
ABSTRACT 

Viator, Ryan. 

Investigation of Cotton Growth: Temperature and Carbohydrate Dynamics. 

(Under the direction of Drs. Keith Edmisten and Randy Wells) 

 

   Research involving NAWF monitoring determined the last effective boll population for 

ultra-narrow row cotton (UNRC) compared to conventional cotton (CONC) grown in the 

northern rain-fed production region.  The UNRC produced the majority of seedcotton plant-1 

on the upper portion of the plant, NAWF 3-5, while CONC produced the most seedcotton 

plant-1 at NAWF 3-7.  Boll numbers showed a similar pattern.  The UNRC produced more 

seedcotton on an area basis at NAWF 2, 3, 4, and 6.   

   Research on heat unit accumulation revealed that single variable models were somewhat 

related to boll fill period in terms of regression fits, with degree-days 30/13°C providing the 

best adjusted R2 of 0.9399; the degree day 15.5°C model had an adjusted R2 of 0.9268.  

Modifying the DD15.5 model by adding either minimum air temperature or maximum and 

average air temperature increased the adjusted R2 to 0.9632 and 0.9934, respectively, while 

also reducing mean square error and coefficient of variation. 

   The root and stem carbohydrates study revealed cultivar differences for starch 

concentration at both sample times, but starch content was only significant at first bloom in 

2002.  These differences, though, did not show a strong relationship with year of cultivar 

release, indicating that a century of breeding efforts has not altered stem and root starch 

dynamics.   
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CHAPTER I 

GENERAL INTRODUCTION 

 

BACKGROUND INFORMATION 

   Cotton is the most important fiber crop in the world.  Superior fiber properties such as 

thermal insulation, hygroscopicity, and air-permeability, cannot be replaced by other fibers 

(Lui et al., 2000).  Recent advances in the textile industry have increased the demand for 

high quality cotton (Deusen, 1992).  Besides quality, another concern to growers is 

continuing decline or stagnation of cotton yields and prices. 

   One way to improve fiber quality and increase yield potential is timeliness of inputs.  

Current management practices and decisions, such as defoliation timing and last insect 

application, often depend on crop monitoring.  Monitoring often involves heat units and 

identification of the last effective boll population (LEBP) (Bernhardt et al., 1986; Larson et 

al., 2002; Unruh and Silvertooth, 1997).  Another important factor of cotton development is 

root and stem starch content because these reserves are used to complete boll fill (Wells, 

2002).   

   Management decisions are influenced by a producer’s evaluation of the crop status 

(Wanjura and Bilbro, 1977).  The complexity of the fruiting profile due to reproductive 

organs at various physiological stages being on both monopodial and sympodial branches, 

the effects of environmental influences on fruit retention, and the indeterminate growth habit 

of cotton makes growth analysis difficult (Mauney, 1986).  Therefore, research has focused 

on evaluating other criteria to determine cutout.  One of the most practical and dynamic 

methods to determine cutout is based on the number of main-stem nodes above the 
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sympodial branch with the highest first position white flower (NAWF) (Bourland et al., 

1992).  The physiological basis for NAWF was established by relating NAWF measurements 

to boll retention, size, and seed number of first-position bolls.  Boll retention and weight after 

NAWF 5 decreased to unacceptable levels, and the economic value of bolls was also rapidly 

reduced.  Thus, this method identified the last effective boll population as that produced at or 

before NAWF 5 (Bourland et al., 1992).   

   In addition to use of the LEBP for a basis of management decisions, heat unit accumulation 

is a common method to monitor and model cotton growth (Reddy et al., 1992).  The currently 

accepted model for cotton heat unit accumulation is based on the simplest form of several 

different possible calculations, whereby heat units are calculated directly from the difference 

between the daily mean temperature and a lower threshold that represents the lower limit for 

growth of the crop in question, which is 15.5°for cotton (Arnold, 1960; Baskerville and 

Emin, 1969; Wang, 1960).  Others use a 30/13°C threshold in the western Cotton Belt for 

Pima and Upland cotton (Unruh and Silvertooth, 1997).  Much effort has been invested on 

improving existing models, such as adjustments for regional weather patterns (Andrade et al., 

2002; Dwyer et al., 1999).  Many models of crop growth are based on linear models of some 

factor such as sunlight or heat accumulation.  These models, though, assume that other 

factors such as nutrients and water are not limiting and often do not include a specific 

threshold for the factor used for the model.  Other models are quite detailed including soil 

surface texture, soil temperature, rainfall, aggregate size distribution and position in the 

seedbed, sowing depths, initial seed mass distribution, germination time, and hypocotyl 

elongation distributions (Durr, 2001), but these are often not usable to producers as a 

management tool because of their degree of complexity.  
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   One of the most influential physiological factors affecting cotton development, especially 

boll maturation, is the lower stem and root starch reserves.  These reserves are a necessary 

source of photoassimilates for completion of reproductive development in cotton because 

maximum photosynthesis occurs before bolls are completely mature (Constable and Rawson, 

1980; Wells et al., 1986; Wullschleger and Oosterhius, 1990).  Therefore, 13 to 28% of total 

C needed for completion of reproductive development comes from stored carbohydrates 

(Constable and Rawson, 1980).  Stem and taproot nonstructural carbohydrate content 

decrease during periods of heavy boll set suggesting that these pools are drawn upon by the 

growing plant to maintain growth during periods of high metabolic demand (Hendrix, 1994; 

Saleem and Buxton, 1976; Wells, 2002).  Radiolabeled carbon studies reveal that cotton 

production could benefit from a different pattern of assimilate partitioning that favors the 

remobilization of stored carbohydrates to reproductive structures (Pace et al., 1999).   

 

SUMMARY 

Current management practices and decisions, such as defoliation timing and last insect 

application, often depend on use of heat unit accumulation and identification of the last 

effective boll population.  Limited research has been conducted to determine what is the last 

boll produced that will make lint and money for the farmer.  Inputs can be wasted on bolls 

that will never contribute to yield.  One reason late-season bolls may never mature is due to 

limitations of photoassimilates, which are partially supplied by stem and root starch reserves.  

Investigation of the last effective boll population, heat unit accumulation, and plant 

carbohydrate dynamics could improve the use of current crop monitoring techniques and 

determine if starch reserves are limiting crop development.
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Influence of the Last Effective Boll Population in the Northern Rain-Fed Cotton Belt: 

Influence of Row Width 

ABSTRACT 

   The last effective boll population is the basis for many cotton management decisions 

such as defoliation timing.  The objective of this research was to determine the last 

effective boll population for ultra-narrow row cotton (UNRC) compared to 

conventional cotton (CONC) grown in the northern rain-fed production region.  At first 

flower, 15 typical plants per plot were flagged for subsequent flower tagging (120 plants 

total).  On flagged plants, all first position flowers were tagged every other day with 

date and nodes above white flower (NAWF) data.  White flowers were tagged with the 

current day’s date, while pink flowers were tagged with previous day’s date.  Tagging 

continued every other day until the last first-position white or pink flower was tagged.  

One to two days before harvest, tagged bolls were handpicked, sorted, counted, and 

seedcotton was weighed and recorded by NAWF data on boll tag for each plot.  The 

UNRC produced the majority of seedcotton plant-1 on the upper portion of the plant, 

NAWF 3-5, while CONC produced the most seedcotton plant-1 at NAWF 3-7.  Boll 

numbers showed a similar pattern.  The UNRC produced more seedcotton on an area 

basis at NAWF 2, 3, 4, and 6 at 166.2, 348.4, 467.5, 197.1 kg ha-1, respectively, compared 

to 59.3, 140.2, 212, and 160.1 kg ha-1 for CONC.  Canonical discrimination grouped 

these 3-5 and 3-7 NAWF positions for boll effectiveness for UNRC and CONC, 

respectively, based on percent weight, seedcotton plant-1, boll number plant-1, and boll 

weight.  These data demonstrate that cutout does not occur at NAWF 5 in the northern, 

rain-fed region of the Cotton Belt for either UNRC or CONC.
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   Management decisions are influenced by a producer’s evaluation of the crop status 

(Wanjura and Bilbro, 1977).  The last effective boll population (LEBP) is the basis for many 

management decisions such as irrigation timing, insecticide termination, and initiation of 

defoliation application (Bernhardt et al., 1986; Larson et al., 2002; Unruh and Silvertooth, 

1997).  In the past, LEBP was based on the occurrence of cotton cutout, which was defined 

as a pronounced decrease in growth, boll retention, and flowering (Patterson et al., 1978).  

More recently, cutout has been defined as the last effective boll population, which consists of 

bolls that significantly contribute to yield (Bourland et al., 1992).  Fruit load has been shown 

to be the primary factor determining the initiation of cutout during a season (Ehlig and 

Lemert, 1973).  Cutout as a distinct physiological stage is often difficult to determine 

because of the time required to adequately assess boll retention and flowering rate.  

Furthermore, the complexity of the fruiting profile due to reproductive organs at various 

physiological stages being on both monopodial and sympodial branches, the effects of 

environmental influences on fruit retention, and the indeterminate growth habit of cotton 

makes growth analysis difficult (Mauney, 1986).  Therefore, research has focused on 

evaluating other criteria to determine cutout.  One of the most practical and dynamic methods 

to determine cutout is based on the number of main-stem nodes above the sympodial branch 

with the highest first position white flower (NAWF) (Bourland et al., 1992).  The 

physiological basis for NAWF was established by relating NAWF measurements to boll 

retention, size, and seed number of first-position bolls.  Boll retention and weight after 

NAWF 5 decreased to unacceptable levels, and the economic value of bolls was also rapidly 

reduced.  Thus, this method identified the last effective boll population as that produced at or 

before NAWF 5 (Bourland et al., 1992).  Nodes above white flower five is considered an 



 

 10

indicator of cutout because flowers produced after this time generally contribute little to 

yield (Cothren, 1999).  Furthermore, a decline to NAWF of 5 is indicative of plant maturity 

in terms of boll set (McConnell et al., 1995; Oosterhuis et al, 1992). 

   Cotton in the United States is typically grown with row spacings of 76 cm or greater, but 

the introduction of herbicide-resistant cotton has greatly increased grower interest in 

production on narrower rows (Vories et al, 2001).  Preliminary data on the last effective boll 

population in ultra-narrow row cotton (UNRC) indicated that cutout occurred at a different 

NAWF position than conventional cotton (CONC) (Gwathmey et al., 1999).  Research has 

shown that row spacing affects values and variability of plant height, nodes, squares, and 

bolls; and that variability between row spacings changes over time (Wanjura and Bilbro, 

1977).  Ultra-narrow row cotton is usually shorter and contains fewer main stem nodes and 

less bolls per plant than CONC (Vories et al, 2001).  Narrow row spacings in cotton can 

increase total seasonal light energy interception and efficiency for a given leaf area (Heitholt 

et al., 1992), and canopy closure may occur earlier in UNRC (Jost and Cothren, 2000).  

Research indicated that narrow rows increase flower production on an area basis (Heitholt, 

1995) and an increase in the number of mature fruit produced per unit ground area but not 

fruit size (Heitholt et al., 1992).  Cotton fiber properties, vegetative biomass, vertical boll 

distribution, and average seed mass were unaffected by narrow rows, indicating that 

management practices, such as defoliation timing, of narrow-rows might be similar to that of 

CONC rows (Heitholt et al., 1993).  On the other hand, UNRC has been shown to partition 

more biomass to reproductive structures (Jost and Cothren, 2001). 

   Plantings of UNRC has stabilized in the northern, rain-fed region of the Cotton Belt at 

about 30,000 hectares (O. Gwathmey, University of Tennessee, personnel communications, 
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2003).  Even though UNRC occupies a small percentage of total cotton acreage, growers still 

need to have useful, reliable data for late-season management.  Moreover, useful agronomic 

guidelines are needed because cotton’s response to narrow rows is inconsistent, which makes 

management more difficult (Heitholt et al., 1993).  Future production of a spindle picker 

capable of harvesting cotton in rows narrower than conventional spacings may result in an 

increase in narrow row production (Deere and Company, personnel communications), since 

poor quality with a finger stripper is a limiting factor at this time (Brantley, 2003).  

Therefore, the objective of this research was to determine the last effective boll population 

for UNRC compared to CONC grown in the northern, rain-fed region of the Cotton Belt. 

 

MATERIALS AND METHODS 

   Experiments were conducted in 2001 and 2002 at the Central Crops Research Station near 

Clayton, NC on a Dothan sandy loam (fine-loamy, siliceous, thermic plinthic Paleudults) and 

at the Milan Experiment Station in Milan, TN on a Loring-Calloway silt loam soil (fine-silty, 

mixed, thermic Typic Fragiudalf).  The UNRC was drill seeded at both locations using a 

conventional grain drill in early May for all tests.  The CONC was planted with plate planter 

on raised beds.  In Tennessee, treatments consisted of PM 1218 BG/RR cotton grown under 

no-till, non-irrigated conditions on 25.4 cm and 101.6cm rows at 240,000 and 100,000 plants 

ha-1 in 2001 and 205,000 and 77,000 plants ha-1 in 2002 for UNRC and CONC spacings, 

respectively.  In North Carolina, SG 521 RR was planted on 19.0 cm and 96.5 cm rows at 

280,000 plants ha-1 and 119,000 in 2001 and 284,000 and 111,000 plants ha-1 in 2002 for 

UNRC and CONC spacings, respectively.  Tillage was only conducted during the pre-

planting period for both row spacings in North Carolina.  Fertilization, weed control, insect 
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control, and plant growth regulation decisions were conducted according to North Carolina 

and Tennessee Extension recommendations for the respective locations, with both row 

spacings receiving the same level for all agronomic inputs.  Plot size was 3.9 meters wide by 

12.2 meters long in North Carolina and 4.1 meters by 15.2 meters long in Tennessee.   

   At first flower, a contiguous section of row consisting of 15 typical plants per plot were 

flagged for subsequent flower tagging (120 plants total per test).  Subsequently, all first 

position flowers of the flagged plants were tagged with jewelers’ tags every other day with 

date and NAWF location.  White flowers were tagged with the current day’s date, while pink 

flowers were tagged with previous day’s date.  Tagging continued every other day until the 

last first-position white or pink flower was tagged.  One to two days before machine harvest, 

tagged bolls were handpicked, sorted by NAWF, counted, and weighed.  Cumulative 

seedcotton weight from the base of the plant (NAWF 8) to the top of the plant (NAWF 1) 

was calculated from this data.  Cotton was machined harvested with a spindle picker or 

finger stripper for the CONC and UNRC, respectively, at all locations and years except for 

North Carolina in 2002.  At this location, plots were hand-harvested due to constant 

inclement weather. 

   This study consisted of a split-plot design in a randomized complete block with four 

replications.  Row spacings served as whole plots, and NAWF positions served as subplots.  

Data was analyzed with PROC GLM with SAS using specified error terms.  Means of 

significant main effects were separated using Fisher’s Protected LSD at p < 0.10.  Locations 

within each year where treated as different environments, and when possible data was pooled 

over all environments. 

   Boll effectiveness was determined using canonical discrimination analysis using percent 
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total weight, seedcotton plant-1, boll number plant-1, and boll weight as class variables.  

Canonical discrimination derives linear combinations of quantitative variables that have the 

greatest multiple correlation with NAWF positions; it considers all independent variables 

simultaneously in the differentiation of the last effective boll population.  It produces distinct 

differentiation of populations by obtaining a discriminate variable, which is the ratio of 

variance among NAWF positions to variance within NAWF positions.  This multivariate 

statistical analysis provides the highest possible correlation with groups, such as NAWF 

positions, and summarizes among-class variation (Vaylay and van Santen, 2002). 

 

RESULTS AND DISCUSSION 

 NAWF effects between row spacings 

   The interaction of row spacing and NAWF with environment was not significant; so all 

environments were pooled for data analysis.  As expected, there was significant row spacing 

by NAWF interaction for all parameters, so these were analyzed separately by row spacing.  

   The top (NAWF 1-3) and bottom of the plant (NAWF 8) did not differ in the amount of 

seedcotton plant-1produced for both spacings (Table 1).  The CONC produced more 

seedcotton plant-1 at NAWF 4-7 compared to UNRC.  Seedcotton plant-1 produced for CONC 

was 3.93, 4.36, 3.12, and 2.49 g plant-1 for NAWF 4, 5, 6, and 7, respectively, while UNRC 

produced 3.06, 2.09, 1.56, and 0.68 g plant-1 for these same positions.  Similar to seedcotton 

plant-1 results, CONC produced more bolls plant-1 at NAWF 4-7 at 0.85, 0.89, 0.66, and 0.49 

bolls plant-1, respectively, compared to UNRC at 0.71, 0.43, 0.32, and 0.15 bolls plant-1 

(Table 1).  These results agree with prior research on CONC that demonstrated that retained 

flower number was greatest in the center of the horizontal fruiting profile (Ehlig and Lemert, 
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1973).  On the other hand, this research shows that boll size is important when comparing 

cotton grown at differing row spacings, while previous research on conventional spaced 

cotton reported that boll number was the most important component of yield (Wells and 

Meredith, 1984). 

   Data showed different results for seedcotton production when analyzed on an area basis.  

The UNRC produced more seedcotton ha-1 at NAWF 2, 3, 4, and 6 at 166.2, 348.4, 467.5, 

197.1 kg ha-1, respectively, compared to 59.3, 140.2, 212.0, and 160.1 kg ha-1 for CONC 

(Table 1).  All other positions showed similar amounts of seedcotton production ha-1.  

Overall, the UNRC produced 1764 kg seedcotton ha-1 compared with 988 kg ha-1 in the 

CONC.  This greater cumulative seedcotton in the UNRC indicates a greater number of bolls 

than found in the CONC.  The UNRC produced more bolls ha-1 at NAWF 2, 3, 4 at 67,000, 

140,000, and 189,000 bolls ha-1 compared to 24,000, 57,000, and 86,000 bolls ha-1 in CONC 

(Table 1).  Differences in bolls per unit area have been previously shown in narrow-row 

cotton (Fowler and Ray, 1977; Heitholt et al., 1992).  Increased boll number reflects the 

greater plant population per unit area than found in CONC. 

   The UNRC produced a greater percentage of seedcotton per plant smaller NAWF values 

(NAWF 2, 3, and 4) than CONC (Table 2).  The UNRC produced 9.7, 20.1, 25.1, and 5.6% 

while CONC produced 5.9, 13.8, 20.4, and 12.9% for NAWF 2, 3, 4, and 7, respectively.  

The CONC had higher cumulative seedcotton plant-1 at all NAWF excluding 1 compared to 

UNRC. This finding supports the concept that CONC produced more seedcotton at relatively 

lower plant positions than UNRC.  Seedcotton yield on a land area basis of UNRC also 

showed a greater percentage of seedcotton ha-1 at lower NAWF values than CONC (Table 2).  

Percent seedcotton ha-1 for UNRC at NAWF 1, 2, 3, and 4 was 3.3, 10.8, 22.6 and 27.5.  The 



 

 15

CONC percentages were 1.5, 6.3, 14.0, and 21.3 at the same respective NAWF values for the 

same positions (Table 2).  On the other hand, CONC produced 13.1 and 6.0 percent at 

NAWF 7 and 8 compared to 3.4 and 1.1 percent for UNRC.   

   Conventional cotton produced larger bolls at NAWF 3, 4, 5, and 7 with 4.6, 4.6, 5.0, and 

5.1 g boll-1, respectively, compared to UNRC at these same positions, which produced bolls 

of 4.2, 4.2, 4.5, and 4.6 g boll-1 (Table 3).  Decreases in boll weight in narrow cotton have 

been reported (Fowler and Ray, 1977; Heitholt et al., 1992).  All other positions had similar 

boll weights.  Flowering date was also affected by row spacing.  UNRC flowered earlier for 

NAWF 3, 4, and 5 at 79, 75, and 72 days after planting (DAP), respectively, compared to 83, 

79, and 74 DAP for CONC.  Differences in maturity are supported by prior reports of early 

maturity in narrow rows (Buxton et al., 1979; Jost and Cothren, 2001). 

    

 NAWF affects within each row spacing 

   For CONC, NAWF 4 and 5 produced more seedcotton plant-1 than other NAWF positions 

(Table 1). The NAWF 6 produced more seedcotton plant-1 than all other positions other than 

NAWF 3, 4, and 5. NAWF 3 and 7 produced more seedcotton plant-1 than NAWF 1, 2, and 8, 

while NAWF 1 produced the least amount of seedcotton plant-1.  Bourland et al. (1992) 

reported that insignificant amounts of cotton were produced after NAWF 5 for CONC.  

These studies were conducted under irrigated conditions in Fayetteville, AK, so conditions 

for the current experiments differ drastically from those of this prior research.  For UNRC, 

NAWF 4 produced significantly more seedcotton plant-1 than all other NAWF positions 

besides NAWF 3, while NAWF 3 produced more seedcotton plant-1 than other NAWF 

positions, excluding NAWF 4 and 5.  NAWF 5 produced more seedcotton plant-1 than 
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NAWF 1, 2, 7, and 8, which produced the least seedcotton plant-1.  On a per area basis for 

CONC, NAWF 4 and 5 produced more seedcotton ha-1 than all other positions, while NAWF 

6 produced more seedcotton than NAWF 1, 2, 7, and 8.  Nodes above white flower 1, 2, and 

8 produced the least seedcotton.  In UNRC, NAWF 4 also produced the greatest amount of 

seedcotton ha-1.  NAWF 3 had more seedcotton than NAWF 1, 2, 6, 7, and 8, while NAWF 5 

had greater seedcotton ha-1 than NAWF 1, 2, 7, and 8.  Nodes above white flower 1 and 8 

produced the least seedcotton ha-1. 

   Conventional cotton produced the largest bolls at NAWF 8 at 5.5 g. boll-1 (Table 2).  Nodes 

above white flower 2, 3, 4, 5, 6, and 7 produced larger bolls than NAWF 1 (Table 3).  For 

UNRC, there were no NAWF affects on boll weight.  Nodes above white flower 4 and 5 in 

CONC produced the largest number of bolls plant-1 at 0.85 and 0.89 bolls plant-1, 

respectively (Table 1).  Furthermore, NAWF 6 had more bolls than NAWF 1, 2, 7, or 8.  

Nodes above white flower 3 and 7 produced more bolls than 1, 2, or 8 while 1 and 8 

produced the least bolls plant-1.  For UNRC, the most bolls produced where at NAWF 4 at 

0.7 bolls plant-1, while NAWF 3 produced more bolls than all other positions excluding 4 and 

5.  Nodes above white flower 3 and 5 produced more bolls than NAWF 1, 7, and 8.  Previous 

research indicated production of bolls on higher sympodial branches under the UNRC system 

(Buxton et al., 1979).  Date of flowering was later for decreased NAWF (Table 3).   

   For CONC, the highest percentage of seedcotton plant-1, 22.6%, was produced at NAWF 5 

(Table 2).  NAWF 4 produced 20.4%, which was greater than all other NAWF positions 

excluding NAWF 5.  NAWF 3 and 6 produced higher percentages than 1, 2, and 7.  For 

UNRC, the highest percentage of seedcotton was produced at NAWF 3 and 4 at 20.1 and 

25.1%, respectively.  NAWF 5 produced a significantly higher percentage of seedcotton than 
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NAWF 1, but NAWF 2, 5, 6, 7, and 8 all had similar seedcotton distributions.  Results on a 

per area basis were the same as per plant basis within row spacing.  Increases in cumulative 

seed cotton were observed in both row spacings with decreasing NAWF. 

   Canonical correlations for the first canonical covariant was 0.77 for both row spacings, and 

0.57 and 0.35 for CONC and UNRC, respectively, for the second canonical covariant (Table 

4).  Canonical correlation is a measurement of the relationship strength between the 

discriminant variate and the NAWF position (Vaylay and van Santen, 2002).  Only the first 

covariant was significant for both row spacings (p<0.0001).  Percent weight and boll number 

had the greatest influence on separating the NAWF positions (Table 4).  Class means for 

CONC revealed that NAWF 3-7 group together for boll effectiveness, while NAWF 3-5 

group together for UNRC (Table 5).  These data further support seedcotton distribution and 

boll weight data (Tables 1 and 2). 

 

SUMMARY 

   Ultra-narrow row cotton produced the majority of seedcotton plant-1 on the upper portion 

of the plant, NAWF 3-5, while CONC produced the most seedcotton plant-1 at NAWF 3-7.  

Boll numbers showed a similar pattern.  Furthermore, canonical discrimination grouped these 

NAWF positions for boll effectiveness based on percent weight, seedcotton plant-1, boll 

number plant-1, and boll weight.  On the other hand, if one considers that 95% of the crop 

should be set at cutout (Plant and Kerby, 1995), this occurred at NAWF 3 and 2 for CONC 

and UNRC, respectively. 

   These data demonstrate that cutout does not occur at NAWF 5 in the northern, rain-fed 

region of the Cotton Belt for both UNRC and CONC.  Boll load greatly affects cutout timing 
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(Ehlig and Lemert, 1973) and is affected by drought, temperature extremes, cloudy weather, 

insects, and disease (Tharp, 1960).  Soil type drastically affected boll distribution patterns 

and crop earliness in UNRC (Jost and Cothren, 2001).  Therefore, changes in climatic 

factors, soil type, and biotic stresses could indirectly affect cutout timing by a reduction in 

boll retention.   
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Table 1. Nodes above white flower positional effects on seedcotton and boll number per plant and per hectare for conventional (CONC)  
 and ultra-narrow row cotton (UNRC) grown in Milan, TN and Clayton, NC in 2001 and 2002.     
                     
          
 Seedcotton  Boll number 
          

NAWF† CONC UNRC CONC UNRC CONC UNRC  CONC UNRC 
                     
          

 
g plant-1 

  

kg ha-1 
  

bolls plant-1 
  

 
  

bolls ha-1 

1 0.48Ea‡ 0.59Ea 28.0Da‡ 86.3Ea 0.15Ea 0.16DEa  10000Ea 35000DEa 
          

2 1.13Da 1.19EDa 59.3Db 166.2DEa 0.27Da 0.29CDEa  24000Db 67000CDEa 
          

3 2.65BCa 2.45ABa 140.2BCb 348.4ABa 0.59BCa 0.59ABa  57000BCb 140000ABa 
          

4 3.93Aa 3.06Ab 212.0Ab 467.5Aa 0.85Aa 0.71Ab  86000Ab 189000Aa 
          

5 4.36Aa 2.09BCb 207.4Aa 297.9BCa 0.89Aa 0.43BCb  84000Aa 120000BCa 
          

6 3.12Ba 1.56CDb 160.1Bb 197.1CDa 0.66Ba 0.32CDb  65000Ba 80000CDa 
          

7 2.49Ca 0.68DEb 127.4Ca 132.9DEa 0.49Ca 0.15DEb  52000Ca 54000DEa 
          

8 1.13Da 0.56Ea 53.2Da 67.2Ea 0.21DEa 0.11Ea  22000DEa 27000DEa 
                     

† NAWF, nodes above white flower.        
          
‡ Means within a column followed by the same upper case letter or within a row followed by the same lower case letter are not   
   statistically different using Fisher's protected LSD at alpha= 0.10.       
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Table 2. Nodes above white flower positional effects on seed cotton distribution and cumulative seed cotton from the base of the plant for   
conventional (CONC) and ultra-narrow row (UNRC) cotton grown in Milan, TN and Clayton, NC in 2001 and 2002.   
                        
           
  Seed cotton distribution Cumulative seed cotton  Seed cotton distribution Cumulative seed cotton 
           

NAWF†  CONC UNRC CONC UNRC  CONC UNRC CONC UNRC 
                       
           
 
   

% seed cotton plant-1 
  

 
  

% seed cotton ha-1 

1  2.5Ea 4.8Ca 100.0Aa 100.0Aa  1.5Db 3.3Da 100.0Aa 100.0Aa 
           

2  5.9DEb 9.7BCa 98.2Aa 96.0Ab  6.3Cb 10.8Ca 98.3Aa 96.3Ab 
           

3  13.8Cb 20.1Aa 92.1Ba 84.7Bb  14.0Bb 22.6ABa 92.1Ba 85.5Bb 
           

4  20.4Bb 25.1Aa 78.7Ca 65.0Cb  21.3Ab 27.5Aa 78.2Ca 62.9Cb 
           

5  22.6Aa 17.1Ba 59.3Da 34.4Db  21.8Aa 19.9Ba 57.0Da 35.4Db 
           

6  16.2Ca 12.8BCa 37.4Ea 18.2Eb  15.2Ba 10.7Ca 35.2Ea 15.4Eb 
           

7  12.9Da 5.6BCb 21.2Fa 7.1Fb  13.1Ba 3.4Db 19.9Fa 4.8Fb 
           

8  5.8Ea 4.5BCa 7.5Ga 5.0Fb  6.0Ca 1.1Db 6.8Ga 1.3Fb 
                        
† NAWF, nodes above white flower; DAP, days after planting.       
           
‡ Means within a column followed by the same upper case letter or within a row followed by the same lower case letter are not   
   statistically different using Fisher's protected LSD at alpha= 0.10.        
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Table 3. Nodes above white flower positional effects on average boll weight and flowering date   
 for conventional (CONC) and ultra-narrow row (UNRC) cotton grown in Milan, TN and Clayton, NC  
 in 2001 and 2002.          
       
 Average boll weight  Flowering date  
       
NAWF† CONC UNRC  CONC UNRC  
              
       

 
g boll-1 

  

 DAP 
   

1 3.0Ea 3.8Aa  90.0Aa‡ 89.5Aa 
      
2 4.2Da 4.2Aa  88.6Ba 85.3Ba 
      
3 4.6Ca 4.2Ab  83.1Ca 78.5Cb 
      
4 4.6Ca 4.2Ab  78.5Da 75.1Db 
      
5 5.0BCa 4.5Ab  74.2Ea 72.3DEb 
      
6 4.6Ca 4.6Aa  71.1Fa 71.9Ea 
      
7 5.1ABCa 4.6Ab  69.1Ga 69.6Ea 
      
8 5.5Aa 5.2Aa  68.4Ga 69.0Ea 
              
† NAWF, nodes above white flower; DAP, days after planting.    
       
‡ Means within a column followed by the same upper case letter or within a row followed by the        
   same lower case letter are not statistically different using Fisher's protected LSD at alpha= 0.10.   
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Table 4. The loadings of the independent variables on the two canonical discriminant of boll effectiveness   
 for conventional (CONC) and ultra-narrow row (UNRC) cotton grown in Milan, TN and Clayton, NC in 2001 and 2002.  
          
 Canonical discriminant variate     
          
 1  2     
          
Variable CONC UNRC  CONC UNRC     
                
          
percent weight 0.97†  0.97 -0.25 -0.09   
         
seedcotton 0.88 0.88 -0.26 -0.18     
         
boll number 0.95 0.95 -0.031 -0.14     
         
boll weight 0.57 0.57 0.66 0.65     
         
         
Canonical correlation‡ 0.77 0.77 0.57 0.35     
         
P level of significance 0.0001 0.0001 0.0001 0.2434     
         
Variance 0.05 0.04 0.06 0.08     
                
          
†Positive values indicate a positive influence of the particular variable on the discriminate function.      
The larger the number the greater the influence.        
          
‡Canonical correlation is a measurement of the relationship strength between the discriminant variate and the NAWF 
position.    
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Table 5. Class means of canonical variables for boll effectiveness 
 for conventional (CONC) and ultra-narrow row (UNRC) cotton 
grown  
 in Milan, TN and Clayton, NC in 2001 and 2002.  
    
 Row spacing  
    
NAWF† CONC UNRC  
       
    
1 -2.29‡ -1.13 
   
2 -0.85 -0.11 
   
3 0.37 1.28 
   
4 1.41 1.85 
   
5 1.45 0.9 
   
6 0.45 -0.19 
   
7 0.16 -1.11 
   
8 -0.69 -1.49 
       
    
†NAWF, nodes above white flower.   
    
‡Class means that are positive are grouped together as producing  
effective bolls.    
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Abbreviations: average air temperature (AAT), average photosynthetically active radiation 

(APAR), average soil moisture (ASM), average soil temperature (AST), average solar 

radiation (ASUN), BG/RR, Bollgard/Roundup Ready®; Degree days 15.5°C (DD15.5), 

Degree days 30/13°C (DD3013), Delta and Pine Land® (DPL), minimum air temperature 

(MNAT), maximum air temperature (MXAT), maximum photosynthetically active radiation 

(MXPAR), maximum soil temperature (MXST), and maximum solar radiation (MXSUN). 

Note to the reader:  This chapter is formatted for submission to the Agronomy Journal. 
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Influence of Temperature and Other Climatic Factors on Boll Maturation Period 

ABSTRACT 

   Heat units can be used for cotton variety selection; scheduling insect, disease, and 

weed control; and planning irrigation, defoliation, and harvest.  The objectives of this 

research are to determine if the degree day 15.5°C model is an accurate method to 

monitor reproductive growth in cotton in the northern, rain-fed region of the Cotton 

Belt, to evaluate other degree day models, and to investigate other weather variables in 

this cotton region that may improve the accuracy of the current heat unit system.  

Cotton was planted at three different timings in 2001 and 2002 in order to provide 

different climatic regimes during the boll-filling period.  On ten typical plants per plot, 

all first position flowers were individually tagged with date of flower opening and were 

then harvested at full maturity.  Weather data consisted of maximum, minimum, and 

average air temperature; maximum and average soil temperature; average soil 

moisture; maximum and average solar radiation; and maximum and average 

photosynthetically active radiation.  All climatic factors except soil moisture were 

significant in terms of effects on boll maturation period (p<0.0001).  Single variable 

models were somewhat related to boll maturation period in terms of regression fits, 

with degree-days 30/13°C providing the best adjusted R2 of 0.9399; the degree day 

15.5°C model had an adjusted R2 of 0.9268.  A two variable model consisting of degree-

days 30/13°C and average air temperature greatly reduced mean square error and 

increased the adjusted R2 to 0.9990.  This model was the best prediction out of all of the 

two variable models.  Modifying the DD15.5 model by adding either minimum air 

temperature or maximum and average air temperature increased the adjusted R2 to 
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0.9632 and 0.9934, respectively, while also reducing mean square error and coefficient 

of variation.  Producers should consider use of one of these modified degree-day models 

to improve their cotton monitoring and management decisions. 
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   Heat units are a common method to monitor and model growth in many crops including 

maize, soybeans, sorghum, and cotton (Andrade et al., 2000; Cober et al., 2001; Reddy et al., 

1992a; Staggenborg et al., 1999).  Accurate models for temperature effects are very valuable 

to physiologists, modelers, breeders, and crop producers (Andrade et al., 2000).  Heat units 

can be used for variety selection; scheduling insect, disease, and weed control; and planning 

irrigation, defoliation, and harvest (Idso et al., 1978, Larson et al., 2002; Logan and 

Gwathmey, 2002; Mi et al., 1998; Wanjura et al., 2002).   

   The currently accepted model for cotton heat unit accumulation is based on the simplest 

form of several different possible calculations, whereby heat units are calculated directly 

from the difference between the daily mean temperature and a lower threshold that represents 

the lower limit for growth of the crop in question (Arnold, 1960; Baskerville and Emin, 

1969; Wang, 1960).  More complex models exist such as one based on both an upper and 

lower temperature threshold.  For both types of models, errors exist because area under the 

predicted curve is different from the area under the diurnal temperature curve, resulting in a 

2-4% error (Arnold, 1960).  Some researchers report that precision is not increased with the 

introduction of the additional upper threshold (Baskerville and Emin, 1969).  Others use a 

30/13°C threshold in the western Cotton Belt for Pima and Upland cotton (Unruh and 

Silvertooth, 1997).  Including plant water status to the classical degree-day model increased 

accuracy and revealed that reproductive growth intervals varied amongst cultivars or 

response to different plant water regimes (Idso et al., 1978). 

   A model is only accurate if biological meaningful thresholds are determined by research 

(Baskerville and Emin, 1969).  Conflicting results for optimal cotton growth exist depending 

on plant stage and physiological parameters investigated.  The optimal temperature for stem 
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elongation, leaf area expansion, and biomass accumulation is 30/22°C (Reddy et al., 1992a), 

while ribulose-1, 5-bisphosphate carboxylase activity increases up to 36/26°C (Reddy et al., 

1998a).  Optimum temperature for biomass production during boll development is 30/20°C; 

temperatures above this optimum result in fruit abortion, while temperatures below this 

optimum cause lower biomass portioning into bolls (Reddy et al., 1992b).  The upper limit 

for cotton boll retention is 32°C (Reddy et al., 1999).  Reddy et al. (1992b) indicated that 

young bolls may abort because of temperatures between 35 to 40ºC in productive 

environments.  Meyer (1969) indicated that cotton plants become sterile at 38ºC.  In terms of 

yield component of individual fibers, fiber length is shorter in the 30/20°C compared to 

26/15°C, but micronaire is maximal at 30/20°C.  Other research indicates fiber initiation and 

early elongation are independently delayed by cycling cool temperatures of 15°C, but later 

elongation proceeds in a temperature independent manner (Xie et al., 1993). 

   Much effort has been invested on improving existing models, such as adjustments for 

regional weather patterns (Andrade et al., 2002; Dwyer et al., 1999).  Many models of crop 

growth are based on linear models of some factor such as sunlight or heat accumulation.  

These models, though, assume that other factors such as nutrients and water are not limiting 

and often do not include a specific threshold for the factor used for the model.  Other models 

are quite detailed including soil surface texture, soil temperature, rainfall, aggregate size 

distribution and position in the seedbed, sowing depths, initial seed mass distribution, 

germination time, and hypocotyl elongation distributions (Durr, 2001), but these are often 

not usable to producers as a management tool because of their degree of complexity.   

   Preliminary research in North Carolina indicated a disjunction between cotton development 

rate and accumulated heat units.  This research was initiated because it was believed that the 
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15.5°C lower threshold was not an appropriate lower limit for cotton growth and that a lower 

temperature threshold would more accurately depict growth.  The objectives of this research 

was to determine if the degree day 15.5°C model is an accurate method to monitor 

reproductive growth in cotton in the northern, rain-fed region of the Cotton Belt, to evaluate 

other degree day models, and to investigate other weather variables in this cotton region that 

may improve the accuracy of the current heat unit system for cotton. 

 

MATERIALS AND METHODS 

   Experiments were conducted in 2001 and 2002 at the Central Crops Research Station near 

Clayton, NC (35.64701 N, 78.45834 W) on a Dothan sandy loam (fine-loamy, siliceous, 

thermic plinthic Paleudults).  Seed (cv. DPL 458 BG/RR) was planted with a John Deere 

Max Emerge® vacuum planter on raised 0.97 m beds; final populations were 111, 000 and 

104,000 plants ha-1 in 2001 and 2002 for all planting dates, respectively.  Planting dates in 

2001 were May 9, May 31, and June 14; 2002 planting dates were May 2, May 23, and June 

14.  Tillage was only conducted during the pre-planting period.  Fertilization, weed control, 

insect control, and plant growth regulation decisions were conducted according to North 

Carolina Extension recommendations individually for each planting date (Bachelor, 2003; 

Crozier, 2003; Edmisten, 2003; York and Culpepper, 2003).  Plots consisted of four rows 

12.2 m long; treatments were replicated four times in a randomized, complete block design.   

   At first flower, 10 typical plants per plot were flagged for subsequent flower tagging (120 

plants total per test).  On flagged plants only, all first position flowers were tagged every 

other day with the Julian date.  White flowers were tagged with the current day’s date, while 

pink flowers were tagged with the previous day’s date.  Tagging continued every other day 
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until the last first-position white or pink flower was tagged.  Tagged bolls were then 

individually harvested when they cracked and lint was first visible, which is an indicator of 

full maturity (Oosterhius and Jernstedt, 1999).  Boll maturation period (BMP) was calculated 

as the number of days between the initial tagging of a flower and cracked boll harvest.  All 

harvested bolls were air-dried for 48 h at 25°C.  After drying, seedcotton was removed from 

carpels and weighed.   

   Weather data was collected from a State Climate Office of North Carolina weather station 

located 1.3 km from the experiment site and consisted of maximum air temperature (MXAT), 

minimum air temperature (MNAT), average air temperature (AAT), maximum soil 

temperature (MXST), average soil temperature (AST), average soil moisture (ASM), average 

solar radiation (ASUN), maximum solar radiation (MXSUN), maximum photosynthetically 

active radiation (MXPAR), and average photosynthetically active radiation (APAR).  

Degree-day (DD) 15.5°C were calculated as the difference between the daily mean 

temperature and a base temperature of 15.5°C as described in Baskerville and Emin (1969).  

Furthermore, an alternative degree-day model was used based on calculations with 13 and 

30°C (DD3013) as temperature thresholds as described Unruh and Silvertooth (1997). 

   Data was first analyzed with PROC GLM with SAS® using specified error terms to 

determine if the two years of data could be combined.  Year by treatment interaction was not 

significant, so data was pooled over years.  Data was then analyzed with PROC REG using 

the selection option based on adjusted R2, Mallows' Cp (Cp), mean square error (MSE), and 

coefficient of variation (CV) to determine the best model.  Residual plots were developed 

using PROC PLOT to determine homogeneity of variance.  
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RESULTS AND DISCUSSION 

    Climatic data 

   Environmental conditions experienced by cotton grown at the different planting dates are 

listed in Table 2.  These data demonstrate a broad range of climatic factors for the three 

planting dates in 2001 and 2002.  The planting dates during both years had DD3013, 

DD15.5, MXAT, MNAT, AAT, MXST, AST, ASUN, and MXPAR values that declined with 

correspondingly later date of planting.  All parameters except ASM and APAR were 

significantly different among the different planting dates within the same year.     

Model Comparison 

   Single variable models were related to BMP with DD3013 providing the best adjusted R2 

of 0.9399.  The DD3013 model proved superior to models including only the upper threshold 

(30°C) or lower threshold (13 °C) (data not shown).  MNAT, AAT, MXST, AST, MXAT, 

MXPAR, ASUN, APAR, and ASM all had lower adjusted R2 of 0.6640, 0.6210, 0.5984, 

0.5562, 0.4909, 0.2877, 0.2567, 0.0740, and 0.0050, respectively.  In comparison, the model 

based on DD15.5 resulted in an R2 of 0.9268 (Table 4).  The relatively high R-square values 

of the single variable models involving heat units agrees with previous research which 

indicated that development rate is primarily dictated by temperature (Hodges, 1991).  

Moreover, a two variable model consisting of DD3013 and AAT greatly reduced MSE to 

0.25 compared to single variable DD3013 model, which had a MSE of 1.97.  The 

DD3013/AAT model also increased the adjusted R2 to 0.9990 and gave the best prediction 

out of the two variable models.  Adding AST to the DD3013/AAT model increased the 

adjusted R2 to 0.9995 and reduced the MSE to 0.39.  Furthermore, C(p) was reduced from 

1349 to 546 for the DD3013/AAT and DD3013/AAT/AST models, respectively.  All 
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multiple variable models resulted in decreased CV’s compared to single variable models.  

Using all climatic factors in the model slightly increased the adjusted R2 to 0.9998, reduced 

the mean square error to 0.11 and C(p) to 11.  Thus, more complex models with many 

different climatic factors do not greatly improve the model for BMP and greatly increase the 

complexity of calculations.  The DD3013/AAT model would probably be the most, user-

friendly model because of the easy calculations and the common availability of this type of 

weather data.  Simplicity of the current degree-day calculations is the main reason for its 

widespread adoption (Stewart et al., 1998).  Adding AST to this two variable model slightly 

increases the adjusted R2, but this type of data may not be easily available to growers. 

   All slopes and intercepts were significant excluding the slope and intercept for ASM (Table 

3).  Heat unit variables (DD15.5 and DD3013) were associated with BMP in a positive 

manner.  Contrastingly, prior research indicated that boll size and fill period decreased as 

temperature increased in a growth chamber setting (Reddy et al., 1999).  The fact that the 

current experiment was conducted in the field and that heavy boll set can increase boll fill 

periods may explain these discrepancies (Ehlig and Lemert, 1973).  As one would expect, as 

MNAT, AAT, MXST, AST, MXAT, MXPAR, ASUN, and APAR increased, BMP 

decreased.   

 

 DD15.5 model improvement 

   Adjustments to the current DD15.5 model with several other variables increased its 

accuracy to predict the time period for boll fill (Table 4).  Adding MNAT, MXAT/AAT, and 

MXAT/AAT/ASUN increased the adjusted R2, while also reducing MSE and C(p).  The 

slope of DD15.5 doubles when it is used in a multiple variable model, but remains constant 
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in all multiple variable models (Table 5).  If one considers the DD15.5/MNAT, it increases 

the adjusted R2 from 0.9268 to 0.9632, while still using the same weather data, simply by 

using different calculations.  Similarly, the DD15/MXAT/AAT model increased the adjusted 

R2 to 0.9934, while reducing MSE, C(p), and CV.  These could be useful tools to correct for 

temperature effects on boll fill just as photothermal quotients and thermal indices have 

improved the relationship of temperature on maize development (Andrade et al., 2000; 

Stewart et al., 1998).   

 

SUMMARY 

   This study agrees with other previous research where it was shown that all biological 

variation couldn’t be explained by heat unit accumulation alone (Idso et al., 1978).  Adding 

soil temperature to the DD3013 model reduced CV, MSE, and increased adjusted R2 in this 

study.  Similar modifications with maize models have been shown to reduce CV, which is an 

indicator of the reliability of the model over different planting dates and years (Stewart et al., 

1998). 

   A model is only good if biological meaningful thresholds are determined (Baskerville and 

Emin, 1969).  Most research conducted on temperature effects on cotton development 

indicated an upper threshold of 30°C.  Gross photosynthesis increased linearly when the 

ambient air temperature increased to 30°C and declined at 40°C (Hodges, 1991).  

Temperature optimum for vegetative and reproductive growth was 30/22°C, when cotton was 

grown at 20/12, 25/17, 30/22, 35/27, and 40/32°C.  Fruit retention was severely decreased at 

the two highest temperatures compared to the optimum (Reddy et al., 1998b).  Thus, an 

upper threshold for heat unit calculation would seem appropriate, and this study 
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demonstrates that the upper limit improves the usefulness of heat unit accumulation. 

   The lower temperature threshold may involve respiratory activity since low night time 

temperatures have inhibitory effects on photosynthesis (Warner et al., 1995)  Leaves exposed 

to 15°C nights had respiratory rates that were 42% of those of cotton grown at 28°C.  Cotton 

grown at 30/19 or 30/15°C produced higher nocturnal ATP:ADP and energy charge than 

cotton grown at 30/28°C, but this did not affect ATP-utilizing processes (Lawrence and 

Holaday, 2000).  Thus a larger pool of photoassimilates is available predawn when plants 

were grown in the lower nocturnal temperature.  These photoassimilates could be available 

for boll maturation during early morning prior to optimal photosynthesis because 

photosynthesis is light-limited below 300 µmol m-2 s-1 PAR (Vogelmann, 1998). 

   The DD3013 model proved to be superior to the DD15.5 model because of the addition of 

an upper threshold and a more appropriate lower threshold.  The combination of both 

thresholds proved much better than models using only the upper or lower threshold.  Both 

thresholds are based on results from multiple sources of temperature research previously 

discussed (Hodges, 1991; Lawrence and Holaday, 2000; Reddy et al., 1998b).  Furthermore, 

other crops such as maize, sorghum, and rice use both upper and lower thresholds for crop 

modeling (Craufurd et al., 1998; Dwyer, 1999; Slaton et al., 2003).  To conclude, this 

research indicates that both the upper and lower thresholds for cotton growth improved heat 

unit models.  This will aid in more accurate monitoring of reproductive growth in cotton in 

the northern, rain-fed region of the Cotton Belt.  
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Table 1. List of acronyms describing weather variables.       
        
Acronym Weather Variable        
        
DD15  degree-day 15       
        
DD3013 degree day 30/13       
        
MXAT maximum air temperature       
        
MNAT minimum air temperature       
        
AAT average air temperature       
        
MXST maximum soil temperature        
        
AST average soil temperature       
        
ASM  average soil moisture       
        
ASUN  average solar radiation        
        
MXPAR maximum photosynthetically radiation        
        
APAR average photosynthetically active radiation        
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Table 2. Degree-day 15.5, maximum, minimum, and average air temperature; maximum and average soil temperature; average soil moisture; average 
 solar radiation; maximum and average photosynthetically active radiation during boll maturation period for each planting date for 2001 and 2002 at  
Clayton, NC.                       
             
Year Planting  DD15.5† DD3013 MXAT MNAT AAT MXST AST ASM ASUN MXPAR  APAR 
  date                       
             

  
 

heat units  

 
C  

 
m3 m-3  

 
W m-2  

 
mol m-2 day-1  

             
2001 9-May 459a‡ 579a 27.6a 17.2a 22.0a 27.7a 24.6a 0.39a 206.7a 105.2a 23.1a 
             
2001 31-May 383b 521b 26.7b 15.1b 20.4b 25.5b 23.4b 0.39a 202.8b 103.9b 23.1a 
             
2001 14-Jun 289c 421c 25.2c 12.9c 18.6c 23.4c 22.1c 0.39a 192.3c 101.1c 22.6b 
             
2002 2-May 541A 624A 30.5A 20.0A 25.1A 29.7A 27.4A 0.33A 209.2A 152.3A 35.9A 
             
2002 23-May 496B 607B 28.5B 18.7B 23.1B 27.8B 25.6B 0.35B 176.3B 136.1B 29.2B 
             
2002 14-Jun 472C 596B 26.9C 17.8C 21.8C 26.3C 24.3C 0.38C 156.6C 127.1C 25.5C 
             
† DD15, Degree-day 15; DD3013, Degree day 30/13; MXAT, maximum air temperature; MNAT, minimum air temperature; MXST, maximum soil  
temperature; AAT, average air temperature; AST, average soil temperature; ASM, average soil moisture; ASUN, average solar radiation; MXPAR,  
maximum photosynthetically active radiation; APAR, average photosynthetically active radiation.     
             
‡ Means within a column followed by the same lower case letter or not significantly different for 2001 data, while data within a column followed by  
the same upper case letter are not statistically different for 2002 data using Fisher's protected LSD at alpha= 0.05.    
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Table 3. Regression equations and  95% confidence limits of coefficients describing the response of cotton boll maturation period to various  
climatic factors.  All models include 608 data points.    
        
Equations a b c d    
        
BMP= DD3013a + b 0.04 ± 0.001*** -15.9  ± 1.08***      
        
BMP= DD15.5a + b 0.0001 ± 0.00001*** 28.5  ± 0.52***      
        
BMP= MNATa + b -7.88 ± 0.306*** 79.9  ± 0.77***      
        
BMP= AATa + b -2.62 ± 0.112*** 118.9 ± 7.90***      
        
BMP= MXSTa + b -2.18 ± 0.098*** 112.8  ± 7.82***      
        
BMP= ASTa + b -2.99 ± 0.146*** 141.6  ± 11.04***      
        
BMP= MXATa + b -13.04 ± 0.726*** 155.76  ± 5.27***      
        
BMP= MXPARa + b -1.99 ± 0.172*** 270.20  ± 17.947***      
        
BMP= ASUNa + b -0.64 ± 0.059*** 192.4  ± 12.17***      
        
BMP= APARa + b -2.76 ± 0.741*** 125.2  ± 17.2***      
        
BMP= ASMa + b 175.4 ± 107.04 -6.9  ± 41.64      
        
BMP= DD3013a + AATc + b 0.04 0.001*** 71.4  ± 0.63*** -1.02  ± 0.007***     
        
BMP= DD3013a + AATc + ASTd + b 0.04 ± 0.0001*** 74.3  ± 0.80*** -0.20  ± 0.037*** -0.86  ± 0.319***    
        
† BMP, boll maturation period; DD3013, Degree day 30/13; DD15.5, Degree-day 15.5; MNAT, minimum air temperature; AAT,  average air 
temperature;     
 MXST, maximum soil temperature; AST, average soil temperature; MXAT, maximum air temperature; MXPAR, maximum photosynthetically  active   
 radiation; ASUN,  average solar radiation; APAR, average photosynthetically active radiation; and ASM, average soil moisture.    
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Table 4. R2, adjusted R2, Mallow's Cp statistic, mean square error, coefficient of variation, and input variables for selected  
 predictor equations of boll fill period based on climatic factors.     
       
Number of  R2 Adj R2 Mallow's Cp Mean square error Coefficient of variation Variables in model 
variables             
       
1 0.9401 0.9399*** 105570.7 1.97 3.21 DD3013 
       
1 0.9271 0.9268*** 128667.1 2.17 3.55 DD15.5 
       
1 0.6650 0.6640*** 591684.6 4.66 7.60 MNAT 
       
1 0.6221 0.6210*** 667562.4 4.95 8.08 AAT 
       
1 0.5996 0.5984*** 707384.6 5.10 8.31 MXST 
       
1 0.5576 0.5562*** 781589.0 5.36 8.73 AST 
       
1 0.4924 0.4909*** 896708.5 5.74 9.36 MXAT 
       
1 0.2898 0.2877*** 1254753.0 6.79 11.07 MXPAR 
       
1 0.2590 0.2567*** 1309331.0 6.93 11.31 ASUN 
       
1 0.0403 0.0740*** 1695854.0 7.90 12.87 APAR 
       
1 0.0080 0.0050 1752822.0 8.02 13.09 ASM 
       
1 0.9271 0.9268*** 128667.1 2.17 3.55 DD15.5 
       
2 0.9634 0.9632*** 5463.7 1.54 2.51 DD15.5/MNAT 
       
2 0.9990 0.9990*** 1349.4 0.25 0.41 DD3013/AAT 
       
3 0.9934 0.9934*** 712.3 0.65 1.07 DD15.5/MXAT/AAT 
       
3 0.9995 0.9995*** 546.6 0.19 0.39 DD3013/AAT/AST 
       
4 0.9959 0.9959*** 318.5 0.52 0.84 DD15.5/MXAT/AAT/ASUN 
       
11 0.9998 0.9998*** 11.0 0.11 0.19 all variables 
       
†DD3013, Degree day 30/13; DD15.5, Degree-day 15.5; MNAT, minimum air temperature; AAT,  average air temperature;  
MXST, maximum soil temperature; AST, average soil temperature; MXAT, maximum air temperature; MXPAR, maximum  
photosynthetically active radiation; ASUN, average solar radiation; APAR, average photosynthetically active radiation; and  
ASM, average soil moisture.     
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Table 5. Degree-day 15.5 model modifications: Regression equations, 95% confidence limits of coefficients, and adjusted r2 values describing the response  
of cotton  boll maturation period to various climatic factors.  All models include 608 data points.       
       
Equations a b c d e adjusted R2 
       
BMP= DD15.5a + b 0.0001 ± 0.00001*** 28.5  ± 0.52***    0.9268*** 
       
BMP= DD15.5a + MNATc + b 0.0002 ± 0.00001*** 1.49  ± 1.53 4.79  ± 0.264***   0.9632*** 
       
BMP= DD15.5a + MXATc + AATd + b 0.0002 ± 0.00001*** -309.22  ± 5.930*** -25.20  ± 0.537*** 7.00 ± 0.130***  0.9934*** 
       
BMP= DD15.5a + MXATc + AATd + ASUNe + b 0.0002 ± 0.00001*** -368.73  ± 6.269*** -32.13  ± 0.645*** 8.06 ± 0.126*** 0.16 ± 0.011*** 0.9959*** 
       
† BMP, boll maturation period; DD15.5, Degree-day 15.5; MNAT, minimum air temperature; MXAT, maximum air temperature; AAT,  average air temperature;   
 ASUN, average solar radiation. 
 
*, ** , *** significant at the 0.10, 0.05, and 0.01 levels, respectively.        
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Stem and Root Carbohydrates in Modern Verses Obsolete Cotton Cultivars 

ABSTRACT 

   The lower stem and root starch reserve is a necessary source of photoassimilates for 

completion of reproductive development in cotton.  The objectives of this research was 

to determine if carbohydrate levels in the lower stem and roots have been altered due to 

over 100 years of breeding efforts. In 2001 and 2002, 33 cultivars released from 1900 to 

2000 were planted.  Two elite lines were planted in 2002.  Plants were sampled at first 

bloom and cutout.  Lower stem and roots were analyzed for carbohydrate content and 

concentration using a colorimetric technique.  Analysis of variance by year revealed 

cultivar differences for starch concentration at both sample times, but starch content 

was only significant at first bloom in 2002.  These differences, though, did not show a 

strong relationship with release date, indicating that a century of breeding efforts has 

not altered stem and root starch dynamics.  Orthogonal contrast did reveal differences 

in starch content and concentration between obsolete, modern, and elite lines.  On the 

other hand, these differences were not consistent across experimental years.  In 2001, 

modern cultivars had lower root and stem starch concentrations and lower root starch 

content than obsolete cultivars, but in 2002 there were no differences between modern 

and obsolete cultivars.  In 2002, elite lines had higher stem starch concentration and 

content, which may indicate higher photosynthetic rates.  Environmental conditions 

seem to affect starch dynamics more than genetics when one considers the high 

significance of year on the most data in this study. 
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   Historical cotton (Gossypium hirsutum L.) yields for the U.S. Cotton Belt suggest that this 

crop has reached a yield plateau.  Of concern to researchers and producers is the possibility 

that genetic potential for yield and fiber quality is exhausted (Kreig, 2002; Meredith, 2002).  

One possible problem is a lack of available assimilates since maximum photosynthesis 

occurs before bolls are completely mature (Constable and Rawson, 1980; Wells et al., 1986; 

Wullschleger and Oosterhius, 1990).  As much as 13 to 28% of total C is needed for 

completion of reproductive development comes from stored carbohydrates (Constable and 

Rawson, 1980).  Furthermore, a large portion of boll development occurs after canopy 

photosynthesis has declined appreciably (Wells et al, 1986), and developing bolls on nodes 8 

require more than 60% of photoassimilates to be imported from other sources besides the 

adjacent leaf (Wullschleger and Oosterhius, 1990).  Radiolabeled carbon studies reveal that 

cotton production could benefit from a different pattern of assimilate partitioning that favors 

the remobilization of stored carbohydrates to reproductive structures (Pace et al., 1999).  Due 

to the perennial growth habit, cotton stores a significant amount of carbohydrate into the 

lower stem and roots and is a major source of assimilate during periods of heavy boll set 

suggesting that these pools are drawn upon by the growing plant to maintain growth during 

periods of high metabolic demand (Hendrix, 1994; Saleem and Buxton, 1976; Wells, 2002). 

   Perennial tree-type cotton has a greater concentration of starch in roots compared to the 

more annual-type of cotton, which is the type commonly grown for commercial purposes (De 

Souza and Da Silva, 1987).  High starch content in tree-type cottons imparts drought 

tolerance as a survival mechanism against the cyclical availability of water in its native 

habitat (De Souza and Da Silva, 1987).  Root sink strength has affected carbohydrate 

partition and patterns of growth of cotton.  Low starch selections increased growth and leaf 
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area but decreased earliness (De Souza and Da Silva, 1992a).  Earliness, fiber length, boll 

size, and yield per unit of leaf area are increased in high starch selections, but number of 

branches, height of first fruiting node, height of plant, leaf area, and number of bolls are 

decreased (De Souza and Da Silva, 1992a; De Souza and Da Silva, 1994).  The starch in 

stems increases from first flower until the 10th day after flowering and decreases after this 

stage (De Souza and Da Silva, 1992b).  Carbohydrate content of two annual-type cultivars 

bred fifty years apart exhibited little alteration in carbohydrate trends, but carbohydrate 

concentration and content varied during the season for both cultivars (Wells, 2002).   

   Both commercial and public cotton-breeding programs have mainly focused on increasing 

lint yield over the last century.  This breeding strategy has lead to greater allocation of dry 

matter in reproductive organs at the expense of vegetative organs (Wells and Meredith, 

1984).  Increases in yields may be related to greater remobilization of stored carbohydrates in 

the lower stems and roots into reproductive parts.  The present study was initiated to 

determine if carbohydrate levels in the lower stem and roots have been altered due to over 

100 years of breeding efforts and to ascertain if possible low starch content is the cause for 

the current yield plateau in cotton. 
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MATERIALS AND METHODS 

Cultural Practices 

   In 2001 and 2002, a field study was conducted on a Dothan sandy loam (fine-loamy, 

siliceous, thermic Plinthic Paleudults) at the Central Crops Research Station located near 

Clayton, NC.  A total of 33 cultivars released from 1900 to 2000 in either commerial 

breeding programs of Delta and Pine Land or Stoneville Seed were seeded at 2 seeds per foot 

in on May 12, 2000 and 4 seeds per foot on May 4, 2001 (Table 1).  In 2002, two elite lines 

from the Delta and Pine Land and Stoneville programs were included.  Each plot consisted of 

one 100-cm row that was 2 and 4.6 m long in 2001 and 2002, respectively.  All treatments 

were replicated four times in a randomized complete block design.  Two weeks before 

planting, 14, 14, and 160 kg ha-1 N, P, and K, respectively were broadcast on the plots.  At 60 

days after planting (DAP), 27, 13, and 54 kg ha-1 N, P, and K, respectively, were banded.  

Aldicarb [2-methyl-2-(methylthio) propionaldehyde O-(Methylcarbomoyl) oxime] and (R)-

2-(2, 6- dimethylphenyl)-methoxyacetylamino]-propionic acid methyl ester were both 

applied at 1.0 kg a.i. ha-1 in furrow during planting.  For insect control, lambda-cyhalothrin 

[1α(S*),3α9Z)]-(±)-cyano-(3-phenoxyphenyl)methyl-3-(2-chloro-3,3,3-trifluoro-1-

prophenyl)-2,2-dimethylcyclopropanecarboxylate was applied at 0.02 kg ha-1.  Overhead 

irrigation (2.5 cm) was applied at 110 and 120 DAP in 2002.   

Plant Sampling 

   In 2001 and 2002, three and five plants, respectively, were sampled when plants reached 

first bloom and five nodes above white flower (cutout).  Due to maturity differences there 

were three separate dates of harvest.  The top 60 cm of the root system were dug with a 

spade, with care given to recover the maximum amount of root.  The lower portion of the 
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plant was sectioned into the root system and lower stem.  The root system consisted of all 

tissue below the soil line, while the lower stem consisted of the portion of the stem from the 

cotyledonary nodes to the soil line.  After separation, samples were frozen in liquid N and 

transported to the lab on dry ice.  Samples remained frozen until they were lyophilized.  

After lyophilization, sample weights were recorded, and samples were ground to pass 

through a 40-mess screen. 

 

Starch Analysis 

   Starch analysis was made using the Hendrix method (1993).  Plant samples were reacted 

with 1 ml of 0.2 KOH for 1 h in a 100°C water bath.  After this cooled, 0.2 ml of 1 M acetic 

acid was added to adjust the pH to 7.0.  Three hundred and sixty units of α-amylase obtained 

from Bacillus licheniformis (Sigma A-3403, EC 3.2.1.1) were added to the sample and 

allowed to react for 0.5 h at 85°C.  Acetic acid (1 M) was then used to lower the pH below 

5.0.  Next 122 units of amyloglucosidase obtained from Aspergillus niger (Sigma A-3042, 

EC 3.2.1.3) was added and allowed to react for 1 h at 55°C.  The reaction was stopped in a 

boiling water bath and clarified with a microcentrifuge.  A 20µl sample was diluted 1:1 with 

distilled water and then pipetted by triplicates into a 96-well microplate and analyzed using 

100 µl of Sigma 115A glucose detection reagent in low light.  Starch concentration, in terms 

of micrograms of glucose equivalents per gram of dried plant sample, was then calculated.  

Starch content was determined by multiplying starch concentration by the dry weight of the 

stem or root sample. 
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Statistical Analysis 

   Analysis of variance was performed using the General Linear Model procedure.  For each 

sampling date, starch concentration, total starch content, plant weight, root weight, and stem 

weight were regressed against year of cultivar release date using PROC REG (SAS Inst., 

2001).  Elite, modern, and obsolete cultivars were compared using orthogonal contrast.  

Mean separations were performed using Fisher’s protected LSD at P=0.10.  Obsolete lines 

are those cultivars not currently planted for commercial cotton production, modern cultivars 

are cultivars that are being currently grown, and elite lines are cultivars that will be 

commercially available within the next few years. 

 

RESULTS  

   The mean squares for dry weight, starch concentration, and starch content at first bloom are 

shown in Table 2.  Cultivar main effect was not significant for all parameters.  Year was 

significant for root weight, stem weight, upper plant weight, and root and stem starch 

content.  Dry weights were much higher in 2001, which probably influenced the greater 

starch content.  When averaged across cultivar, root weight, stem weight, and upper plant 

weight were 74, 61, and 43% greater in 2001 compared to 2002 (Table 3).  This greater 

weight in 2001 was probably due to the lower plant populations for this year.  Cultivar X 

year interaction was significant for root starch concentration, stem starch concentration, and 

stem starch content at both first bloom and cutout.  Therefore, this data was reanalyzed by 

years.  The mean squares for the separate years are shown in Table 4.  Cultivar main effect 

was significant for root and stem starch concentration for both 2001 (P≤0.10) and 2002 

(P≤0.01).  Only in 2002 was cultivar main effect significant for root starch content (P≤0.10) 
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and stem starch content (P≤0.01). 

   Table 5 lists the mean squares for dry weight, starch concentration, and starch content at 

cutout.  Cultivar main effect was significant for upper plant dry weight (P≤0.10).  Year was 

significant for root and stem dry weight (P≤0.01) probably because of differences in plant 

populations in each year as was noted previously.  In 2001, root and stem weights were 41 

and 71% higher (Table 6).  Cultivar X year interaction was significant for root and stem 

starch concentration (P≤0.01), therefore data was reanalyzed with years separated (Table 7).  

In 2001 and 2002, cultivar main effect was significant for root starch concentration (P≤0.10 

and P≤0.05, respectively) and stem starch concentration (P≤0.05 and P≤0.01, respectively). 

   Analysis of variance demonstrated that there were cultivar differences for dry weights, 

starch concentration, and starch content.  On the other hand, regression analysis of release 

date verses dry weight, starch concentration, and starch content for both sampling times did 

not reveal any significant relationships with all R2 values less than 0.10 (data not shown).  

Moreover, regression analysis of starch concentration or content verses dry weights showed 

no significant relationships.   

   Orthogonal contrast showed differences between obsolete, modern, and elite cultivars.  At 

first bloom in 2001, modern cultivars had lower root and stem starch concentrations (Table 

3).  Modern cultivars also had lower root starch content.  These same trends were not seen in 

2002.  In 2002, elite lines had 15 and 16% lower stem and plant dry weights than modern and 

obsolete cultivars.  Orthogonal contrast for the cutout samples in 2001 showed lower root dry 

weights and lower starch concentrations and content for both roots and stems for modern 

cultivars (Table 6).  In 2002, elite lines had 21, 24, and 40% greater stem dry weights, starch 

concentration, and starch content, respectively, compared to the average of the modern and 
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obsolete cultivars (Table 6).  Unlike 2001, in 2002 modern cultivars did not differ from 

obsolete lines for all parameters. 

 

DISCUSSION 

   Analysis of variance by year revealed cultivar differences for starch concentration at both 

sample times, but starch content was only significant at first bloom in 2002.  These 

differences, though, did not show a strong relationship with release date, indicating that a 

century of breeding efforts has not altered stem and root starch dynamics.  Research with two 

cultivars breed fifty years apart also revealed no differences in starch dynamics (Wells, 

2002).  Previous research indicated that earliness, fiber length, boll size, and yield per unit of 

leaf area are increased in high starch selections, but number of branches, height of first 

fruiting node, height of plant, leaf area, and number of bolls are decreased (De Souza and Da 

Silva, 1992a; De Souza and Da Silva, 1994).  The current study showed no relationship 

between starch concentration and dry weights of roots, stems, or upper plant (data not 

shown). 

   Orthogonal contrast did reveal differences in starch content and concentration between 

obsolete, modern, and elite lines.  On the other hand, these differences were not consistent 

across experimental years.  In 2001, modern cultivars had lower root and stem starch 

concentrations and lower root starch content, but in 2002 there were no differences between 

modern and obsolete cultivars.  It is important to note that elite lines had higher stem starch 

concentration and content, which may indicate higher canopy photosynthetic rates as 

reported by Pettigrew and Meredith. (1994).  Elite lines also had lower stem and upper plant 

weights, indicating a possible increase in reproductive/vegetative partitioning as was found 
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in a previous study with modern verses elite lines released from 1905 to 1978 (Wells et al, 

1984). 

   The 2000 and 2001 growing seasons were dramatically different.  In 2000, North 

Carolina’s cotton yields averaged 980 kg ha-1, while the 2002 crop averaged 480 kg ha-1 

(Brown, 2003).  The average of root and stem starch content at first bloom and cutout were 

68 and 30% lower in 2002.  It is believed that unfavorable conditions such as high 

temperatures and low soil moisture limited starch accumulation since these stresses have 

been reported to decrease photosynthetic rates (Reddy et al., 1998; Setter et al, 2001).  

Environmental conditions seem to affect starch dynamics more than genetics when one 

considers the high significance of year on the most data in this study.  To conclude, yields do 

not seem to be affected by starch dynamics due to the poor relationship between release year 

and starch content and concentration. 
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Table 1. Cultivar names and release dates.               
          
Cultivar Release date Cultivar  Release date  Cultivar  Release date 
         
Mebane 1900 Empire  1944  Stoneville 474  1996 
         
Triumph 1900 Fox 4  1954  Stoneville BXN47  1996 
         
Half and Half 1905 Stoneville 7A  1956  Delta & Pine Land 5415  1997 
         
Express 1905 Delta & Pine Land Smooth Leaf 1959  Paymaster 1218  1998 
         
Lone Star 1905 Stoneville 213  1962  Paymaster 1218 RR/B  1998 
         
Trice 1905 Aburn 56  1966  Sure Grow 125 RR  1999 
         
Dixie Triumph 1914 Delta & Pine Land 41  1978  Sure Grow 125 RR/B  1999 
         
Cook 307-6 1915 Stoneville 825  1978  Delta & Pine Land 5415RR  1999 
         
Lighting Express 1923 Delta & Pine Land Acala 90  1981  Fibermax 958  2000 
         
Delta & Pine Land 10-1 1929 DES 119  1985  Delta & Pine Land LX00513BR elite line 
         
Stoneville 2 1929 Delta & Pine Land 90  1989  Stoneville 0003  elite line 
         
Delta & Pine Land 14 1941 Sure Grow 125  1996     
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Table 2. Analysis-of-variance mean squares for dry weight, starch concentration, and starch content in lower stems and roots at first bloom   
          
in 2001 and 2002.                    
          

  Dry weight plant-1  Starch concentration Starch content  
           

Source df Root Stem Upper Plant   Root Stem  Root Stem   
          
Year (Y) 1 2049.8* 1275.9** 22123.9* 2127.7 1276.1 1.50† 14.3**  
          
Replication (Y) 5 2.5 4.6† 979.5* 3280.1** 5363.5** 0.27* 0.51**  
          
Cultivar (C) 37 3.5 2.1 319.7 1974.3 1550.7 0.22 0.17  
          
C X Y 35 2.2 1.9 335.3 1698.8** 1845.7** 0.16 0.21**  
          
Replication (Y) X (C) 160 2.1 2.4 251.9   875.4 750.7  0.12 0.12   
          
†, *, ** significant at the 0.10, 0.05, and 0.01 levels, respectively.       
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Table 3. Orthogonal contrast results for dry weight, starch concentration, and starch content at first bloom in 2001 and 2002.          
                    

 
 
  

2001 
 

2002 
  

                    

  Dry weight plant-1  
Starch 

concentration Starch content  Dry weight plant-1  
Starch 

concentration  Starch content 
                    

Cultivars   Root Stem Upper Plant   Root Stem  Root Stem   Root Stem Upper Plant   Root Stem   Root Stem 
                    

 
 
  

g  
  

mg g-1 mg 
   

g 
  

 
  

mg g-1 
 

mg 
  

Obsolete  8.3a† 8.1a 49.3a  94.5a 84.8a 784.4a 686.9a  2.2a 3.2a 28.3a  79.4a 71.8a  174.9a 229.8a 
                    
Modern  7.7a 7.7a 42.4a  69.8b 63.6b 537.5b 489.7a  2.1a 3.3a 26.7a  83.8a 76.0a  175.9a 250.8a 
                    
Elite   NA NA NA  NA NA NA NA  2.1a 2.8b 23.1b  64.9a 79.6a  136.2a 222.9a 
                    
† Means within a column followed by the same letter are not statisticall different using Fisher's protected lsd at P= 0.10.     
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Table 4. Analysis-of-variance mean squares for dry weight, starch concentration, and starch content in lower stems and roots at first bloom    
               
for 2001 and 2002 analyzed separately.                    
               

   Starch concentration Starch content  
            
   2001 2002 2001 2002  
            

Source Df   Root Stem  Root Stem  Root Stem  Root Stem   
               
Replication (R) 5  7058.7* 9577.9** 761.1 2553.9** 0.41 0.15 0.17† 0.76**  
            
Cultivar (C) 37  2639.1† 2475.3† 859.5** 732.9** 0.25 0.16 0.11† 0.24**  
            
C X R 35   1740.5 1571.1  401.2 296.8  0.21 0.15  0.08 0.11   
               
†, *, ** significant at the 0.10, 0.05, and 0.01 levels, respectively.           
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Table 5. Analysis-of-variance mean squares for dry weight, starch concentration, and starch content in lower stems and roots at cutout    
           
in 2001 and 2002.                    
           

  Dry weight plant-1 Starch concentration Starch content   
           

Source df Root Stem Upper Plant  Root Stem  Root Stem    
           
Year (Y) 1 1490.6** 8295.1** 16568.8 5897 9303.5 19518.4 6516.3   
           
Replication (Y) 5 23.2** 48.1** 5707.1 9528.4 4992.0** 18527.3 2474.8**   
           
Cultivar (C) 37 5.2 6.2 6753.2† 1562.3 1258.1 19992.8 611.9   
           
C X Y 35 3.5 7.29* 4310.3 2683.7** 1943.2** 21083.1 733.9   
           
Replication (Y) X (C) 160 3.8 4.3 3579.9  971.7 614.2  16516.9 616.1    
           
†, *, ** significant at the 0.10, 0.05, and 0.01 levels, respectively.        
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Table 6. Orthogonal contrast results for dry weight, starch concentration, and starch content at cutout in 2001 and 2002.          
                    

 
 
  

2001 
 

2002 
  

                    

  Dry weight plant-1  
Starch 

concentration Starch content  Dry weight plant-1  
Starch 

concentration  Starch content 
                    

Cultivars   Root Stem Upper Plant   Root Stem  Root Stem   Root Stem Upper Plant   Root Stem   Root Stem 
                    

 
 
  

g  
  

mg g-1 mg 
   

g 
  

 
  

mg g-1 
 

mg 
  

Obsolete  11.6a† 16.0a 131.4a  39.7a 32.4a 460.5a 518.4a  6.6a 4.6b 154.3a  42.6a 39.5b  281.2a 181.7b 
                    
Modern  10.8b 16.7a 111.7a  20.6b 20.9b 222.5a 349.0b  6.1a 4.2b 142.5a  48.3a 46.6b  294.6a 195.7b 
                    
Elite   NA NA NA   NA NA  NA NA   7.1a 5.6a 165.4a   48.8a 56.9a   346.5a 318.6a 
                    
† Means within a column followed by the same letter are not statisticall different using Fisher's protected lsd at P= 0.10.     
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Table 7. Analysis-of-variance mean squares for stem dry weight and starch concentration          
               
in lower stems and roots at cutout for 2001 and 2002 analyzed separately.                
               

  Dry Weight Plant-1 Starch concentration     
               
  2001 2002 2001  2002     
               

Source   df Stem  df Stem  Root Stem   Root Stem      
               
Replication (R)  2 9.7533 3 20.7860** 15493.9** 5856.7*  5551.3** 4415.5**     
               
Cultivar (C)  35 3.2582 37 1.0404 3263.8† 2403.4*  547.9** 509.3**     
               
C X R   68 5.3993  259 1.6589  2209.9 1310.1   285.2 228.4      
               
†, *, ** significant at the 0.10, 0.05, and 0.01 levels, respectively.           
 


