, R.E.  1981.  Varietal response to PixTM cotton in Arizona.  p. 47  In J.M. Brown (ed.) 

Proc. Beltwide Cotton Production Res. Conf., New Orleans, LA.  4-8 Jan. 1981.  
National Cotton Council of America, Memphis, TN. 

 
Edmisten, K.L.  2004.  Suggestions for growth regulator use.  In Cotton Information Book.  

North Carolina Cooperative Extension Service, North Carolina State University, 
Publication No. AG-417, pp. 56-62. 

 
Gausman, H.W., M.D. Heilman, D.W. Fryrear, and F.R. Rittig.  1981.  Delay of senescence 

and wind tunnel sand damage of cotton plants by mepiquat chloride.  p. 46  In J.M. 
Brown (ed.) Proc. Beltwide Cotton Production Res. Conf., New Orleans, LA.  4-8 
Jan. 1981.  National Cotton Council of America, Memphis, TN. 

 
Heilman, M.D.  1981.  Interactions of nitrogen with PixTM on the growth and yield of cotton.  

p. 47  In J.M. Brown (ed.) Proc. Beltwide Cotton Production Res. Conf., New 
Orleans, LA.  4-8 Jan. 1981.  National Cotton Council of America, Memphis, TN. 

 
Hoskinson, P.E., W.A. Krueger, T.C. McCutchen, J. Connell, and M. Smith. 1980.  Effects 

of PixTM on cotton in Tennessee.  p. 81.  In J.M. Brown (ed.) Proc. Beltwide Cotton 
Production Res. Conf., St. Louis, MO.  6-10 Jan. 1980.  National Cotton Council of 
America, Memphis, TN. 

 
Kerby, T.A.  1985.  Cotton response to mepiquat chloride.  Agron. J.  77:515-518.  
 
Kerby, T.A., K. Hake and M. Keeley.  1986.  Cotton fruiting modification with mepiquat 

chloride.  Agron J. 78:907-912. 
 
Kirkpatrick, M.T., J.J. Walton, D.M. Dodds, D.B. Reynolds, and C.G. O’Hara.  2005.  Site-

specific plant growth regulator applications based on aerial imagery.  P. 2950.  In 
D.A. Richter (ed.) 2005 Proc. Beltwide Cotton Conf., New Orleans, LA.  4-7 Jan. 
2005.  Natl. Cotton Council of Am., Memphis, TN. 

 63



 64

 
Landivar, J.A., S. Searcy, and J. Stewart.  1999.  A variable-rate chemical application system 

for cotton production in south Texas.  p. 581-583.  In C.P. Dugger and D.A. Richter 
(ed.) 1999 Proc. Beltwide Cotton Conf., Orlando, FL.  3-7 Jan. 1999.  Natl. Cotton 
Council of Am., Memphis, TN. 

 
McMichael, B.L.  1990.  Root shoot relationship in cotton.  p. 232-251.  In J.E. Box (ed.).  

Rhizosphere dynamics.  Westview Press, Boulder, CO. 
 
Munier, D.J., B.L. Weir, and S.D. Wright.  1993.  Applying PixTM at variable rates when 

plant height varies in a cotton field.  p. 1208-1209.  In C.P. Dugger and D.A. Richter 
(eds.) Proc. Beltwide Cotton Conf., New Orleans, LA.  10-14 Jan. 1993.  National 
Cotton Council of America, Memphis, TN. 

 
Munier, D.J., S.D. Wright, and B.L. Weir.  1994.  A two-year summary of applying PixTM at 

variable rates when plant height varies in a cotton field.  p. 1257-1258.  In C.P. 
Dugger and D.A. Richter (eds.) Proc. Beltwide Cotton Conf., San Diego, CA.  5-8 
Jan. 1994.  National Cotton Council of America, Memphis, TN. 

 
Munier, D.J., S.D. Wright, and B.L. Weir.  1995.  A three-year summary of applying PixTM 

at variable rates when plant height varies in a cotton field.  p. 1085-1086.  In C.P. 
Dugger and D.A. Richter (eds.) Proc. Beltwide Cotton Conf., San Antonio, TX.  4-7 
Jan. 1995.  National Cotton Council of America, Memphis, TN.   

  
Oosterhuis, D., D. Zhao, and B. Murphy.  1998.  Physiological and yield responses of cotton 

to MepPlusTM and mepiquat chloride.  p. 1422-1425.  In C.P. Dugger and D.A. 
Richter (ed.) 1998 Proc. Beltwide Cotton Conf., San Diego, CA.  5-9 Jan. 1998.  Natl. 
Cotton Council of Am., Memphis, TN. 

  
Ramey, H.H. Jr.  1999.  Classing of Fiber.  In C.W. Smith and J.T. Cothren (eds.)  Cotton 

origin, history, technology, and production.  John Wiley & Sons, Inc. New York, NY, 
pp. 709-727. 

 
Reddy, V.R., D.N. Baker, and H.F. Hodges.  1990.  Temperature and mepiquat chloride 

effects on cotton canopy architecture.  Agron. J.  82:190-195. 
 
Ribera, L.A., and J.A. Landivar.  1999.  Economic feasibility of variable rate application 

systems for cotton.  p. 247-248.  In C.P. Dugger and D.A. Richter (eds.) Proc. 
Beltwide Cotton Conf., Orlando, FL, 3-7 Jan. 1999.  National Cotton Council of 
America, Memphis, TN. 

 
SAS Institute Inc.  2003.  SAS version 9.1.  SAS Institute Inc.  Cary, NC 
 
Silvertooth, J.C., K.L. Edmisten, and W.H. McCarty.  1999.  Production Practices.  In C.W. 

Smith and J.T. Cothren (eds.)  Cotton origin, history, technology, and production.  
John Wiley & Sons, Inc. New York, NY, pp. 451-488. 



0

200

400

600

800

1000

1200

1400

1600

1800

2000

0 500 1000 1500 2000 2500 3000 3500 4000

Total PGR Applied (ml ha-1)

Li
nt

 Y
ie

ld
 (k

g 
ha

-1
)

Application 1
Application 2
Application 3
Variable-Rate
Uniform

 
 
Figure 1.  Lint yield versus total PGR applied across all sites and experiments for three separate application timings.  Included are 
average lint yields for variable-rate and uniform treatments across all sites and experiments.  (LSD p = 0.1).
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Figure 2.  Lint yield versus total PGR applied for three separate 
application timings at the Washington 1 and 2 experiments.  
Included are lint yields versus total PGR applied for the 
variable-rate and uniform treatments. 
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 Figure 3.  Lint yield versus total PGR applied for three 
separate application timings at the Hyde 1 and 2 experiments.  
Included are lint yields versus total PGR applied for the 
variable-rate and uniform treatments. 
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Figure 4.  Seed yield versus total PGR applied across all sites and experiments for three separate application timings.  Included are 
average seed yields for variable-rate and uniform treatments across all sites and experiments.  (LSD p = 0.1). 
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Figure 5.  Final plant height versus total PGR applied across all sites and experiments for three separate application timings.  
Included are average plant heights for variable-rate and uniform treatments across all sites and experiments.  (LSD p = 0.1). 
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Figure 6.  Final plant height versus total PGR applied for 
three separate application timings at the Washington 1 and 2 
experiments.  Included are final plant heights versus total 
PGR applied for the variable-rate and uniform treatments.  
Ideal final plant height range described by Kerby (1985).  
(LSD p = 0.05). 
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 Figure 7.  Final plant height versus total PGR applied for 
three separate application timings at the Hyde 1 and 2 
experiments.  Included are final plant heights versus total 
PGR applied for the variable-rate and uniform treatments.  
Ideal final plant height range described by Kerby (1985).  
(LSD p = 0.05). 
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Figure 8.  Gin turnout versus total PGR applied across all sites and experiments for three separate application timings.  Included 
are average gin turnout percentages for variable-rate and uniform treatments across all sites and experiments.  (LSD p = 0.1). 
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Figure 9.  Micronaire versus total PGR applied across all sites and experiments for three separate application timings.  Included 
are average micronaire readings for variable-rate and uniform treatments across all sites and experiments.  (LSD p = 0.1).
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Figure 10.  Fiber strength versus total PGR applied across all sites and experiments for three separate application timings.  
Included are average fiber strength readings for variable-rate and uniform treatments across all sites and experiments.  Fiber 
strength classifications are delineated on the right side of the chart.  (LSD p = 0.1).
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Figure 11.  Fiber length versus total PGR applied across all sites and experiments for three separate application timings.  Included 
are average fiber length readings for variable-rate and uniform treatments across all sites and experiments.  (LSD p = 0.1). 
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Table 1.  Analysis of variance for lint yield, seed yield, gin turnout, and final plant height across all sites and experiments.  (LSD p 
= 0.1). 
 

 
Lint 
Yield  

Seed 
Yield  Turnout  

Final 
Height  

         

Effect 
Num 
DF Pr > F 

 

Num 
DF 

 
Pr > F 

 
Num DF

 
Pr > F 

 
Num DF 

 
Pr > F 

   
Loc         3 <0.0001 3 <0.0001 3 <0.0001 3 <0.0001
Rep(Loc) 11 <0.0001 11 <0.0001 11   0.0006 11   0.0463 
Rate 4   0.0023 4 <0.0001 4 <0.0001 4 <0.0001 
Loc*Rate 12   0.1171 12 0.123 12   0.7286 12   0.2488 
Timing 2   0.2442 2   0.0743 2 <0.0001 2 <0.0001 
Rate*Timing 8   0.3771 8   0.2618 8   0.0608 8   0.3403 
Loc*Timing 6   0.9699 6   0.9893 6   0.6537 6   0.2138 
Loc*Rate*Timing 24   0.999 24   0.9989 24   0.9373 24   0.9279 
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Table 2.  Lint yield comparison for the PGR rate main effect observed across all sites and 
experiments.  Means followed by the same letter are not significantly different.  (LSD p = 
0.1). 
 
Rate (ml ha-1) Lint Yield (kg ha-1) 
  

1168.82 1560a 
876.62 1534a 
292.21 1521a 
584.41 1502a 

0 1390b 
  
 p = 0.0023 
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Table 3.  Lint yield response to varying PGR rates and timings analyzed by each separate experiment.  Means followed by the 
same letter are not significantly different, ns: not significant.  (LSD p = 0.1). 
 
 Washington 1  Washington 2  Hyde 1  Hyde 2  
         

Type 

 (ml ha-1) 
Total Applied 

(ml ha-1) 
Lint Yield 
(kg ha-1) 

Total Applied 
(ml ha-1) 

Lint Yield 
(kg ha-1) 

Total 
Applied 
(ml ha-1) 

Lint 
Yield 

(kg ha-1)

Total 
Applied (ml 

ha-1) 

Lint 
Yield 

(kg ha-1)
         

Check    

      
      

  

0 1651ns 1650.57 1911ns 3561.57 901de 4462.57 955bc
1x 292.21  292.21  2046ns 2339.19 1838ns 4177.19 953bcde 5130.19 888c 
1x 584.41  584.41  2228ns 2812.79 2213ns 5025.79 1016abc 6041.79 987bc 
1x 876.62  876.62  2331ns 3208.02 1886ns 5094.02 943cde 6037.02 944bc 
1x 1168.82  1168.82  2365ns 3533.82 1930ns 5463.82 875e 6338.82 875c 
2x 292.21 584.42  2130ns 2715.38 1847ns 4562.38 1054ab 5616.38 1053ab 
2x 584.41  1168.82  2279ns 3448.71 1864ns 5312.71 1021abc 6333.71 989bc 
2x 876.62  1753.24  2225ns 3978.26 2049ns 6027.26 994abcd 7021.26 1021b 
2x 1168.82  2337.64  2596ns 4933.31 1977ns 6910.31 1109a 8019.31 1039ab 
3x 292.21  876.63  2493ns 3369.28 1996ns 5365.28 999bcd 6364.28 1035ab 
3x 584.41  1753.23  2189ns 3942.42 1867ns 5809.42 1020abc 6829.42 966bc 
3x 876.62  2629.86  2392ns 5021.73 1947ns 6968.73 1048abc 8016.73 1144a 
3x 1168.82  3506.46  2279ns 5785.23 2091ns 7876.23 998bcd 8874.23 1036ab 
Uniform 2410.69  2399ns 4809.28 2085ns 6894.28 998bcd 7892.28 1052ab

 VRT 2264.59
 

 2312ns
 

4576.96
 

2046ns
 

6622.96
 

 1010abc
 

7632.96
 

986bc

  p = 0.42  p = 0.9  p = 0.09  p = 0.07 



 
Table 4.  Seed yield comparison for the PGR rate and application timing main effects 
observed across all sites and experiments.  Means followed by the same letter are not 
significantly different.  (LSD p = 0.1). 
 
Rate  Application  
    
Rate (ml ha-1) Seed Yield (kg ha-1) Application (Timing) Seed Yield (kg ha-1) 
    

1168.82 3462  a 3 3344a 
876.62 3374ab 2 3318a 
292.21 3311ab 1 3171b 
584.41 3275  b   

0 2967  b   
p = < 0.0001  p = 0.0743  
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Table 5.  Final plant height comparison for the PGR rate and application timing main effects 
observed across all sites and experiments.  Means followed by the same letter are not 
significantly different.  (LSD p = 0.1). 
 
Rate  Application  
    
Rate (ml ha-1) Final Height (cm) Application (Timing) Final Height (cm) 
    

0 123a 1 111a 
292.21 113b 2 105b 
584.41 101c 3 102b 
876.62 97cd   
1168.82 95d   

p = < 0.0001  p = < 0.0001  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 6.  Final plant height response to varying PGR rates and timings analyzed by each separate experiment.  Means followed by 
the same letter are not significantly different.  ns: not significant.   
 

 Washington 1  Washington 2  Hyde 1  Hyde 2  
         

Type 
(ml ha-1) 
 

Total Applied 
(ml ha-1) 

Final 
Height (cm) 

Total Applied 
(ml ha-1) 

Final Height 
(cm) 

Total 
Applied 
(ml ha-1) 

Final Height 
(cm) 

Total 
Applied 
(ml ha-1) Final Height (cm) 

        
Check         

 

0 108.6a 108.6 124.8a 233.4 135.6a 369 126.7ns
1x 292.21 292.21   103.2ab 395.41 110.2b 505.61 131.4ab 637.01          132.7ns 
1x 584.41 584.41      89.2bcd 673.61   104.5bc 778.11  122.6bcd 900.71   120.3ns 
1x 876.62 876.62   76.2d 952.82       97.8cde 1050.62  124.8abc 1175.42 90.8ns 
1x 1168.82 1168.82     82.6cd 1251.42        90.8defg 1342.22  114.9cde 1457.12   118.7ns 
2x 292.21 584.42      95.3abc 679.72   106.0bc 785.72  120.7bcd 906.42   120.0ns 
2x 584.41 1168.82    84.5cd 1253.32        95.6cdef 1348.92   105.4efgh 1454.32   111.8ns 
2x 876.62 1753.24    79.7cd 1832.94        91.8defg 1924.74   105.4efgh 2030.14   113.0ns 
2x 1168.82 2337.64   82.6cd 2420.24   85.1fg 2505.34 98.1gh 2603.44   102.9ns 
3x 292.21 876.63 101.9ab 978.53    101.3bcd 1079.83 111.8def 1191.63   114.3ns 
3x 584.41 1753.23   81.3cd 1834.53        91.6defg 1926.13 101.9fgh 2028.03   103.5ns 
3x 876.62 2629.86   82.0cd 2711.86    84.5fg 2796.36 102.6fgh 2898.96   102.2ns 
3x 1168.82 3506.46   83.2cd 3589.66   80.6g 3670.26     94.3h 3764.56     95.3ns 
Uniform 2410.69 77.5d 2488.19       91.8defg 2579.99   107.3efg 2687.29   105.1ns 
VRT 2264.59 

 
80.7d 

 
2345.29 

 
    88.3efg 

 
2433.59 

 
  102.2fgh 
 

2535.79 
 

   99.4ns 
 

  p = 0.003  p = 0.0001  p = 0.0001  p = 0.12 
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Table 7.  Gin turnout comparison for the PGR rate by application timing interaction observed across all sites and experiments.  
Means followed by the same letter are not significantly different.  (LSD p = 0.1). 
 
Rate (ml ha-1) Total PGR (ml ha-1) Application Gin Turnout (%) 

0 0 1        47.8192a 
292.21    

    

    
    

    

292.21 1  47.3991ab
584.41 584.41 1   47.2538abc 
876.62 876.62 1   47.1963abc 
1168.82 1168.82 1   47.2118abc 

0 0 2       47.8192a 
292.21 584.42 2   47.1553abc 
584.41 1168.82 2   46.6178bcd 
876.62 1753.24 2 46.1337de
1168.82 2337.64 2       45.1103f 

0 0 3       47.8192a 
292.21 876.63 3 46.3313de
584.41 1753.23 3 46.5875cd
876.62 2629.86 3       45.727ef 
1168.82 3506.46 3 45.8782def
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Table 8.  Analysis of variance for lint micronaire, fiber length, and fiber strength across all sites and experiments.  (LSD p = 0.1). 
 
 Micronaire     Length (UHM) Strength  

         
Effect Num DF Pr > F Effect 

 
Num DF Pr > F Effect 

 
Num DF Pr > F 

       
Loc       3 <0.0001 Loc 3 0.209 Loc 3 <0.0001
Rep(Loc) 11   0.0048 Rep(Loc) 11   0.0145 Rep(Loc) 11   0.0136 
Rate 4   0.0042 Rate 4   0.0321 Rate 4   0.1492 
Loc*Rate 12   0.1162 Loc*Rate 12 0.147 Loc*Rate 12 <0.0001 
Timing 2   0.5726 Timing 2   0.8519 Timing 2   0.0898 
Rate*Timing 8   0.7291 Rate*Timing 8 0.719 Rate*Timing 8   0.4648 
Loc*Timing 6   0.1829 Loc*Timing 6   0.0013 Loc*Timing 6   0.0002 
Loc*Rate*Timing 24   0.8281 Loc*Rate*Timing 24 0.397 Loc*Rate*Timing 24   0.5574 
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Table 9.  Treatment effect for fiber length, strength and micronaire analyzed over all sites and experiments.  Means followed by the 
same letter are not significantly different, ns: not significant  (LSD p = 0.1). 
 
Type Fiber Length (100ths) Fiber Strength Micronaire 
Check     1.1152ns  25.0896ns   4.4813ab 
1x 292.21 ml ha-1     1.1181ns       26.2563ns 4.2729d 
2x 292.21ml ha-1     1.1165ns  25.3333ns     4.3813bcd 
3x 292.21 ml ha-1     1.1245ns  25.5292ns   4.3188cd 
1x 584.41 ml ha-1     1.1269ns       25.775ns     4.3792bcd 
2x 584.41 ml ha-1     1.1217ns  25.7375ns   4.4792ab 
3x 584.41 ml ha-1     1.1196ns       24.8104ns   4.4854ab 
1x 876.62 ml ha-1     1.1271ns  25.7729ns 4.5125a 
2x 876.62 ml ha-1     1.1294ns  25.4083ns   4.425abc 
3x 876.62 ml ha-1   1.124ns  25.7146ns 4.5146a 
1x 1168.82 ml ha-1     1.1217ns  25.7833ns     4.4208abc 
2x 1168.82 ml ha-1   1.125ns  25.2813ns       4.3896abcd 
3x 1168.82 ml ha-1     1.1319ns       25.525ns    4.4563ab 
Uniform     1.1219ns  25.9208ns         4.5ab 
VRT     1.1244ns 

 
 25.8042ns 

 
   4.4833ab 

  
 p = 0.71 p = 0.39 p = 0.03 
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Table 10.  PGR application timing main effect observed for fiber strength shown across all sites and experiments.  No application 
timing main effects were observed for micronaire and fiber length.  Means followed by the same letter are not significantly 
different, ns: not significant.  (LSD p = 0.1). 
 
Micronaire  Fiber Length (UHM)  Fiber Strength  
      
Application (Timing) 
 

Micronaire Application (Timing) 
 

Length (100ths) 
 

Application (Timing) 
 

Strength
  

3      
      
      

  

4.45ns 3 1.1232ns 1 25.74a
2 4.43ns 1 1.1218ns 2 25.37b
1

 
4.41ns 2

 
1.1215ns

 
3

 
25.33b

p = 0.57  p = 0.85  p = 0.09  
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ABSTRACT 

The use of plant growth regulators (PGR) on cotton (Gossypium hirsutum L.) has 

been widely documented as an effective means of restricting vegetative growth.  The growth 

regulator mepiquat chloride has been documented to improve cotton production potential by 

slowing vegetative growth, hastening maturity, reducing plant height, decreasing boll rot, 

facilitating insect management, and increasing yield.  Because growing conditions in the 

cotton producing regions of the United States and even within a field can be quite variable, 

the ability to apply PGR in specific areas at optimal rates provides the potential for more 

efficient and effective chemical usage.  The objective of this study was to determine the 

economic feasibility of an image-based variable-rate PGR application system.  Research was 

conducted at a total of four site-years in 2003 and 2005.  In 2003, a strip-plot design was 

incorporated at both field locations.  Scouting was done in each plot to measure cotton 

growth parameters.  Aerial color infrared images were acquired to correspond with scouting 

dates.  Normalized difference vegetation index (NDVI) classes were then compared with the 

scouting data to determine optimum PGR rates for each plot.  In 2005, management zones 

were delineated using soil maps and an aerial near-infrared image taken early in the cotton 

growing season.  Zones of high and low growth potential were delineated based on soil type 

and visual interpretation of cotton growth from the image.  One replicated PGR response plot 

was placed in each of these zones to test cotton response to twelve different PGR rates, as 

well as a site-specific scouting-based variable rate treatment, a uniform treatment based on 

scouting data taken from throughout the field, and an untreated check treatment.  Cotton 

yields from each of these plots were extrapolated to the management zones to determine the 

economic return realized from the variable-rate, optimum rate, uniform, and untreated check 
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treatments.  The optimum variable-rate treatments resulted in greater profits than the standard 

variable-rate, uniform, and untreated check treatments.  In 2003, lint yields were increased in 

the variable-rate plots as compared to the uniform treatment areas.  This resulted in greater 

profit for the variable-rate areas regardless of the higher cost of the variable-rate system.  In 

2005, the optimum variable-rate zone based system increased yields, decreased PGR use, and 

increased profits over the uniform treatment system. 
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INTRODUCTION 

Few studies have been done to quantify the economic impact of a variable-rate 

application system for plant growth regulators in cotton production. Thurman and Heiniger 

(1998) and Bethel et al. (2003) have observed increased net returns in studies of variable-rate 

PGR.  However, because yield advantages provided by PGR applications are generally 

inconsistent, (Kerby et al., 1986, Kerby, 1985, Briggs, 1981, Heilman, 1981, York, 1983a, 

York, 1983b) consistent economic benefits from a variable-rate PGR application system may 

be difficult to attain.   

In a study of variable-rate PGR applications based on soil type and plant vigor, 

Thurman and Heiniger (1998) reported that yield increases observed from small plots in 

different locations within a field indicated that variable-rate PGR applications had the 

potential to increase yield in both growth-limiting and rapid-growth soils.  Net returns were 

notable, with variable-rate PGR management in the growth-limiting area increasing marginal 

returns by approximately $74 ha-1 more with variable-rate treatments than with uniform 

applications, and the rapid-growth area returning nearly $106 ha-1 more with variable-rate 

compared to uniform applications.  Although more product was used for the variable-rate 

treatments compared with the uniform treatments, the costs were offset by significant yield 

increases.  However, it should be noted that this economic analysis was computed with 

cotton prices at a relatively high $1.43 kg-1, which caused yield increases to have a greater 

impact on economic return than they would at lower prices.     

In an extensive study that included image-based variable-rate treatments as well as 

site specific PGR derived from field scouting data, Bethel et al. (2003) found very small 

differences in yield between variable-rate and uniform treatments.  When costs of imagery, 
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consultants and application were factored into the analysis, net returns from the scouting-

based variable-rate treatment increased by 19%.  Conversely, net returns were 27% lower for 

the image based treatments than uniform.  It should also be noted that this analysis was 

computed with a relatively high lint price of $1.67 kg-1.  Although overall economic returns 

were modest for this study, it was noted that as production area increases, overall PGR usage 

became considerably lower in both variable-rate treatment systems when compared to the 

standard uniform application. 

Not all variable-rate PGR systems have proven to be profitable.  Munier et al., (1993) 

noted that even in highly variable growing cotton fields, variable-rate applications based on 

plant height resulted in less yield than a uniform PGR treatment.  Ribera and Landivar (1999) 

studied a variable-rate PGR system based solely on cotton height measurements taken from 

scouting data.  The results of the test revealed no significant yield increases in the variable-

rate treatment areas and no significant differences in controlling vegetative growth during the 

season.  A slightly lower rate per acre was reported from the variable-rate treatment, but the 

savings in chemical cost was not enough to offset the higher cost of the variable-rate 

application.  The authors noted that this study was done in a dryland production system 

where vegetative growth is not a significant problem in most years.  Certainly, environmental 

conditions factor significantly into the variability in cotton growth and potential yield 

increase that could be obtained from the use of a PGR.  Therefore, it is not surprising that 

economic gain from the use of site-specific management practices could vary from one 

location to the next or from one growing season to the next.  

Given the results of Bethel et al. (2003), the objectives of this study were i) to 

determine the value of variable-rate PGR applications by examining cotton growth, yield, 
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and lint quality response to varying rates of PGR under different soil and environmental 

conditions, and ii) to compare economic returns of an image-based, variable-rate PGR 

application system to the returns from either a uniform application or from a variable-rate 

application using rates derived from on-site lint yield responses to PGR.   

MATERIALS AND METHODS 

To address the objectives of this study, research was conducted over two years (2003 

and 2005) on four fields in the coastal plain and tidewater regions of North Carolina.   

2003 Research Methods 

Two fields were selected in 2003. Field P1 was located near Plymouth, NC and P2 

near Lewiston.  These fields were used to test variable rate application of PGR with rates 

selected using aerial images in conjunction with ground truthing.   Field P1 covered 56.9 ha 

with soil series consisting of Wasada muck (fine-loamy, mixed, acid, thermic Histic 

Humaquepts) and Portsmouth mucky sandy loam (fine-loamy over sandy or sandy-skeletal, 

mixed, thermic Typic Umbraquults).  P2 covered 23.6 ha with soil series of Goldsboro sandy 

loam (fine-loamy, siliceous, thermic Aquic Paleudults) and Rains sandy loam (fine-loamy, 

siliceous, thermic Typic Paleaquults).  At both sites cotton was managed by the grower with 

the exception of the application of PGR..  Cotton was planted on 12 May at P1 and 17 May at 

P2 on 91.44-cm rows.  Variety DP3602 was planted at both sites.  Nitrogen was applied at 

the rate of 67 kg ha-1 at P1 and 45 kg ha-1 at P2, prior to the bloom stage.  Weed, insect, and 

disease pests were managed using standard cultural practices. 

Following planting, fields were divided into strips 40-rows (~37 m) wide running the 

length of the field.  Each alternating strip was designated to receive either a uniform or 

variable rate application of PGR.  Field scouting was initiated on 18 June and measurements 
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of plant height, height-to-node ratio (HNR), and maximum internode distance (MID) were 

taken weekly on transects running the length of each strip until the number of nodes above 

white flower (NAWF) was less than five.  This resulted in seven separate samples.  A final 

sample was taken on 10 September to determine the final plant height, HNR, and MID.   

Aerial photographs were taken on 29 June, 7 July, 15 July, and 28 July at both 

locations using infrared film from a height of approximately 853 m.  Photographic analysis 

was done using a positive false color slide.  Slides were digitized using a slide scanner 

(Konica Q-Scan, Konica Corp., Mahwah, NJ) and the software package Adobe Photoshop v. 

4.0 (Adobe Systems, Inc., San Jose, CA).  The size of the image was scanned with a 

resolution of 40 x 50 pixels per mm with each pixel representing an area of approximately 

0.067 m2 of ground area.   

The slides were digitized using settings based on the tone of the original image.  

Comparisons in all cases were limited to within a given photograph.  The digitized images 

were analyzed using ERDAS Imagine (Leica Geosystems, Atlanta, GA).  The film emulsions 

respond to light within the visible and near infrared (infrared film) regions of the 

electromagnetic spectrum.  Band 1 was set to red and covered the near infrared spectrum 

(720-800 nm).  The other two bands captured light from the green (band 3 – 500-578 nm) 

and red (band 2 – 620-700 nm) visible wavelengths.  The rectified images were then 

processed using the AG 20/20 extension in ArcView version 3.2 (ESRI, Atlanta, GA) to 

produce a seven-class Normalized Difference Vegetation Index (NDVI) image.   

This NDVI image was printed and taken to the field where the location for each 

NDVI class was identified and the rate of PGR determined for each NDVI class using the 

guidelines for the Modified Early Bloom Strategy described by Edmisten (2004).  These rates 
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were then marked on the maps and used as inputs in AG 20/20 to assign rates to  18.3- x 

18.3-m grid cells within each of the strips designated for the variable rate application 

treatment.  Grids were aligned with the direction of travel and width of the variable rate 

applicator (farmer design based on a Rawson variable rate injection control).  Rates were 

assigned to each grid cell based on the maximum NDVI class within the cell.  Uniform 

application treatments were determined using the same Modified Early Bloom Strategy by 

taking random plant measurements on ~0.405-ha grids across the field on the same day as the 

variable rates were determined. 

Cotton seed weight was determined by either a cotton yield monitor on the picker or 

by harvesting the cotton within each treatment strip into a cotton trailer and weighing the 

resulting seed cotton.  Samples taken from each strip were hand ginned to determine lint 

percentage, staple length, and micronaire.  Results were analyzed using PROC ANOVA in 

SAS version 9.1 (SAS Institute, Cary, NC).  In addition, a partial budget was developed to 

determine the economic return from each treatment.  For these budgets, lint value was set at 

$1.32 kg-1, PGR was priced at $9.23 l-1, application costs were assigned based on custom 

rates using $19.75 ha-1 for the uniform treatment and $29.63 ha-1 for the variable rate 

application treatment, and aerial images and processing costs were $17.28 ha-1.   

2005 Research Methods 

In 2005, research was conducted at two locations in the coastal plain region of North 

Carolina.  The first field, Washington was located near Plymouth, NC.  The second field, 

Hyde was located near Roper, NC.  Soils types at the sites included a Conaby muck (coarse-

loamy, mixed, nonacid, thermic Histic Humaquepts) and an Arapahoe fine sandy loam 

(coarse-loamy, mixed, nonacid, thermic Typic Humaquepts) at the Washington site, and 
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Wasada muck (fine-loamy, mixed, acid, thermic Histic Humaquepts), Yonges loam (fine-

loamy, mixed, thermic Typic Endoaqualfs), Ponzer muck (loamy, mixed, dysic, thermic 

Terric Medisaprists), Portsmouth mucky sandy loam (fine-loamy over sandy or sandy-

skeletal, mixed, thermic Typic Umbraquults), Pettigrew muck (fine, mixed, nonacid, thermic 

Histic Humaquepts), Conaby muck (coarse-loamy, mixed, nonacid, thermic Histic 

Humaquepts), and Argent loam (fine, mixed, thermic Typic Endoaqualfs) at the Hyde 

location. 

At both fields, replicated PGR response plots were placed according to soil type and 

visual interpretation of imagery taken in previous growing seasons of cotton growing in the 

fields.  Placement was done by locating plots in the two most prevalent soil types of the field, 

while ensuring that a plot was placed in both high- and low-growth potential areas based 

upon visual interpretation of aerial imagery.  At the Washington site, Plot 1 was placed in an 

area of Arapahoe fine sandy loam, where cotton growth analyzed from the aerial imagery and 

visual observation tended be slower than in other areas in the field.  Plot 2 was located in a 

high-growth potential area of Conaby muck soil type.  At the Hyde location, Plot 1 was 

placed in an area of Wasada muck soil, where cotton growth potential was reduced based on 

visual interpretation of imagery taken during the previous growing season.    Plot 2 was 

placed in an area of Yonges loam that demonstrated high growth potential. 

At all four locations, a split-plot design with four replications, five PGR rate 

treatments, and three application timings was used.  Treatments included an untreated check, 

single applications of  292, 584, 876, and 1,168 ml ha-1, two applications of 292, 584, 876, 

and 1,168 ml ha-1, and three applications of 292, 584, 876, and 1,168 ml ha-1, a uniform 

treatment that consisted of three applications made throughout the season, with rates derived 
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from averages of plant parameters measured in the grid sampling scheme, and a variable-rate 

treatment that consisted of three applications made throughout the season with rates 

calculated based on plant parameters measured from the variable-rate plots at the time of 

application.  Rate recommendations for the uniform and variable-rate treatments were made 

based on the Modified Early Bloom strategy described in the North Carolina Cotton 

Information publication (Edmisten, 2004).   

At the Washington location, cotton was planted in 96.52-cm rows.  Due to differences 

in the width of the area in which the plots were located, Experiment 1 consisted of two rows 

per plot, while Experiment 2 contained three rows per plot.  The Hyde field was planted in 

76.2-cm rows.  Both experiments consisted of four rows per plot.  All experiments were 

24.38-m long, with each of the four replications being 6.10-m long.   

Mepiquat chloride treatments were made using PGR Plus Plant Growth Regulator 

(4.2% N,N-dimethylpiperidinium chloride) (BASF Corp.).  A CO2 pressurized backpack 

sprayer was used to apply all treatments.  At the Washington and Hyde locations, the spray 

boom was configured with one nozzle per row centered over the row.  The sprayer was 

calibrated to deliver 140 L ha-1 at a walking speed of 4.3 km hr-1.   

 PGR application timing was determined by monitoring plant growth stage and 

favorable weather conditions.  At the Washington location, the first application was made on 

7 July.  For Experiment 1, the uniform rate calculated from a field-wide average of plant 

parameters was 584 ml ha-1.  The variable-rate treatment derived from an average of plant 

parameters measured from within the variable-rate treatment plots was 438 ml ha-1.  Due to 

the increased rate of cotton growth, the variable-rate application rate for Experiment 2 was 

731 ml ha-1.  The second application at the Washington location was made on 15 July.  The 
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uniform treatment of PGR at this date was 657 ml ha-1.  The variable-rate treatments in both 

Experiments were treated with 657 ml ha-1 of PGR.  The final PGR application at the 

Washington location was made on 27 July.  Variable-rate treatments and the uniform 

treatments at both Experiments were 1168 ml ha-1 of PGR.   

 The first application of PGR at the Hyde location was made on 14 and 15 July. with 

584 ml ha-1 of PGR applied to the uniform treatments and 584 and 877 ml ha-1 of PGR 

applied to the variable-rate treatments in Experiments 1 and 2, respectively.  The second 

application of PGR at the Hyde location was made on 26 July.  The uniform application rate 

was 877 ml ha-1 of PGR and  the variable-rate PGR application rate for both Experiments 

was 1,169 ml ha-1.  The final application was made at the Hyde location on 2 August.  

Vegetative growth was nearly completed, as average plant heights measured across the field 

prior to application had not changed significantly from measurements taken on 26 July.  

Consequently, the uniform rate was determined to be 0 ml ha-1.  However, there were 

changes in plant measurements in the variable-rate treatment plots that resulted in the 

application of 877 and 584 ml ha-1 of PGR in Experiments 1 and 2, respectively   

 To measure crop response to PGR, plant parameters were measured from five 

representative plants within the plots at three different occasions throughout the growing 

season.  Parameters recorded included height, total nodes, first fruiting node, number of 

fruiting nodes, and height-to-node ratio (HNR).  Internode length was also measured at all 

locations and plots on the second and third scouting dates.  At the Washington field, 

measurements were taken from Experiment 1 on 20 June, 28 July, and 8 August.  Experiment 

2 data were collected on 22 June, 28 July, and 8 August.  Data for both Experiments 1 and 2 

were taken at the Hyde location on 22 June, 28 July, and 5 August.  These sampling dates 
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were selected so that the plant measurements were made less than 1 week after PGR 

applications were completed.  This provided the opportunity to study the response of specific 

plant parameters to PGR.   

 At maturity the individual plots were harvested by hand-picking a 3-m section of a 

single row. Picked cotton was weighed to determine seed cotton yield and then ginned and 

reweighed to determine lint yield and gin turnout.  High Volume Instrument (HVI) analysis 

was done to determine micronaire, length, strength, length uniformity, color, and trash 

content.  All data were analyzed using PROC MIXED in SAS version 9.1 (SAS Institute, 

Cary, NC) with site, PGR rate, timing and their interactions designated as fixed effects and 

replication and all replication interactions designated as random effects.  Means were 

separated by using a protected LSD at a 0.10 level of significance.  All data were first 

analyzed by combining the data across experiment and location and then were analyzed 

separately by each experiment.   

  Using the yield results from the small plot trials, an economic analysis of image-

based variable-rate PGR application was conducted for both fields.  Digital aerial color 

infrared imagery was captured at both fields on 10 July, 2005.  These images were then 

processed through supervised classification using the two PGR response experimental areas 

as training areas to determine high- and low-growth potential regions in each field.  These 

regions were used to delineate management zones for the application of variable-rate PGR.  

At the Washington site this procedure resulted in only two zones.  The high-growth potential 

zone had an area of 37.0 ha, while the low-growth potential zone had an area of 23.2 ha.  At 

the Hyde site, two zones of low-growth potential and one zone of high-growth potential were 

delineated.  The low growth area totaled 46.0 ha, and the high growth area totaled 36.6 ha.   

 97



Three PGR application systems were modeled in the economic analysis. An optimum 

PGR system was implemented using prescriptions for each zone determined from yields 

taken from the PGR response experiments.  At the Washington location, the optimum PGR 

application strategy for the high growth area was determined to be a single treatment of 

584.41 ml ha-1.  For the low growth area, the ideal PGR strategy was determined to be two 

treatments of 1168.82 ml ha-1.  At the Hyde field, optimum PGR application strategies were 

two treatments of 1168.82 ml ha-1 for the low growth region and three treatments of 876.62 

ml ha-1 for the high growth region.  The yield data taken from the PGR response plots were 

extrapolated over either the high- or low-growth potential zones to determine the yield of the 

optimum PGR system across the field.  Likewise, a standard scouting-based variable-rate 

system was implemented using the PGR treatments and yield data from the VRT plots.  

Again, yields were extrapolated over the high- and low-growth potential zones to determine 

the field-wide yield.  Finally, uniform rates and yields from the small plots were extrapolated 

to the field scale and used in the economic comparisons to represent a uniform PGR system.  

A partial budget was developed to compare the economic return among the optimum, 

variable-rate, and uniform systems. For these budgets, lint value as set at $1.10kg-1, PGR was 

priced at $13.19 l-1, application costs were assigned based on custom rates using $19.75 ha-1 

for the uniform system and $29.63 ha-1 for the variable-rate and optimum application 

systems, and aerial images and processing costs were $17.28 ha-1.   

 

RESULTS AND DISCUSSION 
 

2003 

 98



 In field P1, plant scouting and aerial photographs indicated the need for mepiquat 

chloride twice during the season for the uniform application treatment and three times for the 

variable-rate application treatment .  In the case of the uniform treatment, 365.25 ml ha-1 was 

applied across strips both times.  For the variable-rate treatment, 496.75 ml ha-1 was applied 

on 4 July, 306.82 ml ha-1 was applied on 8 July, and 394.48 ml ha-1 was applied on 13 July 

for a total of 1198.05 ml ha-1.  Rain on 10 July resulted in an increase in growth rate 

especially in the areas of the field where more growth potential was expected.  As a result, 

the final measurements indicated that plants in the uniform strips were significantly taller 

than those in the variable-rate application strips (Figure 2).   

 Less rain fell at the P2 field in July resulting in a lack of cotton growth.  As a 

consequence, only one application of mepiquat chloride was made to both the uniform and 

variable-rate application treatments.  On 5 July, 511.36 ml ha-1 of mepiquat chloride was 

applied to the strips receiving the uniform application treatment and 603.4 ml ha-1 was 

applied to the variable-rate application treatment strips.  Because of the lack of rainfall and 

the small differences in application rates between the treatments there were no significant 

differences in plant height at P2 (Figure 3).  Plant mapping data indicated slight differences 

in the numbers of first position bolls and in boll retention. 

 There were significant differences in lint yield at both P1 and P2.  In both cases the 

variable-rate application treatment had significantly more lint per acre than the uniform 

treatment of mepiquat chloride (Tables 1 and 2).  While this was not surprising given the 

differences in plant height between the treatments at field P1, the difference in field P2 was 

most likely the result of the redistribution of mepiquat chloride in the field.  Higher rates on 

field sites where rapid growth was occurring were able to control growth and improve boll 
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retention.  This indicates that one key to higher yield in cotton is the accuracy of placing 

adequate rates of mepiquat chloride in the field to control rank growth, rather than the 

suppression of growth due to over application.   

2005 

 In 2005, the optimum zone-based variable-rate PGR applications increased profit 

over both uniform and untreated check treatments.  At the Washington location, (Table 3) 

expected yields for the optimum systems were 2,596 and 2,213 kg ha-1 for the low-and high-

growth areas, respectively.  Expected yields for the uniform and untreated check treatments 

were 2,242 kg and 1781 kg ha-1, respectively.  PGR rates were also substantially reduced in 

the optimum zone-based application areas.  The average rate for the optimum zone-based 

application was 1461 ml ha-1, while the suggested uniform rate was 2411 ml ha-1.  This 

resulted in a savings of $12.53 ha-1 in chemical costs.  Taking into account higher application 

costs and image capture and analysis costs, the optimum variable-rate treatment still 

increased profits over the uniform treatment by $164.12 ha-1 due to the higher average yield 

and lower chemical costs in the variable-rate areas.  Both uniform and optimum variable-rate 

treatments increased profits substantially over the zero PGR treatment.  The optimum 

variable-rate applications provided profits of $619.67 ha-1 over the zero PGR treatment, 

while the uniform treatment increased profits by $455.55 ha-1.  This demonstrated the 

economic benefit of PGR treatment regardless of application method.    

 The standard variable-rate treatments at the Washington location were considerably 

less profitable than both the optimum and uniform treatment systems (Table 3).   Lint yields 

were noticeably lower in the variable-rate treatment areas than in the uniformly-treated areas.  

Furthermore, PGR costs were slightly higher for the variable-rate treatment.  This, combined 
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with the high cost of image capture and analysis resulted in the variable-rate application 

having decreased profits by nearly $100 ha-1 when compared to the uniform application 

system.   

 Optimum variable-rate PGR application methods also increased profits over uniform 

treatments at the Hyde location in 2005 (Table 4).  Although profit margins were smaller 

than at the Washington location, the optimum zone-based PGR treatments still increased 

profits over uniform treatments by $71.03 ha-1.  This decrease in profits could be due in part 

to the higher PGR rates suggested for the zone-based application areas.  Average suggested 

PGR rates were 2484 ml ha-1, while the suggested rate for the uniform treatment was 1461 ml 

ha-1.  This resulted in a increase in cost of $13.47 ha-1 for the variable-rate system over 

proposed uniform applications.  Lower profits can also be attributed to substantially lower 

average yields at the Hyde location.  Average yields for both PGR treatment sites at the Hyde 

location were 1,194 kg ha-1, while the average yield at the Washington site was 2115.5 kg ha-

1.  

 The standard variable-rate treatment system was again less profitable than both the 

optimum zone-based system and the uniform application system at the Hyde location (Table 

4).  Average yields were once again considerably lower in the variable-rate treatments areas.  

Additionally, PGR costs were much higher in the variable-rate areas, as considerably higher 

rates of PGR were applied to these areas when compared to the uniform treatments areas.  

This combined with high variable-rate application costs and image capture and analysis costs 

to make the standard variable-rate treatment considerably less profitable than the uniform 

treatment system.   

 

 101



CONCLUSIONS 

 The introduction of new technologies has increased the opportunity for cotton 

growers to acquire digital aerial imagery that has been adjusted for changes in light intensity 

among images and is geo-rectified.  This technology has decreased the cost of images while 

reducing the time between acquisition and the end user.  The key to using these images lies in 

an understanding of their relationships to crop growth, vigor, and/or pest infestation.  

Previous work has shown that NDVI calculated from these images has a strong relationship 

with plant height and height-to-node ratios (Kirkpatrick, et al., 2005).  This fact makes it 

possible to use management zones based upon regions from classified images to apply 

variable rates of PGR.   

 In 2005, profits increased considerably using the optimum PGR rate in a zone-based 

variable-rate PGR treatment system.  However PGR recommendations made for this system 

were not based on cotton growth.  When compared to the standard variable-rate system, 

where PGR rates were calculated based on crop growth characteristics, profits were much 

higher.  This demonstrates the difficulty in making PGR recommendations for variable-rate 

application systems.  The difference in results between the optimum variable-rate system and 

the standard variable-rate system indicates that further research is necessary to facilitate more 

accurate and efficient PGR rate recommendations for variable-rate systems.   

In 2003, increased profits were observed in the image-based variable-rate system 

when compared to a uniform application of PGR.  This suggests that a combination of image 

analysis and scouting prior to PGR application may increase the effectiveness of variable-rate 

systems over the image-based variable-rate system incorporated in 2005.  Overall, this study 

 102



demonstrates that image-based variable-rate PGR applications are economically feasible, 

provided that accurate PGR rate recommendations can be made prior to application.    
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Figure 1.  Average plant heights for three scouting dates taken from each separate experiment.  PGR application dates for each 
site included at bottom. 
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Figure 2.  Change in cotton height for the untreated, variable-rate (VRT), and uniform application treatments at P1 in 2003.  Also 
shown are uniform and variable-rate application dates. 
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Figure 3.  Change in cotton height for the untreated, variable-rate (VRT), and uniform application treatments at P2 in 2003.  Also 
shown are uniform and variable-rate application dates. 
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Table 1.  Partial budget comparing expected economic benefits of variable-rate and uniform PGR treatments at the P1 location in 
2003.  PGR: Plant Growth Regulator, VR: Variable-Rate 
 
Input  VR Application Uniform
Area (ha) 28.3 28.5 
Yield (kg ha-1)   

  
1440a 1292b

Avg PGR (ml ha-1) 1198.04 730.51
PGR Cost ($ l-1)  

  

  

13.19 13.19
PGR Cost / ha ($ ha-1) 15.8 9.64
Total PGR Cost 447.14 274.74 
Application Cost ($ ha-1) 29.63 19.75
Imagery Capture and Analysis ($ ha-1)

 
   

 
17.28 0

Lint Value ha-1 ($1.10 kg-1) 1584 1421.2
Gross Lint Value ($1.10 kg-1)  

  
44827.2 40504.2

Profit ha-1 1521.29 1391.81
   
Difference in profit ha-1 (VR – Uniform) 129.48  
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Table 2.  Partial budget comparing expected economic benefits of variable-rate and uniform PGR treatments at the P2 location in 
2003.  PGR: Plant Growth Regulator, VR: Variable-Rate, ha: hectares. 
 
Input   VR Application Uniform
Area (ha) 9.36 12.17 
Yield (kg ha-1)   

  
1034a 950b

Avg PGR (ml ha-1) 603.4 511.63
PGR Cost ($ l-1)  

  

  

13.19 13.19
PGR Cost ($ ha-1) 7.96 6.74
Total PGR Cost 74.51 82.02 
Application Cost ($ ha-1) 29.63 19.75
Imagery Capture and Analysis ($ ha-1)

 
   

 
17.28 0

Lint Value ha-1 ($1.10 kg-1) 1137.4 1045
Gross Lint Value ($1.10 kg -1) 10646.06 12717.7 
Profit ha-1 1082.53  1018.51
   
Difference in profit ha-1 (VR – Uniform) 64.02  
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Table 3.  Partial budget comparing expected economic benefits of variable-rate, optimum,  and uniform PGR treatments at the 
Washington location in 2005. VRT: variable-rate, PGR: Plant Growth Regulator, ha: hectares Avg: Average.   
 
 Optimum  VRT    
Input  Low High HighLow Uniform Check
Area (ha) 23.2 37 23.2 37 60 60 
Yield (kg ha-1)    

    
2596 2213 2312 22422046 1781

Avg. PGR (ml ha-1) 2337.64 584.41 2264.59 2410.692556.79 0
PGR Cost ($ l-1)    

      

   

13.19 13.19 13.19 13.19 13.19 0
PGR Cost ($ ha-1) 30.83 7.71 29.87 33.72 31.8 0
Total PGR Cost 715.26 285.27 692.98 1247.64

 
1908 0 

Application Cost ($ ha-1) 29.63 29.63 29.63 29.63 19.75 0
Imagery Capture and Analysis ($ ha-1)

 
     

 
17.28 17.28 17.28 17.28 0 0

Lint Value / ha ($1.10 kg-1) 2855.6 2434.3 2543.2 2250.6 2466.2 1959.1
Gross Lint Value ($1.10 kg-1)
 

  
  

66249.92 90069.1 59002.24
 

83272.2
 

147972
 

 117546
 

Profit ha-1 2777.86  2379.68 2466.42 2169.97 2414.65 1959.1
Avg. Profit for Optimum application 2578.77      
      
Avg. Profit for VRT Application 
 

2318.195      
      

Optimum-Check
 

      
      

619.67

Optimum-Uniform
 

      
      

164.12

VRT-Check
 

      
      

359.095

VRT-Uniform
 

      
      

-96.455

Uniform-Check      455.55
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Table 4.  Partial budget comparing expected economic benefits of variable-rate, optimum, and uniform PGR treatments at the 
Hyde location in 2005.  VRT: variable-rate, PGR: Plant Growth Regulator, ha: hectares Avg: Average 
 
 Optimum     VRT
Input     Low High Low High Uniform Check
Area (ha)       46 36.6 46 36.6 82.6 82.6
Yield (kg ha-1)       

      
1109 1144 1010 986 1025 928

 Avg. PGR (ml ha-1) 2337.64 2629.86 2629.85 2629.85 1461.03 0
PGR Cost ($ l-1) 13.19      

       

       

13.19 13.19 13.19 13.19 0
PGR Cost / ha ($ ha-1) 30.83 34.64 34.69 34.69 19.27 0
Total PGR Cost 1418.18 1269.65 1595.74 1269.65 1591.7 0 
Application Cost ($ ha-1) 29.63 29.63 29.63 29.63 19.75 0
Imagery Capture and Analysis ($ ha -1)

 
      

      
17.28 17.28 17.28 17.28 0 0

Lint Value ha-1 ($1.10 kg-1) 1219.9 1258.4 1111 1084.6 1127.5 1020.8
Gross Lint Value ($1.10 kg -1)
 

 
      

56115.4 46057.44 51106 39696.36 93131.5 84318.08

Profit ha-1 1142.16     1176.85 1029.4 1003 1088.48 1020.8
Avg. Profit for Optimum application 1159.51      
       
Avg. Profit for VRT Application 
 

1016.2      
      

Optimum-Check
 

      
      

138.705

Optimum-Uniform
 

      
      

71.025

VRT-Check
 

      
      

-4.6

VRT-Uniform
 

      
      

-72.28

Uniform-Check      67.68
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