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CHAPTER I 

INTRODUCTION 

The United States is a major producer of agronomic crops in the world 

market, and cotton {Gossypium hirsutum) is no exception. Each year, four to ten 

million hectares of cotton are grown in the "cotton belt" of the Southern United 

States. One major region of cotton production in the cotton belt is the High 

Plains of Texas, where more than one million hectares of cotton are grown 

annually in a thirty-one county region. The High Plains has a high concentration 

of cotton production because of two dominant factors. First, there is an expanse 

of underground water, which allows for irrigation in much of the region. A second 

reason is the climate. Winters on the Texas High Plains tend to be somewhat 

harsh, and these conditions have traditionally repelled one of cotton's most 

dangerous pests, the cotton boll weevil. The cotton boll weevil has only become 

a major pest on the Texas High Plains since the early 1990's. 

Although the climate on the Texas High Plains is one reason for the vast 

cotton acreage, it is also the most dominating component that limits cotton 

production. The region receives approximately eighteen inches of rainfall 

annually, which must be supplemented by irrigation for high yields to be 

produced. In addition, the cold winter and spring temperatures that helped hold 

the boll weevil in check also limit cotton production. The High Plains is located 

on a plain that is higher in elevation than most other regions in the cotton belt. 

Because of this elevation (975+ meters), the number of heat units accumulated 



during a growing season is less. Since a heat unit shortage is detrimental for 

cotton production, producers on the High Plains face a dilemma. If they decide 

to plant when spring conditions are favorable for stand establishment, the risk of 

late season, sub-optimal temperatures during seed and lint maturation is 

encountered. This scenario will lead to maximum stand establishment while 

limiting quality seed and lint production. In contrast, when producers plant early 

in the spring to allow for seed and lint development during warmer fall conditions, 

lint and seed quality may be maximized, yet stand establishment is 

compromised. Because of the unpredictability of long-term temperature 

conditions during a growing season, especially in the fall, accompanied with the 

arrival of the boll weevil as a pest on the High Plains, producers seem more 

inclined to plant during cooler conditions in the spring to attempt avoidance of 

late-season environmental conditions and insect problems. 

The decision to plant early leads to a critical question. How will the 

planted seed perform at cool temperatures? Plants of tropical origin are 

extremely sensitive when exposed to temperatures below 15°C (Herner, 1986). 

Cotton, being of tropical origin and therefore considered chilling sensitive (Wang, 

1990), has shown reduced germination and stand establishment when planted at 

temperatures below 20°C (Cole and Wheeler, 1974). Further, planting cotton at 

sub-optimal temperatures has resulted in a 40% decrease in stand establishment 

(Staus and Hopper, 1983). The poor establishment encountered in these 

situations is problematic for producers. To establish a proper stand, farmers 

must plant extra seed to compensate for low stand establishment associated with 



cooler planting temperatures. By planting a higher seed population per acre, 

seed costs increase. Another loss producers may face is a yield decrease, 

especially if stand establishment is extremely low. To limit losses, a better 

understanding of chilling injury, a physiological disorder that affects plants at any 

developmental stage (Wang, 1990), is needed. Further, breeders need to 

develop new cultivars that have enhanced tolerance to chilling temperatures. 

Therefore, the objective of this study was to develop a test that breeders could 

use to screen their breeding lines for seedling cold tolerance. 



CHAPTER II 

LITERATURE REVIEW 

Plants can be divided into two categories, one being chilling tolerant and 

the other being chilling sensitive. Chilling tolerant plants can withstand exposure 

to temperatures between 0°C and 10 to 15°C while chilling sensitive plants are 

susceptible to damage at these same temperatures (Wang, 1990). The chilling 

sensitivity of plants is related to their origin. Plants originating in tropical and 

sub-tropical regions are chilling sensitive, and plants originating in temperate 

regions are chilling tolerant (Lyons, 1973). Being of tropical origin, cotton is in 

the chilling sensitive category. 

Chilling sensitive plants are subject to chilling injury, a disorder of 

physiological and/or metabolic pathways, at all developmental stages. These 

plants produce seeds that do not germinate well at temperatures below 10 to 

15°C (Herner, 1986). Sensitive cotton seeds/seedlings are subject to injury at 

two time periods. The first is during initial imbibition and the second is 18 or 

more hours after imbibition when germination has begun (Christiansen, 1967). 

The two periods of sensitivity can be described as imbibitional chilling injury and 

metabolic chilling injury, respectively. 

Imbibitional chilling injury is defined by Zheng as "a special kind of chilling 

injury that occurs during seed imbibition" (1991, p.127). This injury actually 

entails simultaneous damage with imbibition (Zheng, 1988). Symptoms of 

imbibitional chilling injury include poor germination, reduced seedling 



establishment, and lower seedling vigor (Zheng, 1988). More severe imbibitional 

chilling injury can lead to increased seedling decay, abnormal plant development 

and seed mortality (Wang, 1990). There are many factors which influence 

imbibitional chilling injury. One factor is seed coat quality and its relation to water 

uptake and pathogen attack. Cell membrane structure and composition, initial 

seed moisture content, and species or cultivar vigor affects imbibitional chilling 

injury. 

Seed coat quality affects water uptake, tissue wetting, imbibition rate and 

pathogen attack. Seed coat integrity can limit water uptake by localizing 

imbibition. Studies by Christiansen and Moore (1959) utilizing hard and soft 

cotton seed indicate soft seed with an intact seed coat initially uptake water 

through the chalazal cap. As the water moved to the pallisade layers adjoining 

the chalazal cap, the hydrophillic inner layer continually swells and develops an 

arch at the chalazal opening. These cells eventually split away from the chalazal 

opening and allow for the continued entrance of water. However, in hard 

cottonseed, the chalazal cap is tightly bound and will not allow water to enter 

unless the seed are heat treated in 80°C water for at least one minute. This 

suggests that seed coat integrity influences the rate of imbibition and 

consequently, the amount of imbibitional chilling injury that occurs. 

Seed coat quality also influences tissue wetting, which is influenced by 

location of water entry. A localized point of entry was shown to reduce injury 

(Holubowicz et al., 1988) in one study, while another study (Duke and Kakefuda, 

1981) shows some seed tissue wets uniformly under cool temperatures, but 



of the phospholipid to maintain its structural stability depends on temperature and 

amount of unsaturation present in the hydrophobic fatty acid tail. As 

temperatures rise, the warming phospholipid "melts" from a sponge-like state to a 

fluid state. The temperature at which the shift occurs depends on fatty acid 

length and saturation. Short chains with lower saturation tend to "melt" at lower 

temperatures. The fluidity of phospholipid bilayers is crucial for normal cell 

function. The membrane remains in a semi-permeable state at temperatures and 

moisture levels where normal cell growth occurs, but if temperatures drop below 

the melting point, the more porous, sponge-like membrane develops, which is 

believed to allow for imbibitional chilling injury. Murata et al. (1992) found plant 

tissue membrane lipids with lower melting points were due to higher levels of 

fatty acid chain unsaturation, and this lower melting point corresponded with a 

higher level of chilling tolerance. Simon (1974) argued that phospholipids in dry 

seeds are not in bilayer form like hydrated cell membranes. He believed they 

formed "hexagonal" arrangements around water molecules. This configuration 

leads to more porous, disorganized membranes as seed moisture decreases 

during maturation. Simon also suggested that as water enters dry seed, 

membrane reorganization does occur after time, and semi-permeability is 

achieved. This is supported by decreases in cell leakage that occurs as seeds 

imbibe over time (Simon and Raja Harun, 1972). Other studies have shown 

phospholipids at low moisture levels are in bilayer form (McKersie and 

Senaratna, 1983). 
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Another focus to identify causes of imbibitional chilling injury has been on 

differences in cell membrane composition between chilling tolerant and chilling 

sensitive species. These differences could result in a small phase change in a 

membrane region when exposed to chilling temperatures, thus inducing a chain 

of events that leads to chilling injury (Lyons, 1973). Other work (Bartkowski et 

al., 1977) has shown that some chilling tolerant species have a correlation 

between germination at cool temperatures and a higher unsaturated to saturated 

fatty acid ratio in lipids. Dogras et al. (1977) hints tolerant and sensitive species 

synthesize different phospholipids in cotyledonary axis tissue during germination. 

Membrane bound enzymes show susceptibility to chilling injury during 

germination in other studies, leading to assumptions that membrane phase 

changes do occur at low temperatures (Breidenbach et al., 1974). However, 

other work has not identified differences in membrane lipid saturation in sensitive 

and tolerant cultivars in the same species (Priestly and Leopold, 1979). Also, in 

contrast, no detectable phase change was found in soybean phospholipid in the 

chilling injury temperature range (O'Neil and Leopold, 1982). Therefore, if 

differences in membrane composition exist, it is not clear how they impact chilling 

injury. 

Regardless what phospholipid structure and composition are present at 

low moisture and temperature, leakage of cell fluids due to imbibitional chilling 

injury is substantial. The rapid movement of water into dry seed is hypothesized 

(Simon and Mills, 1983) to disrupt membrane reorganization, resulting in a high 

rate of leakage, which would result in damage. Low temperatures at imbibition 



would further slow membrane organization. In general, the longer that leakage 

occurs or the higher the leakage rate, greater tissue damage is found (Simon, 

1974). Studies have shown field emergence and vigor are negatively related to 

leakage (Yaklich et al., 1979). Also, chilling sensitive seeds imbibed at low 

temperatures leak more than seeds imbibed at higher temperatures (Leopold, 

1980). Leakage was found to decrease when an intact seed coat was present or 

when initial seed moisture was elevated (Duke et al., 1986). 

Initial moisture content of seed affects imbibitional chilling injury. Three 

stages of water affinity related to seed moisture were identified (Vertucci and 

Leopold, 1984). At 8% moisture content in soybeans, the water is tightly bound; 

at 8-24% moisture, water is less bound, and at 24%+ moisture content, the water 

is loosely bound. Imbibitional damage was highest when initial seed moisture 

was 8%, and damage was reduced as the initial moisture content increases. 

Christiansen and Thomas (1969) showed the same results for cotton when initial 

moisture content was elevated to 13% or above. Also, the initial imbibition of 

cold water seriously damaged a seed's ability to germinate. Christiansen (1967) 

reported that cotton seed chilled at 5°C and 10°C for 96 hours died or were 

significantly hindered in their ability to make normal seedlings when compared to 

seeds that were imbibed at 31 °C for 36 to 48 hours and then were chilled at 5°C 

or 10°C for 96 hours. Further studies by Christiansen (1968) showed that normal 

seedling development was hindered by 25% when seeds were subjected to as 

little as 0.5 to 1 hour of 5°C chilling prior to germination at 31 °C; and that chilling 

for 16 hours or more at 5°C before germination at 31 °C caused root 
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abnormalities in all cultivars tested. If imbibition begins at warmer temperatures 

and the seedlings are then exposed to chilling temperatures, damage is reduced. 

Christiansen (1968) showed that cotton seed hydrated for four hours at 31 °C 

was not sensitive to a subsequent chilling at 5°C for 48 hours. 

Another component related to imbibitional chilling injury is species 

variation and seed vigor. Low vigor seeds are known to have reduced ability to 

perform under adverse conditions including exposure to chilling temperatures. 

The environment during seed development can affect seed vigor and its ability to 

germinate at low temperatures. Soybeans and snap beans germinated better at 

cooler temperatures if they matured at cooler temperatures (Bramlage et al., 

1979 and Siddique and Goodwin, 1980). Whether the effects were related to 

seed coat integrity or membrane composition is unknown. There is evidence, 

however, that cultivar differences affect germination under cooler temperatures. 

With all possible causes of imbibitional chilling injury considered, any 

combination of factors can influence a seed or seedlings ability to produce 

normal plants; however, these are preliminary factors of chilling injury. Another 

component is subsequent exposure of seedlings to chilling temperatures and its 

affect on metabolic pathways important for normal cell growth. Modified enzyme 

production and action, production of toxins, and nucleic acid abnormalities are 

factors leading to destruction of seedling root cortexes, extended growth 

inhibition and/or death (Christiansen, 1971). 

A component believed involved in root cortex collapse is lack of RNA and 

protein synthesis at chilling temperatures. Christiansen (1967) found cotton 
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seedlings express chilling sensitivity after 18 to 30 hours of germination at 31 °C 

when followed by 5 or 10°C chilling treatments. The 18 to 30 hours after 

initiation of imbibition coincides with radicle emergence from the testa and onset 

of hypocotyl elongation. Radicle abortion at this stage suggests the meristem is 

killed or cell enlargement and elongation are blocked. Marcus et al. (1966) 

demonstrated that metabolic activity increases shortly after seed hydration; and 

RNA synthesis and ribosomal productivity occur during this stage. He also 

showed that these activities do not increase in wheat germinated at 4°C until 

chilling is relieved. This suggests prolonged exposure to chilling may inhibit the 

production of ribosomes and prevent root cell elongation, thus producing "nub" 

rooted plants. Another study by Christiansen (1963) showed like results. Seeds 

hydrated for 24 hours at 31 °C, chilled at 5 or 10°C for 6 days, and returned to 

31 °C have reductions in growth rate and root cortex death, which was supported 

by tetrazolium (TTZ) solution tests. 

Other enzymes are affected by chilling temperatures also. Smith et al. 

(1971) found a primary cause of chilling injury in cotton may be lack of 

carbohydrates at chilling temperatures. The conversion of lipid to sugar during 

germination is hindered at chilling temperatures because of suppressed 

isocitratase activity. How chilling affects isocitratase activity is not clear. Low 

temperatures influence ion diffusion and organic molecules, which may be linked 

to isocitratase activity. Cool temperatures also affect water chemical activities, 

and the altered water environment may depress the enzyme's activity (Noggle, 
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1971). Other enzymes affected at chilling temperatures are lipase and 

pectinesterase (Christiansen, 1971). 

Enzyme stimulation at chilling temperatures leads to excessive ethylene 

production in some species. Production of 1-aminocyclopropane-1-carboxylic 

acid (ACC) is enhanced by chilling temperatures (Wang, 1982), and ACC is the 

precursor to ethylene production. The levels of ethylene, ACC and ACC 

synthase stay low at chilling temperatures, but increase rapidly when transferred 

to warmer temperatures. Wang and Adams (1981) showed that increases in 

ACC synthase activity during warming is limited by cyclohexamide, which is a 

protein synthesis inhibitor, but is not limited by RNA synthesis inhibitors. This 

indicates that synthetic pathways are stimulated to overcome RNA synthesis 

inhibition at chilling temperatures, but translation is not completed until 

temperatures warm (Wang, 1982). Ethylene increases compounded with 

enzyme malfunction noted by Christiansen (1971) could slow germination 

drastically. 

The enzymes affected by chilling temperatures are typically membrane 

associated (Wang, 1982). Membranes undergo phase changes from liquid stage 

to gel stage at specific temperatures depending on composition. Arrhenius plots 

of chilling sensitive membrane bound enzymes encounter discontinuities at a 

membrane's phase shift temperature, but this discontinuity is not present for 

chilling tolerant species (Wang, 1982). Raison et al. (1971) found temperature 

influenced changes in activation energy, plot breaks, are due to configurational 

changes in enzymes caused by temperature dependent phase changes in 
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mitochondrial membrane lipids. This indicates that phase changes and 

membrane composition factors influenced at imbibition will later affect 

germination by enzyme alteration. Graham et al. (1979) showed non-membrane 

bound enzymes are also affected by chilling. Non-linear Arrhenius plots have 

been observed for phosphoenol pyruvate carboxylase in some C3 species below 

10 C. Because the effects are not linked to lipids associated with the enzymes, 

they proposed the direct affect on enzymatic activity was chilling temperature's 

alteration of a metabolic path. 

Another possible cause of metabolic injury is production of high energy 

compounds by chilled tissue. Oxidative phosphorylation is thought to be 

hindered at chilling temperatures, leading to decreased availability of ATP 

(adenosine tri-phosphate). Although Stewart and Guinn (1969) found cotton 

seedlings chilled at 5°C have a continual decrease in ATP concentrations over 

chilling time, the consequences of ATP decreases may not be vital until chilling 

injury is attained. Studies (Buescher and Dostal, 1974) have indicated ATP 

utilization and degradation never exceed production until two weeks or more of 

extensive chilling. Lyons and Raison (1970) found mitochondrial phosphorylation 

efficiency is not affected at chilling temperatures, but mitochondrial respiration is 

decreased. They concluded that the lack of oxidative efficiency leads to tissue 

impairment and decreased ATP production. An ATP deficit along with excessive 

toxins and enzyme abnormalities could hinder germination. 

A decrease in protoplasmic streaming is another result of chilling injury. 

The temperature dependence on streaming for chilling sensitive plants has long 
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been established. Lewis (1961) stated streaming stops at 10°C for tomatoes, 

melons, tobacco and sweet potato, but continues at 2.5 to 0°C for insensitive 

carrots and radishes. Streaming variation in response to chilling is related to 

lipids and their part in structure and action of protoplasm, energy supply from 

respiration to maintain streaming, utilization of energy for protoplasmic 

streaming, and viscosity of protoplasm (Lewis, 1961). Genetic alterations also 

influence streaming. Veronica persica grown in temperate zones still maintained 

streaming at 0°C, while Veronica persica grown in warmer climates had little 

movement at 0°C (Patterson and Graham, 1977). 

Photosynthesis reduction, extended membrane permeability and solute 

leakage are major systems considered in chilling injury, but mixed results make 

interpretation difficult. Other plant responses to chilling include ascorbic acid 

decrease (Lieberman et al., 1959) and inhibition of growth (Christiansen, 1963). 

Any of these adverse factors can reduce germination, and combinations of these 

with enzyme malfunctions, membrane disruptions, and microbial infestations 

encountered at chilling temperatures will seriously limit germination. Because 

chilling conditions are often encountered in early season cotton planting on the 

Texas High Plains, this study was designed to: 

1. Evaluate a wide genetic base of cotton cultivars for imbibitional and metabolic 

chilling tolerance, and 

2. Relate these results to field trials subjected to chilling conditions. 
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CHAPTER 111 

MATERIALS AND METHODS 

Twenty commercial cottonseed cultivars with varying genetic backgrounds 

were obtained for this experiment during 1998 and 1999 and are listed in Figure 

1. Each year, random 908 gram (2 pound) samples of each cultivar were 

prepared. The lots were subsequently divided into 454 gram allotments for each 

cultivar and washed in tap water for two minutes to remove excessive dust and 

commercial seed treatment. Immediately after washing, the seed were tumble 

dried for twelve minutes at 30°C. The dried allotments of each cultivar were 

combined and treated with 0.89 ml Captan 4000 (N-trichloromethylthio-4-

cyclohexene-1.2-dicarboximide), 0.22 ml Apron FL (Metalaxyl), 1.77 ml Vitavax 

PCNB (carboxin, pentachloronitrobenzene), 0.30 ml colorant, and 3.62 ml water 

per 454 grams of seed. Following treatment, the seed were stored at room 

temperature in sealed plastic containers (2 liters) until testing began. 

The following abbreviations and acronyms will be used in conjunction to 

the written text throughout this document. Metabolic chilling tolerance (MET), 

imbibitional chilling tolerance (1MB), four-day warm germination (WGT 4), ten-day 

warm germination (WGT 10), seven-day cool germination (CGT 7), cool warm 

vigor index (CWVI), half-hour (HALF) one-hour (ONE) two-hour (TWO) and four-

hour (FOUR) imbibition, field stand establishment four (4 WAP) and six (6 WAP) 

weeks after planting, and corrected field stand establishment four (COR 4 WAP) 

and six (COR 6 WAP) weeks after planting. 
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Figure 1. Twenty Cultivars used in this study in 1998 and 1999. 

1 AFD2525 11 Holland 186 

2 AFD Explorer 12 Jackson Heritage 216 

3 AFD Rocket 13 NuCotton 33B 

4 All-Tex Atlas 14 Paymaster 2200RR 

5 All-Tex Express 15 Paymaster 2326RR 

6 DeltaPine50 16 Stoneville BG 4740* 

7 DeltaPine2156 17 Stoneville 239 

8 DeltaPine 2379 18 Suregrow 125* 

9 DeltaPine 5415 19 Paymaster Tejas 

10 DeltaPine 5690 20 Ute 

* Seed carried over from 1998 and used in 1999 tests also. 

Growth Chamber Experiment 

Imbibitional Chilling Tolerance Test 

From each cultivar, 150+ seeds were spread on and subsequently rolled 

in a polyurethane foam pad measuring 34 cm x 42 cm x 1 cm. The rolled pads 

were placed inside plastic tubes 33.5 cm long x 5 cm in diameter and saturated 

with approximately 750 ml of 5°C water. The tubes were drained of excess 

water (gravity) and placed in a 5°C chamber (refrigerator) for six hours. After six 

hours, the seed were separated into three 50 seed replications and planted in 

plastic boxes (20 cm x 33 cm x 8 cm) on top of 3.8 cm (1.5 in.) of sterile sand 

previously wetted to field capacity. The seed were covered with 2.5 cm (1 in.) of 

dry sterilized sand and placed in a growth chamber at 30°C for 14 days in a 

randomized block design. After 14 days, emergence percents were calculated 
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by counting all normal emerged seedlings. An "emergence percent -

imbibitional" for each cultivar was calculated by adjusting the emergence 

percents for percent viable seed which were determined in a standard 

germination test for each cultivar. This was done by simply dividing the percent 

emergence value for each cultivar by its 10-day warm germination percentage. 

This adjustment allows for emergence percents to be determined by only viable 

seed. 

Metabolic Chillino Tolerance Test 

Three 50-seed replications of each cultivar were planted in plastic boxes 

as described above on 3.8 cm of sterile sand wetted to field capacity. The seed 

were covered with 2.5 cm of dry sand and placed in the growth chamber. After 

21 days of exposure to a constant temperature of 18°C, emergence percents 

were determined by counting all normal emerged seedlings. An "emergence 

percent - metabolic" for each cultivar was found by adjusting the emergence 

percent for percent viable seed. This correction was calculated by again dividing 

each cultivar's 10-day warm germination percent into its emergence percent. 

Laboraton/ Experiment 

Warm Germination Test 

A warm germination test was conducted by randomly selecting 200 seeds 

from each cultivar and dividing them into four replications. The 50 seed for each 

replication were distributed on pre-moistened germination towels, rolled, and 

placed in a germinator alternating between 20°C for 16 hours and 30°C for 8 

18 



hours during each 24-hour period. Germination counts were made after 4 days 

(for later use in the determination of a Cool Warm Vigor Index value) and after 10 

days for total warm germination values. Normal seedlings with 3.8 cm radicles or 

longer were counted (Seed Vigor Testing Handbook, 1983). 

Cool Germination Test 

A cool germination test was also performed. Seed from each cultivar were 

chosen and prepared as for the warm germination test, and were again divided 

into four 50 seed replications. Germination was at a constant 18°C for seven 

days. Normal seedlings with radicles 3.8 cm or longer were counted for the cool 

germination determinations. 

Cool Warm Vigor Index 

A cool warm vigor index was calculated by adding a cultivar's 4-day warm 

germination percent with its 7-day cool germination percent. A cool warm vigor 

index is used to help determine seedling vigor. 

Imbibition Test 

An imbibition test was performed in 1998 by randomly selecting seven 10 

gram samples of seed from each cultivar. Each 10-gram sample of seed was 

distributed and rolled in the foam pads described earlier, placed in the plastic 

tubes and wetted with 750 ml of 5°C water. After draining the tubes of excess 

water, they were placed in a chamber at 5°C. The seven samples were removed 

from the chamber after intervals of 0.5, 1, 2, 4, 8, 16, and 24 hours. Following 
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removal from the chamber, the seed were removed from the pad, blotted dry, 

and weighed again to determine weight gain due to imbibition. In 1999, 

imbibition tests were conducted using the same procedure; however, 100 seed 

samples were used instead of 10-gram allotments. This allowed analysis of 

weight gain per seed as well as overall percent weight gain per sample. 

Field Experiment 

A random sample from each of the 908 gram samples of each cultivar was 

evaluated in field trials on the Texas Tech University research farm east of New 

Deal, Texas. An International 800 series 4 row planter modified with research 

cone attachments was used to plant in the Pullman clay loam present at the 

farm. Four row plots, each 12.2 meters (40 feet) in length with 1.02 meter (40 

inch) row spacing, represented the experimental units. They were arranged in a 

randomized block design. Planting was performed May 1 in 1998 and April 23 in 

1999 at a seeding rate of 19.69 seed per meter of row in three of the four rows of 

each plot. A total of 100 seeds were planted in the fourth row and used for daily 

emergence counts (count row). 

Establishment Percents 

Establishments percents for each cultivar were developed by counting 

total established seedlings in the count row 28 days, or four weeks, after planting 

(4WAP) and 42 days, or six weeks, after planting (6WAP). Emergence Percents 

for each cultivar were calculated for each cultivar as in the greenhouse tests. 
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Total percent viable seed from a warm germination test were divided into each 

establishment percent to develop the emergence percents - field. 

Data Analysis 

Statistical Analysis 

The metabolic and imbibitional chilling tolerance tests, germination tests, 

cool warm vigor index values, imbibition tests, and field emergence tests were 

analyzed in an analysis of variance table (anova) with Fisher's LSD at the 5% 

level of significance. Any significance found in the F-tests by Fisher's LSD were 

analyzed for mean separation with Duncan's New Multiple Range Test at the 5% 

level of significance. 

Correlations 

The metabolic chilling tolerance and imbibitional chilling tolerance test 

results from the growth chamber test and the 4-day warm germination; 10-day 

warm germination; 7-day cool germination; cool warm vigor index; 0.5-hour, 1-

hour, 2-hour, and 4-hour imbibition test results from the laboratory test were 

correlated with field stand establishments and corrected stand establishments. 

The field stand establishment and corrected stand establishment four weeks and 

six weeks were correlated to the above parameters to note which testing 

parameters would best predict field performance. 
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Regressions 

Stepwise regression using the "MaxR" technique was performed in 

addition to the simple correlations to determine if multiple laboratory test values 

would better predict field performance. In the regressions, field stand 

establishment means were regressed on from one to three variables to evaluate 

which parameter and combination of parameters best predicted field 

performance. The regression equations presented represent the prediction of 

field establishment by using the maximum R^2 value produced by one, two and 

three variable equations. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

Growth Chamber Tests 

Growth Chamber Results 

Two tests were conducted on the twenty cultivars in the growth chamber 

in 1998 and 1999. These were a metabolic chilling tolerance test and an 

imbibitional chilling tolerance test. Emergence percents, corrected for viable 

seed, are noted in Table 1. Emergence percents in 1998 for the metabolic 

chilling tolerance test ranged from 81 to 18% emergence with a mean of 64% 

emergence, while Emergence percents in the imbibitional chilling tolerance test 

in 1998 ranged from 88 to 12% emergence and had a mean emergence of 74%. 

The metabolic chilling tolerance test emergence in 1999 varied from 84 to 44% 

emergence with a mean of 65%. The imbibitional chilling tolerance test 

emergence percents for 1999 ranged from 100 to 22% emergence with a mean 

emergence of 80%. Mean emergence percents in the metabolic chilling 

tolerance test during both years were numerically lower than mean emergence 

percents in the imbibitional chilling tolerance test, suggesting that the metabolic 

chilling tolerance test is a more stressful evaluation of cotton seedling cold 

tolerance. Also, mean values for both tests were similar across years (metabolic 

64% and 65% for 1998 and 1999 respectively and imbibitional 74% in 1998 and 

80% in 1999). Because metabolic chilling tolerance test results were very 

similar, this would suggest that metabolic chilling tolerance may be largely 
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Table 1. Metabolic and Imbibitional Chilling Tolerance Test Emergence Percent. 

Cultivar 

AFD 2525 

AFD Explorer 

AFD Rocket 

All-Tex Atlas 

All-Tex Express 

DeltaPine 50 

DeltaPine 2156 

DeltaPine 2379 

DeltaPine 5415 

DeltaPine 5690 

Holland 186 

Jackson Heritage 216 

NuCotton 33B 

Paymaster 2200RR 

Paymaster 2326RR 

Stoneville BG 4740 

Stoneville 239 

Suregrow 125 

Paymaster Tejas 

Ute 

Means 

1998 
Emergence Percent** 

Metabolic Imbibitional 

71.6abc* 

80.3ab 

68.8abc 

73.6abc 

53.6cde 

17.7f 

60.3bcde 

70.7abc 

71.4abc 

54.6cde 

43.9de 

61.8abcd 

67.7abc 

75.8ab 

81.4a 

61.1 abode 

41.8e 

69.6abc 

81.0ab 

73.44abc 

64.0 

75.1 bed* 

78.0abcd 

84.2abcd 

86.9ab 

73.9cd 

33.7f 

72.2d 

86.8ab 

77.9abcd 

80.1 abed 

60.6e 

85.4abc 

76.7abcd 

82.2abcd 

81.4abcd 

88.4a 

12.4g 

75.6bcd 

82.5abcd 

81.28abcd 

73.8 

1999 
Emergence Percent** 

Metabolic Imbibitional 

62.2abcd* 

77.9ab 

57.4bcd 

72.0abc 

81.0ab 

59.5abcd 

69.8abcd 

69.1 abed 

63.3abcd 

44.4d 

69.2abcd 

48.5cd 

60.6abcd 

76.4ab 

49.8cd 

69.0abcd 

64.1 abed 

56.7bed 

84.4a 

67.0abed 

65.2 

77.0defgh* 

89.1 abed 

100a 

82.8defg 

95.1abe 

70.9gh 

72.6fgh 

90.0abed 

89.1 abed 

72.7fgh 

69.2hi 

92.3abc 

58.31 

90.5abe 

75.7efgh 

97.9ab 

22.3J 

87.2bcde 

85.1bedef 

89.8abcd 

80.5 

* Mean values in the same column followed by the same letter are not 
significantly different at the 5% level of probability according to Duncan's New 
Multiple Range Test. 
** Values normalized to 100 percent viability. 
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genetically controlled. The more variation between imbibitional chilling tolerance 

test results across years would suggest that environmental conditions during 

seed maturation, which influence seed coat integrity, may have varied from year 

to year for the seed utilized in this study. 

To further analyze a cultivar's cold tolerance, two-way scatter plot graphs 

(Figures 2 and 3) were developed to evaluate each cultivar's performance in 

each of the chilling tolerance tests. The x-axis in the graphs represent a cultivar's 

corrected emergence in the imbibitional chilling tolerance test and the y-axis 

represents a cultivar's corrected emergence in the metabolic chilling tolerance 

test. The higher value on each axis indicated higher levels of cold tolerance with 

respect to that chilling test. Overall cold tolerance for a cultivar is determined by 

its performance in both tests. Cultivars with emergence percents from both tests 

80% or above were classified as having excellent overall cold tolerance. Those 

with both emergence percents between 65 and 80% ranked as having good 

overall cold tolerance. If both emergence percents were between 50 and 65%, a 

cultivar had a fair overall cold tolerance. A poor ranking was given to cultivars 

that had either or both emergence percents below 50%. These graphs also 

depict each cultivar's cold tolerance to each individual chilling tolerance test. 

Cultivars with excellent imbibitional chilling tolerance will have an emergence 

percent greater than 80% in the imbibitional chilling tolerance test. Those with 

good imbibtional chilling tolerance will have values between 65 and 80%. Fair 

imbibitional chilling tolerance is depicted with values between 50 and 65%, and 

emergence below 50% indicates poor imbibitional chilling tolerance. Metabolic 
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Figure 2. Scatter plot depicting cultivar chilling tolerances in 1998. 
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Figure 3. Scatter plot depicting cultivar chilling tolerances in 1999. 
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chilling tolerance can be evaluated in the same manner. Excellent metabolic 

chilling tolerant cultivars will have emergence percents above the 80% line. 

Cultivars with good metabolic chilling tolerance will be between 65 and 80% 

emergence. Fair metabolic chilling tolerance is noted with values between 50 

and 65% emergence, and poor metabolic chilling tolerance is below 50% 

emergence. Figure 1 on page 17 lists each cultivar and its representative 

number as displayed in Figures 2 and 3. 

Laboratory Tests 

Several laboratory tests were conducted to identify specific seed qualities 

and characteristics for each cultivar. A warm germination test (WGT 4 and WGT 

10), cool germination test (CGT 7), cool warm vigor index (CWVI), and imbibition 

tests were performed on the twenty cultivars analyzed in this study in 1998 and 

1999. These test results were subsequently used to note if any relationships 

existed between these standard seed quality tests and (1) Chilling Tolerance test 

results and (2) field emergence values. 

Germination Results 

Germination test results for 1998 and 1999 are noted in Tables 3 and 4 

respectively. Four-day warm germination percents in 1998 ranged from 89 to 

45% germination with a mean germination of 75% (Table 2). The ten-day warm 

germination percents in 1998 varied from 99 to 59% and had a mean germination 

of 89%. In the 1998, the seven-day cool germination test ranged from 78 to 7% 

with a mean of 43%. A cool warm vigor index (CWVI) was calculated in 1998 by 
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Table 2. Warm germination after 4 (WGT 4) and 10 days (WGT 10), cool 
germination after 7 days (CGT 7), and cool warm vigor index (CWVI) for 
1998 laboratory tests. 

Cultivar 

AFD 2525 

AFD Explorer 

AFD Rocket 

All-Tex Atlas 

All-Tex Express 

DeltaPine 50 

DeltaPine 2156 

DeltaPine 2379 

DeltaPine 5415 

DeltaPine 5690 

Holland 186 

Jackson Heritage 216 

NuCotton 33B 

Paymaster 2200RR 

Paymaster 2326RR 

Stoneville BG 4740 

Stoneville 239 

Suregrow 125 

Paymaster Tejas 

Ute 

Means 

WGT 4 

(%) 

76.5cde* 

87.5ab 

67.0ef 

80.5abcd 

70.5de 

46.0g 

72.5de 

88.5a 

78.0bcd 

80.0abcd 

59.0f 

72.0de 

89.0a 

86.0abc 

89.0a 

80.0abcd 

45.0g 

75.0cde 

80.5abcd 

73.5de 

74.8 

WGT 10 

(%) 

94.0ab* 

90.5b 

91.0b 

90.5b 

82.0d 

75. Oe 

89.5bc 

99.0a 

91.5b 

91.5b 

83.5cd 

90.5b 

95.5ab 

94.0ab 

95.0ab 

90.5b 

59.0f 

89.0bc 

90.5b 

93.5ab 

88.8 

CGT 7 

(%) 

63.0bc* 

66.0abc 

35.0ef 

59.0cd 

39.5e 

20.0gh 

17.0gh 

25.5fg 

24.5fg 

22.0fg 

7.0h 

39.0e 

78.0a 

73.0ab 

61.0bc 

58.0cd 

7.5h 

46.5de 

53.0cd 

55.5cd 

42.7 

CWVI 

139.5c* 

153.5abc 

102.0hi 

139.5cd 

llO.Og 

66. Oj 

89.51 

114.0fgh 

102.5hi 

102.0hi 

66. Oj 

111 .Ogh 

167.0a 

159.0ab 

150.0bc 

138.0cd 

52.5J 

121.5efg 

133.5de 

129.0def 

117.3 

* Mean values in the same column followed by the same letter are not 
significantly different at the 5% level of probability according to Duncan's New 
Multiple Range Test. 
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adding a cultivar's four-day warm germination percent with its seven-day cool 

germination percent. The CWVls ranged from 167 to 53 with a mean of 117. In 

1999, germination test results were similar to 1998 (Table 3). Four-day warm 

germination percents ranged from 89 to 39% germination with a mean of 72%. 

The ten-day warm germination percents varied from 96 to 70% and had a mean 

germination of 88%. Seven-day cool germination test percents averaged 53% 

and had a high of 83% germination and a low of 10% germination. The CWVls 

calculated in 1999 had a mean of 125 and ranged from 166 to 66. 

Imbibition Results 

Imbibition tests were performed on the twenty cultivars. The results for 

1998 are reported in Table 4 and the 1999 results are reported in Table 5. Four 

imbibition time periods, 0.5-hour, 1-hour, 2-hours, and 4-hours, are noted in the 

tables. Imbibitions, noted as a percent weight gain, for the 0.5-hour test ranged 

from 10 to 3.4% weight increase due to water uptake. The 1-hour imbibition 

ranged from 15 to 3.4% weight increase. For the 2-hour imbibition test, percent 

weight increases varied from 30 to 5.2%, and for the 4-hour imbibition, 53 to 

7.2% weight increases were noted. The mean percent weight increase due to 

imbibition for the 0.5-hour, 1-hour, 2-hour, and 4-hour time periods were 6.6, 8.3, 

12.6, and 22.0%, respectively. Imbibition test results in 1999 for the 0.5-hour test 

ranged from 11 to 4% weight increase with a mean of 6.8% weight increase due 

to water imbibition. The 1-hour imbibition test resulted in a percent weight gain 

range from 18 to 5.1% and had a mean of 10.0% weight increase. Percent 
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Table 3. Warm germination after 4 (WGT 4) and 10 days (WGT 10), cool 
germination after 7 days (CGT 7), and cool warm vigor index (CWVI) for 
1999 laboratory tests. 

Cultivar 

AFD 2525 

AFD Explorer 

AFD Rocket 

All-Tex Atlas 

All-Tex Express 

DeltaPine 50 

DeltaPine 2156 

DeltaPine 2379 

DeltaPine 5415 

DeltaPine 5690 

Holland 186 

Jackson Heritage 216 

NuCotton 338 

Paymaster 2200RR 

Paymaster 2326RR 

Stoneville BG 4740 

Stoneville 239 

Suregrow 125 

Paymaster Tejas 

Ute 

Means 

WGT 4 

(%) 

80.0abcd* 

83.0abc 

68.5efg 

72.5cde 

59.0gh 

83.5abc 

78.5abcde 

89.0a 

78.5abcde 

61.5fgh 

45.0ij 

38.5J 

73.0cde 

82.0abc 

84.0abc 

76.0bcde 

70.5def 

52.5hi 

86.0ab 

72.5cde 

71.7 

WGT 10 

(%) 

90.0abc* 

89.0abcd 

83.5cde 

80.5de 

85.5bcde 

93.0ab 

95.5a 

95.5a 

90.5abc 

82.5de 

79.0e 

70.0f 

88.0abcd 

95.0a 

95.0a 

83.0cde 

92.5ab 

89.0bc 

95.5a 

90.5abc 

87.8 

CGT 7 

(%) 

62.5cd* 

82.5a 

64.0cd 

64.5cd 

61.5cde 

33.5f 

27.0f 

52.0e 

52.5e 

lO.Og 

34. Of 

27.5f 

57.5de 

65.0cd 

65.0cd 

64.0cd 

68.0bc 

46.5de 

76.5ab 

60.5cde 

53.1 

CWVI 

142.5cd* 

165.5a 

132.5cde 

137.0cd 

120.5e 

117.0ef 

105.5f 

141.0cd 

131 .Ode 

71.5gh 

79.0gh 

66.0h 

130.5de 

147.0cd 

149.0bc 

140.0cd 

138.5cd 

121.5efg 

162.5ab 

133.0cde 

124.8 

* Mean values in the same column followed by the same letter are not 
significantly different at the 5% level of probability according to Duncan's New 
Multiple Range Test. 
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Table 4. Laboratory imbibition test to determine percent weight gain due to 
imbibition after 0.5, 1, 2, and 4 hours in 1998. 

Cultivar 

AFD 2525 

AFD Explorer 

AFD Rocket 

All-Tex Atlas 

All-Tex Express 

DeltaPine 50 

DeltaPine 2156 

DeltaPine 2379 

DeltaPine 5415 

DeltaPine 5690 

Holland 186 

Jackson Heritage 216 

NuCotton 33B 

Paymaster 2200RR 

Paymaster 2326RR 

Stoneville BG 4740 

Stoneville 239 

Suregrow 125 

Paymaster Tejas 

Ute 

Means 

0.5 Hour 

6.0cde* 

7.1 abed 

4.9de 

4.9de 

10.0a 

7.2abcd 

9.0abc 

6.5bede 

9.3ab 

5.7de 

7.3abed 

9.3ab 

3.4e 

5.0de 

4.3de 

7.1 abed 

10.1a 

4.5de 

5.3de 

4.5de 

6.6 

I r nh ih i t i i ^n T i m i ^ 

One Hour 

8.0ede* 

10.3bed 

7.5def 

6.3efg 

9.4bede 

10.7bcd 

12.0ab 

8.8bede 

11 .Obe 

7.4def 

10.6bed 

10.6bed 

3.4g 

4.4fg 

6.2efg 

6.5efg 

14.5a 

6.1efg 

8.5ede 

7.3def 

8.3 

Two Hours 

(%) 

15.8be* 

17.4be 

8.9ef 

7.5ef 

15.6be 

19.4b 

17.0be 

9.5def 

14.9be 

10.2de 

16.1be 

13.5cd 

5.2f 

6.7ef 

7.8ef 

8.6ef 

29.5a 

8.2ef 

10.3de 

8.8ef 

12.6 

Four Hours 

24.1 bed* 

29.6b 

19.0def 

11.Ogh 

24.1 bed 

27.5b 

26.3be 

17.2efg 

24.6bed 

18.3def 

29.4b 

30.3b 

7.2h 

15.2efg 

13.9fg 

14.0fg 

53.0a 

16.6efg 

21.0cde 

16.7efg 

22.0 

* Mean values in the same column followed by the same letter are not 
significantly different at the 5% level of probability according to Duncan's New 
Multiple Range Test. 
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Table 5. Laboratory imbibition test to determine percent weight gain due to 
imbibition after 0.5, 1, 2, and 4 hours in 1999. 

Cultivar 

AFD 2525 

AFD Explorer 

AFD Rocket 

All-Tex Atlas 

All-Tex Express 

DeltaPine 50 

DeltaPine 2156 

DeltaPine 2379 

DeltaPine 5415 

DeltaPine 5690 

Holland 186 

Jackson Heritage 216 

NuCotton 33B 

Paymaster 2200RR 

Paymaster 2326RR 

Stoneville BG 4740 

Stoneville 239 

Suregrow 125 

Paymaster Tejas 

Ute 

Means 

0.5 Hour 

5.4cd* 

5.8bed 

5.5ed 

5.5ed 

4.0d 

8.9ab 

7.3be 

5.3ed 

8.0abe 

6.4bed 

8.5abe 

5.3ed 

10.8a 

6.7bed 

7.5be 

6.4bed 

8.5abe 

7.6be 

6.4bed 

5.9bed 

6.8 

I m h i h ti'^ri T i m o 

One Hour 

9.1ef* 

lO.ledef 

7.7fgh 

8.1fgh 

5.1h 

13.2be 

11.5bede 

7.6fgh 

14.0b 

9.8def 

lO.lcdef 

8.3fg 

17.8a 

9.6def 

12.6bcd 

7.3fgh 

14.1b 

10.5edef 

9.3ef 

5.5gh 

10.0 

Two Hours 

(%) 

16.8ef* 

16.7ef 

9.6i 

14.7fgh 

9.11 

22.2be 

21.led 

12.4ghi 

20.6ed 

18.4def 

15.5fgh 

10.61 

25.0ab 

16.1fg 

19.9ede 

15.3fgh 

28.2a 

12.3hi 

15.2fgh 

11.11 

16.2 

Four Hours 

30.3efgh* 

33.0def 

18.41 

28.2ghij 

15.31 

34.3ede 

33.0def 

25.0jk 

45.2b 

35.6ed 

30.9efg 

25.8ijk 

48.3d 

32.3defg 

38.2e 

26.6hijk 

52.6a 

25.1jk 

29.4fghi 

23.5k 

31.6 

* Mean values in the same column followed by the same letter are not 
significantly different at the 5% level of probability according to Duncan's New 
Multiple Range Test. 
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weight gain for the 2-hour imbibition test varied from 28 to 9.1% with a mean 

weight increase of 16.2%. Imbibition results for the 4-hour imbibition in 1999 

ranged from 53 to 15.3% and had a mean percent weight gain increase due to 

imbibition of 31.6%. 

The large amount of variation across cultivars within each time period for 

each year suggests large differences existed in seed coat permeability. This 

variation would likely be due to either genetic and/or environmental conditions 

during seed development. If random cultivars are compared across years 

(Tables 4 and 5) it may be noted that, for the most part, they differ. This would 

suggest that environmental condition during seed development have more 

influence on the seed coat permeability than do genetic factors. 

Field Tests 

Field trials were conducted in 1998 and 1999 to evaluate field 

performance of the twenty cultivars when subjected to cool planting conditions. 

Stand establishment was the major factor evaluated in the field trials. 

Field Test Results 

Emergence for the twenty cultivars was calculated by counting all 

established seedlings four- and six-weeks after planting. Emergence percents 

for each cultivar were also corrected for percent viable seed as in the growth 

chamber experiment. The four and six week establishment percents and their 

corrected establishment percents for 1998 are listed in Table 6. The mean 

establishment four weeks after planting was 82.6% and ranged from 91 to 
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Table 6. Field stand establishment 4 weeks after planting (4WAP) and 6 weeks 
after planting (6WAP), and each corresponding time period's corrected 
establishment percent for percent viable seed (COR 4WAP) and (COR 
6WAP) in 1998. 

Cultivar 

AFD 2525 

AFD Explorer 

AFD Rocket 

All-Tex Atlas 

All-Tex Express 

DeltaPine 50 

DeltaPine 2156 

DeltaPine 2379 

DeltaPine 5415 

DeltaPine 5690 

Holland 186 

Jackson Heritage 216 

NuCotton 33B 

Paymaster 2200RR 

Paymaster 2326RR 

Stoneville BG 4740 

Stoneville 239 

Suregrow 125 

Paymaster Tejas 

Ute 

Means 

4WAP 

85.8abed* 

84.8abed 

82.3bede 

79.5def 

82.0bede 

68.8h 

80.8ede 

87.3abe 

74.3fgh 

82.5bede 

76.8efg 

85.0abed 

87.0abe 

91.0a 

87.5ab 

83.0bede 

72.3gh 

86.5abe 

89.5a 

86.3abe 

82.6 

COR 4WAP 

91.2cde* 

93.6bede 

90.4de 

87.8ef 

100.0b 

91.7ede 

90.2de 

88.1ef 

81.If 

90.2de 

91.9ede 

93.9bede 

91.1ede 

96.8bed 

92.1cde 

91.7cde 

100.0a 

97.2bed 

98.9be 

92.2ede 

93.6 

** 6WAP 

(%) 

83.5abede* 

83.0bede 

82.5bede 

77.8def 

79.3cdef 

67.0h 

77.5def 

87.8ab 

72.0fgh 

81.8bede 

75.8efg 

83.5abede 

88.0ab 

91.3a 

86.3abc 

82.8bcde 

69.3gh 

85.3abed 

89.8ab 

83.8abede 

81.4 

COR 6WAP** 

88.8ede* 

91.7bede 

90.7bede 

85.9ef 

96.6be 

89.3cde 

86.6def 

88.6ede 

78.7f 

89.3ede 

90.7bede 

92.3bede 

92.1bede 

97.1 be 

90.8bede 

91.4bede 

100a 

95.8bcd 

99.2b 

89.6ede 

92.1 

* Mean values in the same column followed by the same letter are not 
significantly different at the 5% level of probability according to Duncan's New 
Multiple Range Test. 
** Normalized to 100% viability. 
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69% establishment. The corrected establishment percents four weeks after 

planting varied from 100 to 81% stand establishment and had a mean corrected 

establishment of 93.6%. The establishment six weeks after planting ranged from 

91 to 67% with a mean of 81.4% establishment. The corrected stand 

establishment six weeks after planting had a mean establishment of 92.1% 

and ranged from 100 to 79% stand establishment. The 1999 field trial stand 

establishment results are listed in Table 7. The four week stand establishment 

ranged from 45 to 21% with a mean establishment percent of 29.9%. Corrected 

four-week stand establishment percents varied from 47 to 23%. The corrected 

four week mean establishment was 34.2%. A stand establishment range of 53 to 

17% was noted for the six-week stand establishment, and the mean stand 

establishment was 31.5%. The six-week corrected establishment had a mean of 

35.9% establishment and ranged from 55 to 19% stand establishment. 

Correlations 

The best correlations in 1998 (Table 8) for predicting stand establishment 

four weeks after planting were the CWVI (r = 0.7953), 4 day warm germination (r 

= 0.79189), metabolic chilling tolerance (r = 0.78614), 10 day warm germination 

(r = 0.73190) and imbibitional chilling tolerance (r = 0.72624) tests. There were 

few strong relationships between the corrected four week stand establishment 

percents and any of the laboratory tests. However, the best correlation was with 

the 10-day warm germination (r = -0.76209). Similar to the four-week 

correlations, the six-week stand establishment values related well with the CWVI 
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Table 7. Field stand establishment 4 weeks after planting (4WAP) and 6 weeks 
after planting (6WAP), and each corresponding time period's corrected 
emergence percent for percent viable seed (COR 4WAP) and (COR 
6WAP) in 1999. 

Cultivar 

AFD 2525 

AFD Explorer 

AFD Rocket 

All-Tex Atlas 

All-Tex Express 

DeltaPine 50 

DeltaPine 2156 

DeltaPine 2379 

DeltaPine 5415 

DeltaPine 5690 

Holland 186 

Jackson Heritage 216 

NuCotton 33B 

Paymaster 2200RR 

Paymaster 2326RR 

Stoneville BG 4740 

Stoneville 239 

Suregrow 125 

Paymaster Tejas 

Ute 

Means 

4WAP 

40.5ab* 

28.8bcd 

27.8bcd 

35.5abc 

25.3cd 

37.0abc 

33.0abcd 

21.5d 

23.8cd 

20.5d 

36.3abc 

28.8bcd 

20.5d 

36.0abc 

30.0bcd 

29.5bcd 

25.8cd 

28.0bcd 

44.5a 

25.3cd 

29.9 

COR 4WAP** 

45.0a* 

32.3abcdef 

33.2abcdef 

44. lab 

29.5bcdef 

39.8abcd 

34.6abcdef 

22.5f 

26.2cdef 

24.8def 

45.9a 

41.1abc 

23.3ef 

37.9abcdef 

31.6abcdef 

35.5abcdef 

27.8cdef 

34.6abcdef 

46.6a 

27.9cdef 

34.2 

6WAP 

/o) 

38.0b* 

30.5bcd 

30.8bcd 

30.8bcd 

30.3bcd 

32.3bcd 

36.3bc 

29.5bcd 

16.8e 

23.3cde 

35.0bc 

29.3bcd 

25.3bcd 

36.5bc 

37.8b 

29.8bcd 

35.3bc 

31.0bcd 

52.5a 

20.0de 

31.5 

COR 6WAP** 

42.2abc* 

34.3bcd 

36.8bcd 

38.2bc 

35.4bcd 

34.7bcd 

38.0bc 

30.9bcde 

18.5e 

28.2cde 

44.3ab 

41.8abc 

28.7bcde 

38.4bc 

39.7bc 

35.8bcd 

38.1bc 

38.3bc 

55.0a 

22.1de 

35.9 

* Mean values in the same column followed by the same letter are not 
significantly different at the 5% level of probability according to Duncan's New 
Multiple Range Test. 
** Normalized to 100% viability. 
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Table 8. Correlation between field establishment four weeks after planting 
(4WAP), corrected establishment at four weeks (COR 4WAP), six weeks 
after planting (6WAP), and corrected establishment at six weeks (COR 
WAP) with metabolic chilling tolerance (MET) and imbibitional chilling 
tolerance (1MB) from growth chamber tests and four-day warm 
germination (WGT 4), 10-day warm germination (WGT 10), 7-day cool 
germination (CGT 7), cool warm vigor index (CWVI), and half (HALF), 
one (ONE), two (TWO) and four (FOUR) hour imbibitions in 1998. 

MET 

1MB 

WGT 4 

WGT 10 

CGT 7 

CWVI 

HALF 

ONE 

TWO 

FOUR 

4WAP 

0.78614 
(0.0001)^ 

0.72624 
(0.0003) 

0.79189 
(0.0001) 

0.73190 
(0.0002) 

0.70267 
(0.0006) 

0.79530 
(0.0001) 

-0.56624 
(0.0092) 

-0.62426 
(0.0033) 

-0.69641 
(0.0006) 

-0.57763 
(0.0076) 

COR 4WAP 

-0.27488 
(0.2408) 

-0.66800 
(0.0013) 

-0.48914 
(0.0286) 

-0.76209 
(0.0001) 

-0.17277 
(0.4664) 

-0.31171 
(0.1809) 

0.29985 
(0.1990) 

0.33714 
(0.1461) 

0.56904 
(0.0088) 

0.65572 
(0.0017) 

6WAP 

0.75336 
(0.0001) 

0.72759 
(0.0003) 

0.79325 
(0.0001) 

0.74398 
(0.0002) 

0.69295 
(0.0007) 

0.79020 
(0.0001) 

-0.62098 
(0.0035) 

-0.68227 
(0.0009) 

-0.74753 
(0.0002) 

-0.62346 
(0.0033) 

COR 6WAP 

-0.21328 
(0.3666) 

-0.58947 
(0.0062) 

-0.40129 
(0.0795) 

-0.67727 
(0.0010) 

-0.09431 
(0.6925) 

-0.22214 
(0.3466) 

0.20976 
(0.4454) 

0.20976 
(0.3747) 

0.44425 
(0.0497) 

0.55440 
(0.0112) 

Numbers in parentheses indicates level of statistical significance. 

37 



(r = 0.79020), 4 day warm germination (r = 0.79325), metabolic chilling tolerance 

(r = 0.75336), 10 day warm germination (r = 0.74398), and imbibitional chilling 

tolerance (r = 0.72759). The corrected six-week correlation values followed 

similar trends as the corrected four-week relationships. The strongest 

relationship noted was between the corrected six-week stand establishment and 

the 10-day warm germination (r = -0.67727). The correlations between field 

establishment and the laboratory tests were not high in 1999 (Table 9). The best 

relationship with the four-week stand establishment was the metabolic chilling 

tolerance (r = 0.38909) and CWVI (r = 0.22008) tests. The corrected four-week 

stand establishment values correlated to the 4-hour imbibition (r = -0.27833), 1-

hour imbibition (r = -0.22502), and metabolic chilling tolerance (r = 0.24280) tests 

at low levels. Six-week stand establishment values were not significantly 

correlated to any of the laboratory tests. In addition, none of the laboratory tests 

were significantly correlated to the six-week corrected establishment values. 

Correlations between field stand establishment at four and six weeks after 

planting with laboratory and growth chamber tests in 1998 are very 

understandable. The relatively high correlations between stand establishment 

(uncorrected) and CWVI and the warm germination tests (4 and 10 day) were 

expected because these laboratory tests are considered good indicators of 

planting seed quality. The strong relationship between these parameters was 

largely due to 1998 being an excellent spring (warm) for early season stand 

establishment, especially after May 1. The high correlation between the growth 

chamber tests and field tests were somewhat unexpected since these tests 
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Table 9. Correlation between field establishment four weeks after planting 
(4WAP), corrected establishment at four weeks (COR 4WAP), six 
weeks after planting (6WAP), and corrected establishment at six 
weeks (COR 6WAP) with metabolic chilling tolerance (MET) and 
imbibitional chilling tolerance (1MB) from growth chamber tests and 
four-day warm germination (WGT 4), 10-day warm germination (WGT 
10), 7-day cool germination (CGT 7), cool warm vigor index (CWVI), 
and half (HALF), one (ONE), two (TWO) and four (FOUR) hour 
imbibitions in 1999. 

4WAP C0R4WAP 6WAP COR 6WAP 

MET 0.38909 0.24280 0.37695 0.26082 
(0.0900)̂  (0.3023) (0.1014) (0.2667) 

1MB 

WGT 4 

WGT 10 

CGT 7 

CWVI 

HALF 

ONE 

TWO 

FOUR 

0.05763 
(0.8093) 

0.18340 
(0.4288) 

0.15015 
(0.5275) 

0.20052 
(0.3966) 

0.22008 
(0.3512) 

-0.07168 
(0.7639) 

-0.12054 
(0.6127) 

-0.04020 
(0.8664) 

-0.15994 
(0.5006) 

0.13720 
(0.5641) 

-0.15988 
(0.5007) 

-0.24242 
(0.3031) 

0.04786 
(0.8412) 

-0.04550 
(0.8489) 

-0.14529 
(0.5411) 

-0.22502 
(0.3402) 

-0.20838 
(0.3780) 

-0.27833 
(0.2347) 

-0.14486 
(0.5423) 

0.22247 
(0.3458) 

0.30514 
(0.1908) 

0.28913 
(0.2163) 

0.29710 
(0.2033) 

-0.05487 
(0.8183) 

-0.03139 
(0.8955) 

0.04883 
(0.8380) 

-0.07523 
(0.7526) 

-0.06928 
(0.7716) 

-0.11167 
(0.6393) 

-0.07029 
(0.7684) 

0.14584 
(0.5395) 

0.04211 
(0.8601) 

-0.12949 
(0.5864) 

-0.13873 
(0.6224) 

-0.11728 
(0.6224) 

-0.20346 
(0.3896) 

^Numbers in parentheses indicates level of statistical significance. 
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measure seedling performance under stress and yet the field conditions during 

emergence were not very stressful. This would suggest that seed that are high in 

vigor will perform well under non-stressful conditions, as well as stressful 

conditions. The negative relationships between the corrected four-week and 

corrected six-week emergence values and the laboratory tests (metabolic 

chilling, imbibitional chilling, four-day warm germination, ten-day warm 

germination and CWVI) could not be explained. Further, the significant 

correlation of the four week and six week corrected emergence values with only 

the two and four hour imbibition values was not clear. 

The lower correlation between stand establishment and laboratory or 

growth chamber tests in 1999 may be explained by the environmental conditions 

encountered in the field. Cool conditions were present, which was the goal of the 

study. However, a hail storm hit the New Deal research farm 10 days after 

planting. This hail storm caused significant damage to seedlings that were just 

emerging. The storm packed the soil surface, which lead to crusting. A week of 

cold weather followed the storm. A week after the first storm, another hail storm 

struck and again damaged seedlings and delayed emergence of others because 

of crusting and continued cool weather. The low correlation between field 

emergence and the CWVI, warm germination, metabolic chilling tolerance, and 

imbibitional chilling tolerance tests may be explained by a cultivar's actual cold 

tolerance level. The more cold tolerant cultivars likely were more damaged by 

the storms because they were emerging sooner than the less tolerant cultivars. 

Because less cold tolerant cultivars were not emerging on the tenth day of the 
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study, they were not as severely damaged by the storms. This would have 

allowed the less cold tolerant cultivars to show a stronger relationship with the 

tests that were measuring this trait. 

Stepwise Reoression 

The estimation of field stand establishment four weeks after planting in 

1998 (Table 10) by a single variable was best predicted by the CWVI (R^2 = 

0.63). The best two variable equation to predict four week stand establishment 

was metabolic chilling tolerance and 1-hour imbibition (R^2 = 0.71). Four week 

stand establishment was best estimated by metabolic chilling tolerance, 

imbibitional chilling tolerance and 1-hour imbibition (R^2 = 0.72) in a three-

variable equation. Corrected four week establishment was best predicted by the 

10-day warm germination (R^2 = 0.58) in a single variable equation. A two-

variable combination of metabolic chilling tolerance and 10-day warm 

germination yielded an R^2 of 0.75. The best three-variable estimation came 

from metabolic chilling tolerance, 10-day warm germination, and 1-hour 

imbibition (R^2 = 0.78). To estimate stand establishment six weeks after planting 

in 1998, a single-variable equation using the 4-day warm test yielded the highest 

R^2 of 0.63. The best two variable combination came from 4-day warm 

germination and 0.5-hour imbibition (R^2 = 0.70). The highest R^2 (0.73) for a 

three-variable combination came from metabolic chilling tolerance, 10-day warm 

germination, and 1-hour imbibition. The corrected six-week stand establishment 

was best estimated by the 10-day warm germination (R^2 = 0.46) in a single 
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Table 10. Stepwise regression using MaxR to predict field establishment and 
corrected field establishment at four weeks after planting and six 
weeks after planting in 1998. 

4WAP 

y = 0.145CWVI + 65.6 RA2 = 0.63 

y = 0.24MET + 64.660NE + 72.86 R^2 = 0.71 

y = 0.20MET + 0.051MB - 56.240NE + 70.88 R/̂ 2 = 0.72 

COR 4WAP 

y = -0.69WGT10 + 155.24 RA2 = 0.58 

y = 0.24MET - 1.09WGT10 + 170.79 R^2 = 0.75 

y = 0.30MET - 1.22WGT10-61.630NE + 188.04 R/\2 = 0.78 

6WAP 

y = 0.074 WGT4 + 50.76 RA2 = 0.63 

y = 0.33WGT4 - 95.78HALF + 62.82 RA2 = 0.70 

y = 0.28MET + 0.14WGT10 - 77.08ONE + 63.13 R/\2 = 0.73 

COR 6WAP 

y = 0.58WGT10 + 143.21 RA2 = 0.46 

y = 0.28MET - 0.94WGT10 + 157.71 R^2 = 0.62 

y = 0.28MET - 1.14WGT10 - 87.04ONE + 182.08 R^2 = 0.70 

CWVI = Cool Warm Vigor Index. 

MET = Metabolic Chilling Tolerance Test Emergence Percent. 

1MB = Imbibitional Chilling Tolerance Test Emergence Percent. 

WGT 4 = Warm germination percent at 4 days. 

WGT 10 = Warm germination percent at 10 days. 

HALF = Percent weight gain due to imbibition after 0.5 hours. 

ONE = Percent weight gain due to imbibition after 1 hour. 
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variable equation. The highest RA2 of 0.62 was produced by metabolic chilling 

tolerance and 10-day warm germination in a two-variable equation. The best 

three-variable estimation of six-week corrected establishment came from the 

metabolic chilling tolerance, 10-day warm germination, and 1-hour imbibition 

(R^2 = 0.70) combination. In general, the laboratory tests best predicted the 

uncorrected field emergence values at four and six weeks after planting. Further, 

no consistency in the single variable or multiple factors were noted for predicting 

the uncorrected four week and six week emergence values. However, laboratory 

tests used to predict corrected four-week and six-week establishment were 

similar in 1998. The same laboratory parameters were used in the one-, two-, 

and three-variable equations to predict corrected stand establishment four and 

six weeks after planting. 

The prediction of field stand establishment four weeks after planting in 

1999 (Table 11) was best estimated by metabolic chilling tolerance (R^2 = 0.15) 

as a single variable equation. The best two variable combination to predict four-

week stand establishment was metabolic chilling tolerance and 4-hour imbibition 

(R^2 = 0.16). Four-week establishment was best estimated with three variables 

by metabolic chilling tolerance, 4-hour imbibition, and 2-hour imbibition (R/̂ 2 = 

0.23). The best single variable estimate of corrected four week establishment in 

1999 was 4-hour imbibition with an R^2 of 0.08. The best two-variable prediction 

was the combination of metabolic chilling tolerance and 10-day warm 

germination (R^ 2 = 0.18). Corrected four-week establishment was best 

predicted with three variables by the combination of metabolic chilling 
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Table 11. Stepwise regression using MaxR to predict field establishment and 
corrected field establishment at four weeks after planting and six 
weeks after planting in 1999. 

4WAP 

y = 0.24MET + 14.03 RA2 = 0.15 

y = 0.23MET - 5.5FOUR + 16.46 R/̂ 2 = 0.16 

y = 0.21 MET - 59.64FOUR + 102.81 TWO + 18.27 RA2 = 0.23 

COR 4WAP 

y = -22.96FOUR+ 41.56 RA2 = 0.08 

y = 0.27MET - 0.42WGT10 + 53.24 R/\2 = 0.18 

y = 0.25MET - 0.37WGT10 - 7.50FOUR + 53.16 R/\2 = 0.19 

6WAP 

y = 0.26MET + 14.29 RA2 = 0.14 

y = 0.29MET - 0.091MB + 20.01 R/̂ 2 = 0.19 

y = 0.27MET - 0.221MB - 31.74FOUR + 41.97 RA2 = 0.25 

COR 6WAP 

y = 0.19MET + 23.39 RA2 = 0.07 

y = 0.25MET- 0.13WGT4 + 28.90 R^2 = 0.12 

y = 0.16MET - 0.261MB - 51.20FOUR + 62.09 R/̂ 2 = 0.22 

MET = Metabolic chilling tolerance test emergence percent. 

1MB = Imbibitional chilling tolerance test emergence percent. 

WGT 4 = Warm germination percent at 4 days. 

WGT 10 = Warm germination percent at 10 days. 

TWO = Percent weight gain due to imbibition after 2 hours. 

FOUR = Percent weight gain due to imbibition after 4 hours. 
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tolerance, 10-day warm germination, and 4-hour imbibition (R^2 = 0.19). The 

best single-variable equation to estimate stand establishment six weeks after 

planting in 1999 used metabolic chilling tolerance and had an RA2 of 0.14. The 

best two-variable combination to predict six-week establishment was metabolic 

chilling tolerance and imbibitional chilling tolerance (RA2 = 0.19). Six-week 

establishment was best estimated with the three-variable combination of 

metabolic chilling tolerance, imbibitional chilling tolerance and 4-hour imbibition 

with an RA2 of 0.25. The best single-variable equation to predict corrected stand 

establishment six weeks after planting in 1999 was with metabolic chilling 

tolerance (R^2 = 0.07). The best corrected six-week establishment prediction 

using two variables was by metabolic chilling tolerance and 4-day warm 

germination (RA2 = 0.12). The highest RA2 of 0.22 was produced by the three 

variable combination of metabolic chilling tolerance, imbibitional chilling tolerance 

and 4-hour imbibition to predict corrected stand establishment six weeks after 

planting in 1999. 

The dramatic decrease in estimation of field performance with laboratory 

and growth chamber tests from 1998 to 1999 was related to the decreased 

correlation between field stand establishment and laboratory or growth chamber 

tests in 1999. The lower correlations in 1999 were due to the extremely stressful 

environmental factors present in the field in 1999. 
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CHAPTER V 

SUMMARY 

Prediction of field stand establishment (corrected and uncorrected) four 

and six weeks after planting in 1998 was best correlated to metabolic chilling 

tolerance, imbibitional chilling tolerance, 4-day warm germination, 10-day 

germination, CWVI, and 1-hour imbibition. The strong relationship between 

these parameters indicates that chilling tolerance in cotton seedling 

establishment is explained in a cultivar by a number of factors. First, overall 

seed quality is important because higher CWVI and warm germination percents 

tended to relate to better stand establishment in the field. Also, a high correlation 

between metabolic chilling tolerance and imbibitional chilling tolerance with CWVI 

(MET r = 0.79203 and 1MB r = 0.70806) and warm germination (MET r = 0.72712 

and 1MB r = 0.92267) show that seed quality is important. The growth chamber 

tests are stress tests, and better performance in these stress tests related 

positively to field performance, although stressful conditions were not present in 

the field 1998. A second factor in predicting chilling tolerance is imbibition rate. 

The negative relationships present between imbibition rate and stand 

establishment suggests that faster imbibition rates at chilling temperatures may 

be detrimental to field stand establishment. 

The regression models to estimate field stand establishment (corrected 

and uncorrected) four and six weeks after planting in 1998 were accurate. The 

three variable model to predict four week stand establishment accurately 
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predicted each cultivar's field performance by +/- 9 percent establishment. The 

model used a good variety of factors in the estimation. The metabolic chilling 

tolerance test, imbibitional chilling tolerance test, and 1-hour imbibition were 

included in the equation. Therefore, both factors identified in chilling tolerance, 

imbibitional chilling and metabolic chilling were represented. The three-variable 

model to predict field stand establishment six weeks after planting also included 

the metabolic chilling tolerance, 10-day warm germination, and 1-hour imbibition. 

The prediction of field stand establishment (corrected and uncorrected) 

four and six weeks after planting in 1999 was poor. Laboratory and growth 

chamber tests had little correlation to actual field stand establishment. Again, 

this may be due to the harsh conditions present immediately after planting in 

1999. The strongest correlations with stand establishment were metabolic 

chilling tolerance, 4-day warm germination, and CWVI, which are similar factors 

to 1998. Also, the general negative relationship between imbibition rate and field 

stand establishment was present in 1999 as in 1998. 

The use of regression to estimate field stand establishment (corrected and 

uncorrected) at four and six weeks in 1999 was inconclusive. The best three 

variable model to predict stand establishment four and six weeks after planting 

both contained the metabolic chilling tolerance factor and the 4-hour imbibition 

factor. This again shows both components to chilling injury, metabolic and 

imbibitional, are being represented in predicting field stand establishment, and 

ultimately, chilling tolerance. 
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Because of the different stand establishment conditions present between 

1998 and 1999, a conclusive estimation of field stand establishment was not able 

to be produced. However, the presence of the metabolic chilling tolerance factor 

in both models does indicate some consistency. 
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APPENDIX 

MEAN SQUARE VALUES FOR THE ANALYSES OF VARIANCE 
FOR THE GROWTH CHAMBER TESTS, LABORATORY TESTS, 
AND FIELD TRIALS IN 1998 AND 1999 
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Table 12. Mean square values for 4-day and 10-day warm germination, 7 day 
cool germination and cool warm vigor index laboratory tests for 1998 
and 1999. 

Source 

1998 

Cultivars 

Error 

Total 

1999 

Cultivars 

Error 

Total 

df 

19 

60 

79 

19 

60 

79 

Laboratory Tests 

WGT 4 

646.6* 

40.9 

186.4 

772.9* 

47.1 

221.6 

WGT 10 

305.4* 

17.6 

86.8 

193.7* 

29.0 

58.5 

CGT 7 

1908.5* 

73.3 

5146.8 

1441.4* 

39.6 

376.6 

CWVI 

4093.9* 

103.1 

1062.9 

3336.9* 

100.6 

378.4 

Significant at P = 0.05 
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Table 13. Mean square values for half-, one-, two-, and four- hour imbibition 
laboratory tests for 1998 and 1999. 

Source 

1998 

Blocks 

Cultivars 

Error 

Total 

1999 

Blocks 

Cultivars 

Error 

Total 

df 

2 

19 

38 

59 

2 

19 

38 

59 

Laboratory Tests 

HALF 

0.00065 

0.0013* 

0.0003 

0.0006 

0.0003 

0.0008* 

0.0003 

0.0004 

ONE 

0.00033 

0.0022* 

0.0003 

0.0092 

0.0001 

0.0029* 

0.0003 

0.0011 

TWO 

0.00076 

0.0100* 

0.0006 

0.0036 

0.0007 

0.0080* 

0.0004 

0.0028 

FOUR 

0.0010 

0.0288* 

0.0012 

0.0101 

0.0028* 

0.0260* 

0.0005 

0.0088 

Significant at P = 0.05 
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Table 14. Mean square values for Metabolic and Imbibitional Chilling 
Tolerance growth chamber tests for 1998 and 1999. 

Growth Chamber Tests 

Source df 

1998 

Blocks 

Cultivars 

Error 

Total 

1999 

Blocks 

Cultivars 

Error 

Total 

2 

19 

38 

59 

2 

19 

38 

59 

MET 

217.0 

736.2* 

112.2 

316.7 

1MB 

68.6 

1057.2* 

38.9 

367.8 

777.6* 

342.9* 

167.1 

244.4 

58.1 

928.8 

48.5 

332.3 

Significant at P = 0.05 
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Table 15. Mean square values for four-week (corrected and uncorrected) and 
six-week (corrected and uncorrected) stand establishments for 1998 
and 1999. 

Source 

1998 

Blocks 

Cultivars 

Error 

Total 

1999 

Blocks 

Cultivars 

Error 

Total 

df 

3 

19 

57 

79 

3 

19 

57 

79 

4 WAP 

29.3 

136.5* 

15.0 

44.7 

22.2 

179.2* 

63.6 

89.9 

Field Trials 

COR 4WAP 

36.4 

253.2* 

22.5 

78.5 

34.5 

235.5* 

80.0 

115.7 

6WAP 

41.4 

172.1* 

23.0 

59.5 

19.0 

225.2* 

62.5 

100.0 

COR 6WAP 

53.7 

220.4* 

32.1 

78.2 

28.1 

249.4* 

83.8 

121.5 

Significant at P = 0.05 
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