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ABSTRACT 

Within-plant variability of cotton is one of the natural sources of variability that 

could affect fiber quality, yield components, and the performance of cotton fibers in yarn 

manufacturing, and ultimately finished textile products. To investigate the impact of 

within-plant variability on fiber quality, a set of 12 upland cotton cultivars were grown in 

a randomized complete block design with three field replications, in Lubbock, Texas 

during 2012, 2013, and 2014. The result indicated that cultivars are significantly different 

for the within-plant fiber quality. Some cultivars such as DP 1219 B2RF, DP 1044 B2RF, 

and ST 5458 B2F showed highly variable within-plant fiber properties, while other 

cultivars such as FM 2484 B2F, PHY 499 WRF, NG 4111 RF and Nitro 44 RF showed 

relatively less within-plant variability. It stands to reason that genetic components play a 

significant role in the within-plant variability of fiber quality. The within-plant variability 

observed among the cultivars could be a potential source of variation for further 

improvement in cotton fiber quality. 

In cotton breeding programs, the use of yield components, such as the number of 

fibers per seed surface area (fiber density) and fibers per seed, as a selection criterion is 

vital to improve fiber quality and yield simultaneously. However, the parameters utilized 

to estimate fiber density and fibers per seed are calculated from fiber quality attributes 

that are sensitive to environmental variation, specifically fiber maturity. Thus, the impact 

of within-plant fiber maturity on the estimates of fiber density was investigated. The 

result revealed that cultivars with relatively less stable fiber maturity across the fruiting 

branches of the cotton plant tend to have more variable fiber density estimates, 

suggesting that the calculation of the number of fibers per seed surface area may be 
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biased. Therefore, fiber maturity should be considered when screening lines based on 

fiber density as low fiber maturity can lead to unreliable estimates of fiber density.  

It is critical to understand the relationship between fiber and yarn quality for 

many textile industries. The yarn was spun from the 12 upland cotton cultivars exhibiting 

highly variable within-plant fiber properties. To evaluate the degree of genetic 

differences between cultivars for the within-plant fiber length distribution, multivariate 

response analysis was used. Based on the first and second canonical scores, cultivars 

were genetically different for the within-plant fiber length distribution. The canonical 

scores used to detect the within-plant variability of length distribution were used to 

demonstrate its relationship with yarn quality. The results revealed a significant negative 

relationship between canonical scores and yarn tensile properties. Low within-plant 

variability, explained by low canonical axis scores, results in better yarn tensile 

properties. Similarly, a significant positive relationship between the canonical scores 

generated for within-plant fiber length distributions, and yarn imperfections, yarn CV%, 

and imperfection index suggested that high within-plant variability reduces yarn quality. 

For the twelve cultivars tested, it appears that higher variability of within-plant fiber 

properties has a negative impact on yarn quality. Therefore, limiting within-plant 

variability may lead to improved fiber and yarn quality, and ultimately to fabric quality 

improvement.  
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CHAPTER 1 
INTRODUCTION 

1.1 Background  

Cotton (Gossypium spp.) is the most important natural fiber crops. Commercial 

cotton is grown in more than 80 countries; with U.S.A., China, India, Egypt, Pakistan, 

and Uzbekistan being the largest producers. It is a well-traded agricultural commodity 

mostly used as raw material for the textile industry. Cottonseeds are the source of a high-

grade vegetable oil for human consumption. In addition, multiple cellulosic byproducts 

and whole seeds are used as a primary source of fiber and protein in animal feed 

(Wakelyn and Chaudhry, 2010). Cotton accounts for around 35 percent of all natural and 

man-made fibers produced in the world. As the leading natural fiber crop, cotton is an 

important agricultural commodity, providing income to millions of farmers worldwide 

(Figure 1.1). In total, more than 150 countries are involved in import and export of cotton 

(USDA, 2016).   

 

Figure 1-1 Major cotton producing countries in 2015/2016 (Million Bales) (USDA 

2016). 
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The United States, China, and India together provide two-thirds of the world's 

cotton fibers. When global cotton productions are compared, the United States of 

America ranks third following India and China. The U.S. is the leading exporter and 

accounts for over one-third of the global trade in raw cotton. The economic importance of 

the U.S. cotton industry is very large as it accounts for more than $25 billion in products 

and services annually. U.S. cotton generates about 200,000 job opportunities in the 

industry sectors from farms to textile mills (USDA, 2015). In 2016/17, the U.S. 

Department of Agriculture (USDA) estimated world cotton production to be 102.5 

million bales (Figure 1-2). This estimate is 6 percent above the previous season’s 13-year 

low. Based on the 2016/17 USDA estimates, the three largest cotton producing countries 

(India, China, and the United States) are forecasted to represent about 62 % of the world 

production considering that larger harvests are expected from a number of other cotton 

producing countries (USDA, 2016). 

 

Figure 1-2 Global cotton production projected to rebound from a 13-year low. Note 1 
bale = 480lbs. F = Forecast (Source: USDA 2016). 



Texas Tech University Addissu G. Ayele, December 2017 

3 

In 2014-15, over 119.2 million bales of cotton fiber were produced worldwide, of 

which 35 million bales were exported (USDA, 2015). Out of the world total export, 11.2 

million bales (32% of the world total) were produced in the U.S.A. (Figure 1.3). 

 

 

Figure 1-3 Leading cotton-exporting countries in 2013, in percent (USDA, 2015). 

 

The majority of U.S. cotton is produced in 17 southern states from Virginia to 

California. Major producing regions include areas of the Texas High Plains, Texas 

Rolling Plains, the Mississippi Delta, California's San Joaquin Valley, central Arizona, 

and southern Georgia (USAD, 2015). The State of Texas ranked first (5.8 million bales) 

in U.S. cotton production followed by Georgia (2.3 million bales), during the 2014/15 

growing season (Figure 1.4).   
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Figure 1-4 Leading 10 States in the U.S. for cotton production in 2015 (in 1,000 bales). 
 

The predominant type of cotton grown in the United States is American Upland 

cotton (Gossypium hirsutum). Ninety-seven percent of the annual U.S. cotton production 

is contributed by the upland cotton type, with the remaining being an American Pima 

cotton or extra-long staple (ELS) (Gossypium barbadense). Upland cotton usually has a 

staple length of 25.4 mm to 31.75 mm (USDA, 2015), while the staple length of ELS 

cotton reaches about 33.75 mm or longer. Upland cotton is grown throughout the U.S. 

Cotton Belt, as well as most of the other cotton-producing countries. In the U.S., the ELS 

cotton is predominantly adapted to California environmental conditions. Extra-long staple 

cotton is also grown in the arid regions of southwest Texas, New Mexico, and Arizona 

(USD, 2016). The markets for extra-long staple cotton are mainly high-value products, 

such as sewing thread and expensive apparel. Regardless of its cost, it is also used in 

home items, such as bath towels and rugs (USDA, 2015). Although high-quality fibers 

are produced from Pima cotton, its market share is very low compared to upland cotton. 
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In the world market, there is a need to use high quality of upland cotton fiber to produce 

better yarn quality, and ultimately better-finished textile product. 

 

Demands for higher quality upland cotton fiber 

Advancement in textile manufacturing technologies such as ring spinning requires 

higher quality cotton fiber to produce better quality products. Furthermore, even though 

cotton fibers produced in the U.S. is currently trading well on the export markets, it faces 

increasing competition from synthetic fibers. The global production of man-made fibers 

has experienced considerable growth since 2000. In 2000, some 31 million metric tons of 

manmade fibers were produced. Within a fifteen-year period (2000 to 2015), the 

production of manmade fiber was increased from 31 million metric tons to 66.88 million 

metric tons (USDA, 2016). The challenge from manmade fibers is seen not only in price 

but also in quality as perceived by customers. Because of a lack of fiber variation within 

a given lot of synthetic fibers, its performance in the clothing industry is becoming a 

benchmark for cotton spinning (ICAC, 2001)   

       Conversely, the high natural variability of cotton fiber quality is a challenging issue 

for both improvement programs and manufacturers. The major problem associated with 

cotton is the high natural variability of fiber quality. Cotton fiber quality is variable 

within a single seed, within in a single boll, within-plant, within the field and among 

genotypes (Bednarz et al., 2006, Kothari et al., 2015). Among all these different levels of 

variability in fiber quality, within-plant variability is expected to be the highest and could 

be one of the largest contributors to the within-bale fiber-to-fiber variability. The within-

plant variability of fiber quality could be impacted by the variation of fiber quality 
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occurring on a single seed. One reason for the variation of fiber quality on a single seed is 

the non-uniformity of fiber initiation on the ovule (Stewart, 1975). As cotton has 

indeterminate growth habit, it could influence the within-plant variability of fiber quality.  

Bolls set at a different position on the plant are uniquely affected by the change in 

environmental conditions. Each boll at different positions on the plant consists of several 

seeds that are naturally variable in fiber quality. The sum of the variability in fiber quality 

within-seed and within-boll contributes to the within-plant variability of fiber quality. 

The different stages of fiber development, which are very sensitive to environmental 

variations, the genetic potential of different cotton genotypes, the interaction between 

genotype and the environmental variations could also contribute to within-plant 

variability, which ultimately affects the within-bale fiber-to-fiber variability of cotton 

fiber quality. Yarn made from a bale with variable fiber quality will result in poor 

finished product and increased the cost of production.   

Domestic and foreign mills customers for U.S. and foreign cotton are demanding higher 

quality fiber. Traditionally, cotton pricing is largely determined by factors such as staple 

length, grade, color, and micronaire. Spinners do not overlook the importance of fiber 

properties as it affects the spinning performance and yarn quality, and ultimately the 

finished products. The textile industry has been striving to improve the quality of the 

product and efficiency through automatic high-speed machinery. New technology 

demands cotton with better fiber strength, uniformity, maturity, fineness, and lower neps 

and short fiber content that are very determinant in spinning performance and dyeing 

ability (USDA, 2005; Faulkner et al., 2011). Contaminants such as foreign matter, 
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stickiness and seed coat fragments continue to be among the most serious problems 

affecting the cotton industry worldwide and need to be minimized.  

1.2 Research statements  

Currently, ring spinning, and open-end spinning are the dominant technologies in the 

global textile industry. Of these two technologies, ring spinning demands higher cotton 

fiber quality. Cotton fiber quality within a bale is variable for several reasons. One of the 

major sources of variability contributing to the within-bale fiber-to-fiber variability of 

cotton fiber quality is the natural variability coming from the cotton plant itself. Cotton 

fiber quality varies within a single seed, within a boll, within a plant, within cultivars, as 

well as among cultivars. Among the sources of fiber quality variability, the within-plant 

variability of fiber quality is a major contributor to within-bale fiber-to-fiber variability. 

This variation negatively affects the quality of the yarn, and ultimately the quality of the 

finished product. Within-plant variability of fiber quality is determined by many factors, 

including the indeterminate growth habit of the cotton plant, different stages of fiber 

development which are very sensitive to the changing environmental conditions, 

genotypic variation and the interaction between genotype and environmental conditions. 

While the natural sources of variability within the plant are high, industrial processes 

such as harvesting, ginning, and cleaning also contribute more to the within-bale fiber-to-

fiber variability of fiber quality. For example, the stripper harvesters commonly used in 

the High Plains regions harvest the entire plant including bolls originated at apical and 

distal positions. Bolls harvested from these extreme parts of the plant typically consist of 

weak immature fibers that can easily break during mechanical processing and create short 
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fibers and neps (entanglement of fibers). To minimize within-bale fiber-to-fiber 

variability limiting within-plant variability of cotton fiber quality could be crucial.  

1.3 Hypothesis and objectives 

The hypothesis of this study is that upland cotton cultivars with relatively stable fiber 

quality along the plant do exist and offer the potential to minimize the negative impact of 

bolls set at apical and distal positions on the plant. Cotton cultivars with relatively stable 

fiber properties within the plant could also have a positive impact on the estimation of 

yield components and yarn quality. For that reasons, the first objective of this study deals 

with the extent of within-plant variability of fiber quality among widely grown upland 

cotton cultivars. Previous studies revealed that variation of fiber quality across cotton 

fruiting branches exist. However, little information is available about the extent of 

within-plant variability among popular upland cotton cultivars. Therefore, the first 

objective explored if the genetic variation of cultivars for the within-plant variability of 

fiber quality exist. The second objective is about evaluating the impact of cotton fiber 

maturity on the estimation of yield components. To date, many studies have used yield 

components to develop genotype with better lint yield and fiber quality. However, few of 

the studies considered the impact of fiber maturity on the estimates of yield components. 

The goal of this study documents the effect of fiber maturity on yield component 

estimates. The third objective depends on the results of the first objective. In the first 

objective, variations among the cultivars for within-plant variability fiber quality was 

detected. The third objective addresses how the within-plant variability of fiber quality 

affects the yarn quality produced from 12 upland cotton cultivars.  
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1.4 Literature review 

1.4.1 Major factors contributing to the variability of cotton fiber 
quality attributes 

The quality of cotton fibers depends on many factors, including the growth and 

development of the cotton plant, the indeterminate growth habit of the cotton plant, 

developmental stages of the cotton fibers, genetics, and environmental conditions during 

a growing season, and handling during harvest and processing (Faulkner, 2010). Even 

though Upland cotton (Gossypium hirsutum) is a perennial shrub with indeterminate 

growth habit, it has been adapted to the annual cropping systems globally. However, 

because cotton has an indeterminate growth habit, it produces both reproductive and 

vegetative biomass at the same time in a sequential pattern. In a season, cotton plants set 

bolls at different positions on the plant. The number of bolls set is uniquely affected by 

growth conditions, which ultimately influences the within-plant variability of cotton fiber 

quality. Although cotton fiber quality such as length, length uniformity, strength, 

micronaire, and color and leaf grade is determined after the crop is harvested and ginned, 

it is influenced by several factors throughout the season. Management practices such as 

plant population density (Bednarz et al., 2006), soil nutrition, and irrigation influence the 

growth of the cotton plant (Feng et al., 2011), which also has a large impact on within-

plant lint yield and fiber quality variability. Genetics, environmental conditions and the 

complex interaction between genetic and environmental conditions influence each fiber 

development stage. In cotton fiber development, initiation determines the number of 

fibers per unit surface area, fiber elongation determines the length of the fiber, and the 

secondary cell wall synthesis determines the cellulose deposition, which leads to fiber 

maturity (Wakelyn et al., 2007). The maturation stage during fiber development 
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determines further cellulose deposition and reorganization of the cellulose. Thus, this 

stage of fiber development has a potential impact on the strength of the cotton fibers. 

Changes in any environmental conditions throughout the growing season will contribute 

to the within-plant variability of cotton fiber quality that could affect yarn quality. 

(A)  Developmental phases of the cotton plant 

 Variation in within-plant fiber quality starts in the field. The developmental 

phases of the cotton plant such as germination and emergence, seedling establishment, 

vegetative stage, reproductive stage, and maturation can contribute to the within-plant 

variability of fiber quality. As the cotton plant has indeterminate growth habit, the 

developmental phases of the plants are extremely sensitive to the adverse environmental 

conditions (Jones and Wells, 1997) during each stage of growth. Each developmental 

phase has a different physiological process operating within specific requirements that 

contribute to the within-plant variability of yield and fiber quality. 

During the vegetative growth stages, the cotton plant produces two types of branches that 

are produced from the main stem, namely monopodial and sympodial branches. 

Monopodial, meaning ‘single foot’ are so named since they have only one meristem. 

They are also called vegetative and are structurally similar to the main stem because they 

grow straight and erect much like the main stem. The growth of a vegetative branch is 

from a single terminal bud and tends to grow in an upright position. The quality of fibers 

produced on the monopodial branches is usually inferior. The fruiting buds are sources of 

fruiting branches, or sympodial (meaning ‘multiple erect’) because each fruiting branches 

contains multiple feet (Ritchie, 2007). The main stem produces sympodial branches 

(Figure 1-5) each growing at an acute angle to the main stem. Every sympodial branch 
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has a main stem leaf associated with the branch. Fruiting branches typically form above 

the fifth or sixth node bear the developing fruit (Figure 1.5). Bolls developed on 

sympodial branches produce better quality fiber. The developing branch terminates at the 

first square stage of the flower, but a second square and leaf develop adjacent to the first 

leaf and extend a new internode of the branch away from the first fruiting position 

(Albers, 1993). The fruiting branch grows by repeating this process to produce several 

squares, leaves, and internodes in a zigzag pattern. Environmental factors such as low 

population density, insect and disease pressure, and over-fertilization can cause 

vegetative branches to form. These differences in cotton plant structure and 

environmental variations during growing seasons contribute to variation in yield and 

quality. 

 

Figure 1-5 Basic structure of the cotton plant including main-stem node and fruiting 
positions. 
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As the cotton plant has indeterminate growth habit, the boll set in each fruiting 

branch is different as shown in Figure 1-6. Bolls at the bottom parts of the plant may set 

early in the season and open, while some bolls in the middle parts of the plant still 

produce green boll. For the same reason, bolls at the top of the plant may be at the 

flowering stage (Figure 1-6). Changes in growth conditions affect bolls set at different 

positions on a plant. For example, the amount of water and nutrient distribution among 

the fruiting positions and branches are not equal, which results in low yield and fiber 

quality production at the distant and apical nodes. This contributes to the within-plant 

variability of yield and fiber quality. 

 

Figure 1-6 Basic structure of the cotton plant depicting differences in bolls setting. 

 

Reproductive stages of cotton involve flowering and boll set. It consists of flower 

buds, commonly known as squares. In most fields, squares appear approximately 30 days 
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after planting. The pattern of the square development on the cotton plant is not 

synchronous, but rather sequential (Figure 1-7). In a vertical position, the appearance of 

new squares ranges from 2.5 days to 3 days. In the horizontal fruiting branch, the squares 

may appear at the interval of 5-6 days. After a series of developmental process, squares 

develop into bolls, which set on the different parts of the cotton plant in a sequential 

pattern (Oosterhuis, 1990). Any environmental conditions that influence growth and 

development of the cotton plant can affect the square development at different positions 

on the plant. This contributes to the within-plant variability of fiber quality.  

 

              Figure 1-7 Cotton fruiting branches (Sources: Albers 1993). 

 

In cotton, all fibers do not develop and mature at the same time and in the same 

way, including fibers originating from a single seed. In some fibers, the deposition of 

cellulose in the cell wall is high, and in some, it is low, which differentiates fibers into 

mature and immature. On one sympodial branch, there may be an open boll, a green boll, 
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and a flower as shown in Figure 1-6. Hence, each boll is subjected to different growing 

conditions, resulting in large variations in fiber properties fiber-to-fiber.  

 

(B) Cotton fiber development stages  

Cotton fibers are single cells that arise from the outer epidermal layer of the 

ovule. They are the longest, fastest-growing cells in plants. Cotton fiber development 

proceeds through a series of distinct overlapping developmental stages (Figure 1-8), 

namely, initiation, elongation, transitional primary wall remodeling, secondary wall 

synthesis, and fiber maturation (Basra, 1999; Kim and Triplett, 2001; Stiff and Haigler 

2012). These differentiation processes, which typically last at least 50 days, directly 

determine cotton fiber properties. The number of fibers initiated on the outer integument 

of the ovule is a major factor in fiber yield and quality. An important indicator of fiber 

development, such as the start of each developmental stage, is expressed by the number 

of days after flowering, also called days of post-anthesis (DPA). Fiber growth is started 

(fiber initiation) by the primary cell wall formation and an increase in fiber length 

(elongation) up to approximately 30 mm within 3 weeks after anthesis. The transition 

period between 16 and 21 DPA represents a developmental switch in emphasis from 

primary to secondary cell synthesis. The secondary cell wall development commences 

around 21 DPA and continues for approximately 3 to 6 weeks (Anderson and Kerr, 1938; 

Abidi, 2010). This developmental process is characterized by a massive deposition of 

cellulose to form the secondary cell wall (Basra, 1999).  

A highly regulated cellular differentiation process governs the morphogenesis of 

the fiber. Each long cotton “lint” fiber originates from a single epidermal cell on the 

ovule surface. Fiber initials transform into highly elongated fibers through dramatic polar 
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expansion and cell wall thickening (Stewart, 1975). Cotton fiber length and length 

uniformity are very important in modern spinning mills, and cell elongation is strongly 

affected by developing and maintaining high turgor pressure within the central vacuole as 

well as carbon supply in different regions of the seed (Haigler et al., 2012). Stiff and 

Haigler (2012) suggested that fiber strength is affected by properties of the transitional 

“winding” cell wall layer as well as secondary wall cellulose (e.g., the degree of 

polymerization and microfibril angle). High fiber tensile properties (including strength 

and mechanical elongation, or elongation at break) help to preserve fiber length during 

processing, and they are required to produce strong yarns and fabrics. Fiber fineness 

(weight per unit length) and micronaire (a function of fiber maturity and fineness) are 

determined by the fiber perimeter and the extent of secondary cell wall thickening. The 

potential of cotton fibers to pick up dye molecules and to absorb water is determined by 

the amount and the degree of crystallinity of the secondary cell wall biosynthesis. After 

the boll opens, the fibers collapse into the typical kidney bean shape (cross-section view). 

This particular shape facilitates spinning (through improved friction properties). Having 

this shape relies on the adequate filling, but not over-filling, however, with well-

organized secondary cell wall (Wakelyn et al., 2007). Any environmental factors that 

affect the growth and development of cotton fibers influence fiber development stages 

uniquely and cause variability within the plant as well as among the cultivars.  

In summary, the number of fibers initiated in the outer integument of the ovule is a major 

factor in determining the number of fibers per unit area or fiber yield. Elongation 

determines fiber length, while secondary cell wall development determines fiber 
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maturity, fiber strength, micronaire, and weight. These traits have an impact, directly or 

indirectly, on the within-plant variability of fiber quality and yield.  

 

Figure 1-8 Stages of cotton fiber development (Source: Lee et al., 2007). 

 

(C) Fiber quality as influenced by industrial processing  

Variability of cotton fiber quality within a sample can be altered by mechanical 

processes required to transform the fiber from field to fabric. Industrial processes such as 

harvesting, ginning, and lint cleaning all have the potential to break fibers. 

Harvesting: In the U.S., for practical reasons and due to expensive labor, cotton 

is harvested by machine either by spindle picker or stripper (Munro, 1987). The picker 

harvesting system pulls the seedcotton from the bolls that are open which leads to a 

relatively clean seedcotton compared to the stripper harvesting system. Cotton harvested 

with the stripper harvester has a higher trash content than the picker harvested cotton due 

to the non-selective nature of the stripper harvester machine (Williford et al., 1994). The 

stripper harvesting system harvests the entire boll on the plant including the top bolls 
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which consists of less mature fibers. In addition, stripper harvested cotton requires more 

seedcotton and lint cleaning.  It may result in excessive fiber breakage and deteriorate 

cotton fiber quality.  

 Ginning: To spin fibers into yarn and use it to manufacture textile goods, cotton 

fibers must be separated from the seed by the process known as ginning. Historically, 

devices for separating cotton fibers from the seed have existed since 4000 BC. 

Interestingly, the human fingers were the first method used to separate the cotton seed 

from lint. The seed was simply removed by hand. ‘Pinch ginning’ was extremely time-

consuming as one person could only gin about 0.3 kg (0.66lb) per day (ICAC, 2005). The 

oldest mechanical method known for separating the fibers from the seeds is the single 

roller gin. It used a smooth roller pushed by hand or feet are known as foot roller gin over 

the cotton against a hard and smooth surface, usually a flat rock. The action of the roller 

against the smooth surface would squeeze the seed from the lock of cotton. This method 

was relatively efficient in separating the lint from the seed. However, the work was very 

slow and tedious and yielded about 0.5 kg of lint per day (ICAC, 2005). Many years ago, 

before the birth of Christ, a two-roller gin called Churka was invented.  This gin 

consisted of two small diameter wooden cylinders held together by a frame and rotated 

by a crank. Even though Churka increased the daily production of one person by about 2 

kg of lint, it was still very slow and only limited to gin the 'naked'. This roller gin could 

separate fibers of long-staple variety such as Sea Island cotton.  

Nevertheless, the fibers of upland cotton cultivars were shorter and resisted 

separation when passed through the roller gin, because they were strongly attached to the 

seed surface. The invention of saw ginning came into the picture when the demand for 
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cotton by English textile factories increased during the 18th century. In saw gins, the 

cotton lint is removed from the seed by pulling it with saw teeth through metallic ribs 

(Figure 1-9). Each saw passes between two stationary steel ribs spaced so as to allow the 

lint to pass through while preventing the cottonseed from doing so. The principal parts of 

a saw gins are saws, ribs, and a brush or a blast of air for cleaning the lint from the saws. 

The saws grasp the seed cotton draw it through a widely spaced set of ribs known as 

‘huller ribs’. However, the newer gins have avoided the huller fronts dropping the seeds 

into the roller box (USDA, 1994). 

 

Figure 1-9 A modern, high capacity gin stand without huller front (USDA, 1994).  

 

1.4.2 Measuring yield component attributes in cotton. 

It is important to understand the significance of measuring yield components such 

as fibers per seed, seed surface area and the number of fibers per seed surface in the 

improvement of yield and fiber quality attributes. Cotton breeders have long faced the 
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challenge of simultaneously improving yield and fiber quality. Previous studies have 

indicated that seed cotton yield has significant negative correlation with fiber fineness, 

fiber length, and strength (Khan et al., 1991, Karademir et. al., 2010). Ulloa and Meredith 

(2000) reported a strong negative correlation between lint percentage and fiber strength. 

Therefore, yield must at least be maintained when improving fiber quality for a cultivar 

to remain competitive. To achieve the goal of improving cotton yield and fiber quality 

simultaneously, the use of yield components such as fiber per seed and or fiber density is 

becoming an alternative selection criterion. Clement et al. (2014) reported that the 

number of fibers per unit seed area in cotton is one the most important yield components 

used as a selection criterion for fiber quality without significant lint yield reduction. 

Smith and Coyle (1997) reported that improving the yield component fibers per seed 

(FPS) and seed fiber density (FD) might allow for finer fibers and yield stability. FPS is 

the number of individual fibers on a seed coat whereas FD is FPS adjusted for seed size 

or seed surface area. Liu et al. (2011) have shown that fiber per seed has a heritability of 

0.40, but Smith and Coyle (1997) showed negative associations between micronaire and 

FPS. Rahman (2006) suggested that selection for high fibers per seed was advisable for 

increasing fineness. Thus, in the development of breeding populations for improved 

fineness, it is desirable to have diversity in the parents for FPS as well as fineness. 

 The estimation of fiber density is mainly affected by SSA determination. 

Different strategies have been used by the different researchers to determine SSA. 

Hodson (1920) established a method of estimating SSA based on the volumetric 

displacement of ethanol by an acid-delinted 100-cottonseed sample. However, the 

Hodson method assumes that cottonseed size is uniform. The large amount of variability 
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inherent in cotton and cottons-seeds nullifies the validity of the assumption of seed 

uniformity (Hodson 1920).  

Some studies utilize the WinSeedle image analysis to determine SSA. This 

method is assumed to be the most direct, accurate measure of SSA. Research studies 

indicated that WinSeedle Image Analysis System has been utilized to determine SSA of 

cottonseed while investigating the influence of fibers per seed on cotton yield stability 

and fiber density determination (fibers per seed surface area) (Cranmer et al., 2005, 

Groves and Bourland, 2010, Ayele et al., 2017). The common SSA of cotton estimated 

by the WinSeedle scanner could be based on an area of a circle or ellipsoid. It appears 

using ellipsoid shape to estimate SSA is logical, as the current seed shapes resemble an 

ellipsoid object. It assumes that seed has an ellipsoid cross-section that means the seed 

length is then, multiplied by the seed cross-section perimeter to estimate SSA (Ayele et 

al., 2017). Groves and Bourland (2010) utilized the seed index method to estimate surface 

area by regressing SSA determined by WinSeedle to Fuzzy seed. All SSA 

determinations, which directly affect FD, have certain limitation and advantages.  

The WinSeedle SSA estimate is considered the most precise but showed no time 

advantage when compared to other methods. Therefore, the time required to obtain 

WinSeedle SSA of acid-delinted seed hinders its use on the large-scale in the cotton 

breeding program. Groves and Bourland (2010) found strong relationships of fuzzy seed 

index to delinted seed index, seed volume, and the WinSeedle SSA measurements 

indicating that fuzzy seed index can be used as an indicator of SSA when estimating fiber 

density in cotton. Clement et al. (2014) used fuzzy seed index proposed by Groves and 

Bourland (2010) to estimate SSA in the study of increasing fiber density as a breeding 
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strategy to improve fiber fineness. The disadvantage of using fuzzy seed index to 

determine SSA is that the linters remaining on the fuzzy seed. And also, it is genotype 

dependent. However, the use of SSA through fuzzy seed index is easier than WinSeedle 

image analysis, as it does not require seed delinting and scanning. SEM provides a way to 

estimate fiber density before harvest, although it has been suggested that mature lint 

fibers/SSA needs to be correlated with ovule counts to determine its usefulness (Bowman 

et al., 2001). However, fiber initials count is impractical in cotton breeding unless reliable 

imaging software is available to count fiber initials automatically. The use of WinSeedle 

2003b image analysis system to determine SSA and estimate fiber density is a more 

accurate and reliable method to estimate fiber density as compared to other methods. This 

method can be used at the advanced stage of the breeding program to reduce the time 

required by WinSeedle image analysis system. 

 

1.4.3 Measuring cotton fiber quality  

It is well documented that fiber quality is very important because many fiber 

properties are highly associated with the properties of finished yarns and fabrics and the 

ease with which these finished products are manufactured (Joy et al., 2010). Thus, the 

understanding of fiber quality parameters helps to determine the factors that influence 

yarn quality. Cotton fiber classification is the set of standards that have been developed 

by USDA to evaluate physical measurements of raw cotton that ultimately affect the 

spinning process and the finished product. Cotton fibers with better quality will produce 

better yarn quality. Currently, cotton fiber quality is classified based on High Volume 

Instrument (HVI) (Figure 1-10).  
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1.4.3.1 High Volume Instrument (HVI) measurement principles and 
fiber properties  

Originally, cotton was classified by subjective assessment of a ‘classer’ using the 

criteria of fiber length, color, and foreign matter, and then assigning such cotton to a 

certain established standard grade. As a cotton classer is not able to assess various 

important textile fiber quality-related properties such as strength, elongation, etc., a 

number of instruments were developed which could measure the required fiber 

properties. Due to the greater demand of modern spinning, the cost of material, and the 

increasingly competitive global market, there was a need to rapidly and accurately 

determine cotton fiber quality parameters that affect processing performance and yarn 

quality in a cost-effective way on a large number of cotton bales (Ven der Sluijs, 1999). 

This led to the development of a high-volume, automatic testing system, of which High 

Volume Instrument (HVI) is the dominant one. 

Currently, HVI is a marketing tool used to evaluate the quality of the fibers within 

a bale of cotton. HVI evaluates multiple fiber characteristics at a relatively high rate of 

speed in comparison to hand classing. HVI uses automated sampling techniques and 

measures fiber properties from a bundle of fibers. HVI fiber quality testing methods are 

designed to impersonate the bundle testing used by a hand classer. In addition to its 

remarkable uses as a marketing tool, HVI system is popular in breeding programs 

because it is efficient in terms of time and cost. HVI measures important fiber quality 

parameters including length, uniformity, micronaire, strength, and color. For better 

understanding and practical applications, HVI fiber properties are explained below.   
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Figure 1-10 High Volume Instrument at the Fiber and Biopolymer Research Institute, 
Texas Tech University.  
 

The measurement process of HVI length and tensile properties starts with fiber 

sampling using a fibro-sampler as shown in Figure 1-11. On the HVI cotton sampling 

area, there are two baskets with perforated plates where the cotton sample is placed.  In 

this part of the machine, there are finger-like metal structures designed to go down and 

apply pressure. Then, the lint protruding through the perforated plates is grasped with the 

needles of two combs to make fiber beards.  
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Figure 1-11 High Volume Instrument fibro-sampler stations. 

 

The whole assembly turns to expose the beards to the carding surface that 

removes fibers loosely attached to the comb. Then, the comb with fiber beard moves to 

the brushing area. The process of brushing removes trash, extraneous fibers, and fibers 

that are loosely clamped in the comb. Brushing is also useful to reduce the effects of 

crimp. Note that the brush on HVI is a very important part of the system and needs 

frequent monitoring and replacement on a regular basis. If the brush on the HVI system is 

used for a long period of time without maintenance or replacement, the hairs on the brush 

will shorten and, therefore the pressure applied on the fiber beard will be reduced. This 

will have a large impact on the strength measurement.  

 After brushing, the comb automatically moves to the measuring station. As 

indicated in the Figure 1-12, the beard will be guided to the red-light slot with a vacuum, 

for the fiber to stay as straight as possible. In this area, the HVI machine measures the 
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quantity of light passing through the fiber beard.  When very close to the comb, the 

minimum amount of light is passing through the sample, and when the comb moves, 

more and more light is passing through the sample. This curve displacement vs. optical 

density is called fibro-gram.  Then, UHML and mean length are extracted from the fibro-

gram. Finally, Uniformity Index is calculated from the ratio of the mean length to the 

upper half mean length. 

 
Figure 1-12 High Volume Instrument brushing and length stations. 

In the back of the HVI systems, there are a pair of clamps (1/8 inches’ space 

between the clamps) that pull and break the bundle of fiber as illustrated in Figure 1-13. 

It is important to note that there is no system to measure the weight of the fiber beard 

being broken. The inputs to calculate HVI tenacity are force and weight, as tenacity is the 

force divided by the weight. Thus, the weight required to calculate the tenacity of the 

bundle of fibers should be estimated from the optical density and micronaire, which 

means that if there is a problem with the optical amount measurement, the strength 

measurement could be incorrect. Similarly, if there is a problem with the micronaire 

measurement, it will affect the strength measurement. Therefore, it is important to check 
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whether all the HVI parts are in proper working conditions. This implies that even if the 

researcher is not interested in measuring micronaire, but is only interested in measuring 

the strength of the fibers, it is still necessary to measure micronaire as all three 

measurements are interconnected. The only measurement completely independent of the 

rest of the HVI measurement is the color measurement (reflectance and yellowness).  

 
Figure 1-13 HVI length and strength measurement process. 

 

One of the most important HVI cotton quality parameters for the cotton marketing 

system is micronaire. Micronaire is the measure of maturity and fineness. The principle 

of micronaire measurement is similar to water drainage through gravel and fine sand. 

Water can easily pass through large pores of gravel; however, the small size of fine sand 

can resist the passage of water through it and slow down the water movement. When a 

10g cotton sample is inserted into a predetermined volume of micronaire chamber, the air 

flow passing through the sample is high or low depending on the maturity and fineness of 

cotton sample of interest (Figure 1-14). More details about micronaire will be explained 

under individual HVI fiber properties.   
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Figure 1-14 HVI Micronaire, trash and color measurement process. 

 

HVI fiber properties  

Micronaire 

Micronaire is one of the most important fiber characteristics for international 

cotton classers and spinners (Heap, 2000). HVI micronaire is based on the measurement 

of an airflow that passes through a porous plug of cotton fibers. A high airflow indicates 

high micronaire, while a low airflow indicates low micronaire. However, the amount of 

air passing through the sample of the compressed cotton fiber depends on both fineness 

(linear density) and maturity (degree of cell-wall development). This implies that 

micronaire is not the separate measure of either fineness or maturity of the cotton fibers, 

but is a function of both fiber maturity and fineness. Therefore, micronaire reading needs 

careful interpretation. For a given type of cotton, a relatively low micronaire has been 
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used as a predictor of problems in processing, but a low micronaire may also indicate fine 

fibers (low weight per unit length) with adequate maturity (Montalvo, 2005). Indeed, two 

very different routes can lead to a low micronaire cotton. Cotton sample with fine fiber 

may have a low micronaire, even when mature because they have small diameter fibers 

and large surface areas (Figure 1-15).  Conversely, a cotton sample with low fiber 

maturity and large fiber diameter leads to a low micronaire (Figure 1-15). This inability 

of micronaire readings to differentiate between fineness and maturity induces a marketing 

problem because of low micronaire bales, which are fine and mature, are highly desirable 

to produce fine count yarns. Hequet et al. (2006) observed that cotton having identical 

micronaire might have very different two-dimensional distributions of perimeter and 

theta that could translate into different processing efficiency and yarn quality.   

     
Figure 1-15 Two different levels of fineness and maturity ratio combination results in 
similar micronaire (Hequet and Abidi 2006). 
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HVI Fiber Length  

The HVI Upper Half Mean Length (UHML) is the average length of the longest 

50% of fibers in a sample or bale (ASTM, 1994b). Currently, UHML is one important 

HVI fiber quality parameters by which cotton grower receive premium or discount. The 

textile industry demands longer fibers to produce stronger yarns by allowing fibers to 

twist around each other more times. UHML is a good predictor of yarn tensile properties. 

Longer fibers can produce stronger and finer yarns. Longer fibers also enable higher 

spinning speeds by reducing the amount of twist necessary to produce yarn. Yarn quality 

parameters such as evenness, strength, elongation, and hairiness correlate well to the 

length of cotton fibers (Azzouz et al., 2008). Spinning parameters depend on the length of 

cotton fibers (El Mogahzy and Chewning, 2001). For example, the drafting roller settings 

are closely related to the longest fibers. Therefore, it is very important for fiber producers 

and spinners to be certain of the cotton fiber length. The natural variability, industrial 

processing such as harvesting, ginning, cleaning, and spinning all have the potential to 

degrade fiber length by breaking, which contributes to within sample variability of cotton 

fiber length (Hughs et al., 2013; Dever et al., 1988).  

Length Uniformity Index 

In HVI testing, the uniformity index (UI) of cotton is the ratio of the mean length 

(average of all fibers in the fiber population) to the UHML (the mean length of the longer 

half of the fiber) and expressed as a percentage (Behery, 1993). Theoretically, if the 

fibers in the bale were the same length, the uniformity index would be 100%. The 

Fibrogram theory indicates that short fiber content (SFC) is negatively related to the 
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uniformity index (Ramey and Beaton, 1989). Cotton with a low uniformity index is likely 

to have a high percentage of short fibers. The length uniformity is considered to be very 

high when it is above 85 percent. If it ranges in between 83 to 85 percent, it is considered 

high. The intermediate value of uniformity ranges from 82 to 83 percent. Low and very 

low uniformity index ranges from 77 to 79 and below 77, respectively (Cotton 

Incorporated, 2012). 

  

HVI Fiber Strength 

HVI fiber strength is measured by breaking the fibers held in between clamp jaws. 

It is reported as grams per Tex (g/Tex). Strength measurements are made on the same 

beards of cotton that are used for measuring fiber length. The HVI fiber bundle test is 

essentially a quick estimate, and it is a quite good predictor of yarn strength. However, 

HVI fiber bundle strength may not represent the individual fibers that create the bundle of 

fibers used in the HVI test. A bundle of fibers consisting of a large amount of fine and 

mature fibers may have higher bundle strength compared to a bundle of coarser and very 

mature fibers. Indeed, when the HVI fiber bundle contains coarse and very mature fiber, 

the number of fibers participating in the bundle test specimen will be few and the friction 

between the fibers in the sample will be lower. This can directly translate into low yarn 

strength. That means, when the number of fibers in the cross-section of yarn is low, yarn 

strength will also be low. Conversely, HVI bundle may be strong when a large number of 

fine and immature fibers are included in HVI bundle testing specimen. This can also 

translate into better yarn strength. However, the effect of immature fibers can be 
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observed on the dye uptake of the fabrics. The dye uptake of fabrics made of yarn 

containing immature fibers could be low.  

 

HVI Elongation  

Fiber elongation (the ability of the cotton fiber to stretch before breaking) is one 

of the key HVI tensile properties that directly influences yarn elongation and work-to-

break values. Elongation is measured in percentage (the ratio of elongated fiber compared 

to initial length). The work of rupture is calculated from the load and elongation curves 

(Figure 1-16). The work of rupture of a bundle of fiber or yarn is critically important and 

is determined by both breaking force and elongation. Lower elongation value reduces the 

work-to-break. Yarn elongation significantly affects weaving efficiency (ITC, 2007). To 

improve work-to-break, a simultaneous improvement fiber strength and elongation is 

required, which is critically important in yarn manufacturing (Benzina et al., 2007).  

 
Figure 1-16 Cotton fiber force-elongation curve (Hequet and Abidi 2006) 
 
 



Texas Tech University Addissu G. Ayele, December 2017 

32 

Color, trash and leaf grade 

Currently, cotton color, trash and leaf grade are important factors in determining cotton-

marketing value. HVI reports two colors grades that refer to the gradation of whiteness 

(HVI color Rd) and yellowness (HVI color +b). Change in color of the cotton sample 

may be an indication of underlying problems such as staining or microbial deteriorations.  

Rainfall, freezing, insect and fungal activities, staining through contact with soil, or 

cotton plant leaves can affect the color of cotton fibers. The non-lint including leaf, seed 

coat fragments, dust and other foreign matters are considered as trash. Out of the non-lint 

material, the number of broken leaves in the cotton sample increases the leaf grade.  

Unusual color of cotton fiber, leaf grade and the presence of trash in the cotton sample in 

various amounts reduces the market value and affects the yarn quality, and ultimately the 

finished product. 

 

1.4.3.2 Advanced Fiber Information System (AFIS) measurement 
principles and fiber properties   

Advanced fiber information system (AFIS) is an individual fiber tester. Unlike 

HVI, AFIS reports a complete fiber length distribution which is very useful in the 

breeding program and for the textile industry. AFIS is faster than the standard Suter-

Webb array method in providing the complete fiber length distribution. The AFIS 

instrument includes a mechanism for mechanically opening a hand-fed ribbon of fibers so 

that individual fibers can be presented aerodynamically to an electro-optical system for 

measuring different fiber properties (Bragg and Shofner, 1993; Shofner et al., 1990). 

When the fiber imposes on the beam, the electro-optical sensor records two signals. The 
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primary signals are related to the amount of light attenuation by a fiber to its mean optical 

diameter and the time taken by the fiber to fly throughout the beam length. This signal 

measures the length of the fiber. AFIS measures a variety of length parameter such as 

mean length by number (L(n)[in]), length by weight (L(w) [in], upper quartile length by 

weight (UQLw) [in], length CV (%) by weight and by number, short fiber content by 

number (SFC (n) [%]) and by weight (SFC (w) [%]), and the length upper percentiles by 

number (L2.5% (n) [in] and L5% (n) [in]). All length related measurements are estimated 

from length distribution. 

All the weight based length measurements are length biased as the estimated fiber 

properties are based on the assumptions of the uniform linear density (fineness) of all 

length categories. Therefore, AFIS length by number is an important parameter to 

evaluate the within-sample variability of cotton fiber quality.  

The other signal is the result of light scattered by the same fiber at a 400 angle 

from the normal direction of the beam and yields information about fiber maturity and 

fineness (Gordon et al., 1997). The computer program analyzes the signals and reports 

mean and distribution of different fiber properties. In addition to fiber length and 

maturity, AFIS measures the trash content, the number, size and shape profiles of neps 

that pass through a beam of near infra-red light. (Douglas, 1991; Jones and Baldwin, 

1995). 
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Figure 1-17 USTER Advanced fiber information system (AFIS) PRO 2 at the Fiber and 
Biopolymer Research Institute, Texas Tech University.  
 

One of the important tasks during the process of testing fibers on AFIS is sample 

preparation. Preparation of AFIS sample involves careful hand drawing of approximately 

0.50g or 500mg, to make a tuft of bundle fiber known as a sliver. The 500mg lint is 

stretched to make a 30-cm long sliver as shown in Figure 1-17. Before making a sliver, 
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the lint sample must be cleaned and homogenized in order to minimize the interference of 

trash and other related impurities. 

 

Figure 1-18 Sliver preparation from 0.50g of cotton lint. 

 

After a careful sliver preparation, the slivers are loaded in a canister (Figure 1-19) 

and transferred into AFIS by airflow system. A canister can hold 30 slivers and each 

sliver is fed into AFIS by air-flow system individually. Inside the AFIS, a spike roller 

individualizes the fibers from the sliver and AFIS tests the properties of individual fibers. 

Only a portion of the fibers in the slivers is analyzed by AFIS. In most cases, three 
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replications of 3,000 to 5,000 fibers per sample are analyzed. 

 

Figure 1-19 Slivers prepared and loaded into a canister. 

 

1.2.2.1 AFIS fiber properties  

Neps  

AFIS quantifies fiber and seedcoat neps in terms of count and sizes. AFIS neps 

count [cnt/g] is the total sum of fiber neps and seedcoat neps per gram of fibers. Fiber 

Neps size (µm) and seedcoat neps size (µm) are the average sizes of fiber neps and 

seedcoat neps, respectively. The American Society for Testing and Materials (ASTM, 

1994, 1995) defines neps as “one or more fibers occurring in a tangled and unorganized 

mass”. Neps are also defined as small entanglements of cotton fiber and can be classified 

as either biological or mechanical neps. Those neps created during processing and 

exclusively composed of fibers are called mechanical neps. The high or low moisture 

content of seedcotton during ginning could cause mechanical neps. Aggressive cleaning 



Texas Tech University Addissu G. Ayele, December 2017 

37 

to remove more trash most likely increases mechanical neps formation. It is important to 

note that cotton fibers of some cultivars are more susceptible to neps formation than 

others. While neps that consist of cotton seeds, leaves, and grit with fiber attached are 

known as biological neps (Van der Sluijs, 1999). Hebert et al. (1988) suggested that neps 

may be created due to the effects of environmental factors on fiber development. Poor 

environmental conditions contribute to poor fiber development that results in immature 

fibers that could entangle during mechanical processing such as harvesting, handling, 

ginning, and mill processing. Neps are highly undesirable because it decreases mill 

processing efficiency, reduces dye uptake, and detrimentally impacts the appearance of 

the fabric.  

AFIS Mean length by number 

The AFIS mean length-by-number (L (n) [in] is the average fiber length 

calculated from the complete distribution of fiber length within the sample. Thus, the 

length distribution provides length data that is representative of the entire distribution. 

Fiber length by number is non-biased and useful to predict yarn quality. Cotton fiber 

samples with broken and short fiber will produce poor length distribution that could 

result in producing poor yarn quality.  

Short fiber content by number: Short fiber content is an important quality 

parameter that negatively impacts yarn quality and finished products. Short fiber content 

is defined as the percentage of fibers shorter than half an inch. AFIS short fiber content 

can be expressed by number or by weight. Among fiber quality parameters, fiber maturity 

has a dominant effect on short fiber content. Immature fibers are weak and have a higher 

tendency to break during mechanical processing and create higher short fiber content. 
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Fineness: The most common way of expressing linear density (fineness) of cotton 

fiber is gravimetric, which is expressed as mass per unit length of a fiber. In the U.S., the 

unit for the linear density of cotton fibers has been micrograms per inch, while in Europe 

it is micrograms per centimeter. The unit for direct measurement of fineness is ‘Tex’. In 

the Tex system, cotton fiber fineness is usually expressed in terms of mTex (weight (mg) 

of 1000m). Fiber linear density is an important quality parameter that influences yarn 

processing and finished products (Louis et al., 1968). A cotton sample that consists of 

fine and long fibers with low short fiber content will perform better during the spinning 

process than a cotton sample composed of coarser fibers and higher short fiber content. In 

ring spinning, fineness is one of the most important fiber characteristics that affects spun 

yarn quality, next to fiber length and strength parameters (Simpson and Murray, 1979). 

Fineness determines the number of fibers in a given yarn cross section. The finer the 

fiber, the more fibers can be accommodated in the cross-section of a given yarn, which 

improves Spinning efficiency and yarn evenness. Yarn made of fewer and thicker fibers 

is less uniform and weaker compared to yarn spun from a large number of finer fibers.  

 Standard fineness:  Standard fineness is fineness that is standardized by fiber 

maturity ratio (Hequet et al., 2006). It is an important fiber characteristic that needs to be 

optimized in order to tackle problems associated with short fiber content and neps to 

improve spinning performance and yarn quality of U.S. cotton. Standard fineness is 

related to the biological fineness of fibers, and selection based on this fiber property may 

provide effective ways of developing longer and stronger cotton varieties with minimized 

maturity related problems.  



Texas Tech University Addissu G. Ayele, December 2017 

39 

AFIS- Fiber maturity: Fiber maturity is one the most important fiber properties 

obtain from AFIS measurement. The maturity of the cotton fibers varies not only between 

fibers of different samples but also between fibers of the same sample, on the same boll 

and seed. When cotton bolls are completely mature, they may contain both mature and 

immature fibers. When the cotton fiber is mature, the secondary wall is well developed 

and the lumen is not often visible. Figure 1-20 illustrates an example of cotton cross-

section representing mature fibers. Mature fibers have a well-developed secondary cell 

wall. A well-developed secondary cell wall of cotton cross-section resembles a kidney 

bean shape structure (cross-section view) once fibers collapse and dry. When these types 

of mature fibers are submitted to advance processing, they can resist mechanical stress 

and minimize fiber breakage. As a result, the frequency of short fibers in the fiber 

population will be minimal, which positively impacts the yarn quality.   

 
Figure 1-20 Cross section of mature cotton fibers (Hequet et al., 2006).  
 

Unlike mature fibers, immature fibers have a thinner secondary cell-wall that can 

easily break during processing. Figure 1-21 illustrates the cross-section of immature 
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cotton fibers (Hequet et al., 2006). Upon drying, immature fibers cross-section take an 

irregular shape which deviates from the typical bean-shaped.  Immature fibers are usually 

originated at the apical and distal position of the cotton plant. When immature fibers are 

submitted to mechanical processing, they cannot withstand the stress imposed by the 

machine and easily break during the process, which leads to an accumulation of short 

fibers in the fibers populations. Poor growing conditions such as frequent changes in 

weather condition, poor soil water and plant relationship, pests and plant diseases, etc., 

may affect cell wall development of cotton fibers. The presence of excessive immature 

cotton fiber reduces the quality of the yarn and the appearance of the finished products. 

 
Figure 1-21 Cross section of immature cotton fibers (Source: Hequet et al., 2006). 
 

 

1.4.4 Yarn processing  

Dynamic changes in the production, harvesting, and processing of cotton require 

continuous evaluation of spinning performance and yarn quality, so that cotton can 

maintain its competitive position in the fiber market (Joseph et al., 1977). During the 

process of yarn manufacturing, a series of procedure such as opening, blending, carding, 
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drawing, when necessary roving and spinning are required to convert the raw materials of 

cotton fibers into spun yarn and woven products (Figure 1-22). The process of bale 

opening, mixing/feeding and cleaning/opening can be generalized as opening and 

cleaning. Yarn manufacturing processes between bale openings through Finisher-drawing 

can be considered as blending of cotton lint which is very important to homogenize 

cotton before spinning. Carding, drawing, finisher drawing, and spinning can be 

categorized as drafting procedures as outlined in Figure 1-22 

After yarn manufacturing, processes such as weaving, singeing, desizing, scouring, 

bleaching, mercerizing treatments are also required to remove natural non-cellulosic 

impurities and increase the affinity of the cellulose for dyes and finishes (Gordon and 

Hsieh, 2007). The extent of the processes involved in the yarn manufacturing depends on 

the goal of the spinning mills. For example, if the aim of the yarn manufacturing is to 

produce a high-quality product, combing of carded fibers, an essential stage in ring 

spinning, may be needed, otherwise combing may be bypassed when the regular type of 

finished product is required. The type of manufacturing technology (rotor or ring 

spinning) required to produce yarn also determines the stages in yarn processing.  

Stages such roving and winding are not required in open-end yarn manufacturing process. 

However, yarn manufacturing stages such as opening and cleaning, blending, carding, 

and drawing are very important processing stages in both rotor and ring spinning.  
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Figure 1-22 Stages in yarn manufacturing process  
(Hequet & Abidi, 2006). 

 

1.4.4.1 Opening and Blending (Mixing) 

Opening is the process of continuously breaking up the fiber mass into smaller 

clumps. The opening process starts with tearing apart the compressed and matted cotton 

until it is loosened and separated into small tufts with a gentle treatment. During the 

process of opening, hopper feeder (also called bale breaker) is used to provide a constant 

supply of fibers spread uniformly across the width of the machine. Blending: Blending is 

an important part of spun-yarn technology (Wakelyn, 1997). There are several reasons 

that yarn manufacturers follow blending. The main reason is to produce a uniform 

product. Cotton fiber quality parameters such as length, length uniformity, strength, 

micronaire, color, leaf and extraneous matter vary considerably among cotton bales from 

different growing seasons and growing regions. There may be significant variations in 
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fiber properties among bales of the same fiber type or grade, and from one part of a bale 

to another. Such variations will be greater for natural fibers than for man-made fibers. 

Compared to commercial cotton bales, breeder samples are more variable. A blending of 

fibers within and among sample is, therefore, essential to obtain consistent yarns 

properties, especially mechanical properties, minimum variation in thickness along the 

yarn length, uniformity of count, and optical properties regarding cotton color when 

dyed.  

1.4.4.2 Carding  

The process of carding involves the subjection of fibers to the action of a large 

number of pins with the objective of separating each fiber from its neighbors to form a 

sliver (Figures 1-23 and 1-24). This is necessary to facilitate further fiber manipulation 

and release particles of impurity (Oxtoby 1987. Carding is one of the most important 

stages of yarn processing and often called the heart of the textile industry. Carding is a 

prerequisite either for carded or combed yarns. In summary, carding is useful to 

individualize cotton fiber, parallelize fibers, disentangling of fiber neps, and removing of 

short fibers, blending, improving the orientation of fibers, make a sliver and facilitating 

the actions of drawing frame.    
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Figure 1-23 Card Web and sliver production with a Trutzschler card at the Fiber and 
Biopolymer Research Institute, Texas Tech University. 
 

 

Figure 1-24 Sliver coiled, a product of Trutzschler carding machine, at the Fiber and 
Biopolymer Research Institute, Texas Tech University. 

1.4.4.3 Drawing 

The purposes of the drawing are to straighten the fibers in the card sliver through 

the process of drafting and make the fibers parallel to the axis of the sliver. Figure 1-25 
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and Figure 1-26 illustrates how fiber slivers in the six slivers cans are drafted, blended 

together, and produce straighten single slivers which have an equal-grains in each sliver 

cans. Drawing can also improve the evenness of the slivers made by the carding 

procedure. The primary purpose of the drawing is to convert carded sliver into drawn 

sliver.  

The other purpose of the drawing is doubling. Doubling is the feeding of two or 

more card slivers simultaneously into a drafting zone so that they are combined and 

delivered as one fiber in the card sliver. Doubling reduces the sliver irregularity by 

averaging the sliver defect and improves the mix of the fiber. Doubling reduces the 

probability that thick places and thin places of all silvers can coincide. With doubling the 

defects will tend to be distributed randomly and will compensate for each other. If the 

textile manufacturers require producing fabrics that have a mixture of cotton fibers with 

synthetic fibers, doubling will bring a better solution. In spinning, fiber alignment is 

critical. Therefore, drawing corrects the orientation deficiency of the carded slivers.   
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Figure 1-25 Drawing machine at the Fiber and Biopolymer Research Institute, Texas 
Tech University. 

 

 
  Figure 1-26 Schematic of the drawing process  
 (Source: Seagull and Alspaugh, 2001). 

1.4.4.4 Finisher Drawing  

Finisher drawing is the second stage of the drawing frame. The drawing frame is 

similar to the breaker drawing frame. The purpose of Finisher drawing is similar with that 

of breaker drawing. Although breaker drawing improves the sliver evenness through the 
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process of doubling, auto leveling of Finisher drawing system is fitted to the draw frame 

to further improve the sliver evenness. The auto leveller measures the sliver linear 

density, or cross-section, on a continuous basis, comparing it to the predetermined level, 

producing a signal proportional to any deviation which is then used to change the draft 

(usually the main draft as opposed to the break draft) to correct for the deviation (Gordon 

and Hsieh, 2007). 

1.4.4.5 Roving   

Roving is the final process prior to ring–spinning. Its purpose is to form a fiber 

package that is suitable for ring spinning machine in the process of high-quality yarn 

manufacturing. Although roving is an expensive process, there is no way for the textile 

industry to currently bypass it and proceed to the ring spinning. It is carried out using an 

apron drafting system and then inserting a low level of twist into the roving to impart 

sufficient cohesion and condensing to the roving to facilitate uniform and controlled 

drafting during the ring-spinning process.  

 

1.4.5 Spinning  

Of all current spinning systems, ring and rotor (open-end) are the most dominant 

cotton spinning and both together account for about 90% of global yarn production. Ring 

spinning alone accounts for about 70% of global long and short staple yarn production, 

while rotor spinning accounts for about 23% which makes the global ring spinning 

capacity, approximately three times that of open-end spinning. Other spinning 

technologies, such as air-jet (not advantageous for short staple cotton), account for some 

3% of the total yarn production (Source ICIS 2003, ITMF, 2014). Thus, the focus will be 

given to ring spinning and rotor (open end spinning). Different spinning technologies 
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require different fiber properties profiles which result in different quality yarn products. 

Breeders are developing different cotton cultivars with improved fiber properties that 

could satisfy the current demands of the textile industry (El-Mogahzy, 1999). Ring 

spinning technology requires cotton fiber quality in the ranking order of longer, stronger 

and finer fibers to produce stronger and finer yarn. The primary concern of open-end 

spinning is strength followed by the fineness of the fiber. The shift of foreign textile 

industry from rotor spinning to ring spinning had a large impact on the setting of the 

breeding objective to improve cotton fiber quality.    

 

1.2.5.1 Ring spinning  

Unlike rotor spinning, ring spinning demands high-quality cotton fiber that 

enables the technology to produce a wide range of yarn count i.e. from low count yarn to 

high-count yarn. Kelly et al. (2015) described that for any given yarn; the longer, 

stronger, and finer fibers will ensure faster speeds and require less twist than will the 

shorter, weaker, and coarser fibers. Therefore, when better fiber quality cotton is used, 

the strength of ring spun yarn is higher than rotor spun yarn. Yarn Evenness in ring 

spinning could be excellent because the speeds in the drawing section are well controlled. 

However, if the amount of short fiber content is high in the sample used to produce ring-

spun yarn, unevenness occurs. Behery (1993) described the effect of short fiber content 

on ring-spun yarn quality. During the process of ring spinning, the fiber strands are 

drafted when passing between drafting rollers. The rollers are spaced at distance in such 

way that most fibers can pass through without the requirements of bridges between the 

rollers. This would result in breaking of the fibers. Short fibers float in between the 

drafting roller and cause undesirable yarn imperfections. These imperfections result in 



Texas Tech University Addissu G. Ayele, December 2017 

49 

lower yarn strength (Behery, 1993). Thibodeaux et al. (2008) reported that short fiber 

content deteriorates yarn quality by increasing imperfections such as thin and thick places 

and irregularity of ring-spun yarns. Thus, to produce a superior product, ring-spinning 

technology demands higher-quality cotton fiber. 

 

Figure 1-27 Ring spinning frame at the Fiber and Biopolymer Institute, Texas Tech 
University.  
 

1.2.5.1 Rotor spinning  

Rotor spinning is generally known as open-end (OE) spinning, because of a 

definite break (discontinuity or open end) in the fiber flow prior to yarn formation. It was 

introduced to the textile industry during the late 1960s and is the second spinning 

technology next to ring spinning. Rotor spinning machine has many advantages over ring 

spinning. Rotor spinning does not require high-quality cotton fiber as ring spinning does. 

At least two steps such as roving and winding that are very important in ring spring are 

eliminated in open-end spinning. It is designed for medium size yarn and the production 
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efficiency is high. Efficient and automatic rotor cleaning and yarn piecing are both 

critically important in rotor spinning. The automation and robotics features of rotor 

spinning technology limit skilled workforce need. The overall costs of productions per 

kilometer of rotor yarn are low compared to ring spinning technology.  

 

1.4.6 Yarn quality  

Yarn quality determines the quality of the fabrics or finished products. Cotton 

yarn quality is determined by fiber quality. Thus, manufacturers use the combination of 

various fiber properties to assemble cotton bale mixes. The challenges breeders typically 

face is exploring individual fiber properties that are related to yarn properties. For 

example, an interesting success in the breeding program is identifying those common 

fiber properties that are genetically correlated with yarn tenacity. The presence of a 

genetic relationship between two known traits such as fiber strength and yarn strength 

imply that selecting for one of the traits could improve a corresponding trait not selected 

for. It is well documented that yarn quality of a cotton depends on multiple fiber 

properties (El Mogahzy et al., 1990). The breeding program aimed at improving yarn 

quality should consider the complete fiber quality profile while making a selection of 

cotton cultivars. 

1.4.6.1 Yarn Tensile properties  

Tenacity is the ratio of load required to break the specimen and linear density of 

that specimen is known as tenacity. Tenacity is the ratio of load to break/linear density 

(gm/Tex, N/Tex, cN/Tex). The tensile properties of spun yarn have always been very 

important in determining the yarn quality. Because the yarn tensile properties directly 
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affect the winding and knitting efficiency as well as the twist and weft breakages during 

weaving. Joy et al. (2010) described those fiber properties such as length, uniformity of 

length, fineness, fiber strength and elongation along with spinning conditions contributed 

to yarn strength. Ramey et al. (1977) also described that stronger, longer, and uniform 

fibers produce stronger yarns because of the slipping resistance of fibers increases fiber-

to-fiber friction.  

 Yarn tenacity: Yarn tenacity is the strength of the yarn mainly determined by 

fiber strength, fiber length and fineness of cotton fibers.  Ramey et al. (1977) reported 

that fiber length and strength are positively correlated to yarn tenacity. Hequet et al. 

(2007) demonstrated that cotton fiber maturity and fineness are essential qualitative 

parameters to better understand the facility of rupture of fibers when they are subjected to 

stress. Immature fibers with poorly developed secondary cell wall will be fragile and they 

are likely broken during the transformation of fibers into the yarn because yarn 

manufacturing involves high mechanical stress. In addition, fineness of the fiber can also 

determine the strength of yarn.  For a given yarn count and maturity level, finer fibers 

(fibers with low standard fineness or low diameter fibers) could be packed into the 

structure of the yarn and increase the friction forces and ultimately yarn strength. The 

current textile industry demands stronger cotton yarn because knitted and woven fabric 

manufacturing speeds increase could place greater strains on the yarns.  

Yarn elongation at break: Hertel and Craven (1956) reported that fiber bundle 

elongation was perfectly correlated to yarn elongation. Hequet et al. (2007) demonstrated 

that the combination of different fiber properties could provide estimates of yarn 

elongation when considering large ranges of ring-spun yarns counts. In their study, they 
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have reported that combined fiber properties such HVI fiber elongation and HVI UHML 

are good estimators of yarn elongation. Fiber elongation can directly influence yarn 

tenacity and elongation (Louis et al., 1961). Backe (1996) found that cotton fiber 

elongation of three cotton mixes, representing a low, medium, and high elongation, 

significantly impacts rotor spun yarn quality such as yarn strength, elongation, work to 

rupture, hairiness, evenness and weaving performances. However, the lack of interest in 

elongation is due to the absence of HVI calibration cotton for elongation, which limits the 

interpretation of elongation measurement results across the multiple instruments (Benzina 

et al., 2007). Farag and Elmogahzy (2009) suggested that elongation is an important yarn 

quality parameter as it improves the required flexibility and easy bending of yarn around 

the different knitting components. The weak negative correlation between HVI bundle 

fiber elongation and tenacity should not discourage breeders from the simultaneous 

improvement of fiber elongation and tenacity. Recent studies based on individual fiber 

tester such as FAVIMAT revealed that the presence of a positive relationship between 

individual fiber elongation and tenacity. Moreover, it has been demonstrated that the 

improvement in fiber elongation has a potential impact of increasing length uniformity 

and reduce short fiber content, which ultimately improves yarn quality.    

Yarn work-to-break: Yarn work-to-break is a function of breaking force and 

elongation. It is the strength and elongation properties that determine the energy (work to 

break) required either of fiber or yarn. Cotton cultivars that possess improved work-to-

break will perform better at ginning, carding, spinning, and weaving. Specifically, work-

to-break is critically important in yarn manufacturing. Improving work-to-break will 

lower fiber breakage when fibers are submitted to mechanical stress such as ginning, 
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carding, spinning, and weaving. Improvement in yarn work-to-break can be achieved by 

simultaneous improvement of fiber elongation and tenacity. As new spinning 

technologies are demanding higher quality cotton fiber, there is a need to explore fiber 

quality parameters that are underused and expected to be a better contributor in spinning 

performance (Kohel, 1999).    

 

Figure 1-28 Yarn tensile property tester (STATIMAT DS) at the Fiber and Biopolymer 
Research Institute, Texas Tech University. 
 

1.4.6.2 Yarn imperfections  

Yarn imperfection (thin and thick places, and neps) affects the appearance of the 

yarn and ultimately of fabrics. Thick places/km, thin places/km, and neps/km are the 

numbers of faults within one-kilometer of yarn. Yarn imperfections are generally due to 

poor drafting. The higher short fiber content in the cotton sample ready for spinning is the 

main reason for imperfections. Yarn made with high short fiber content cotton contains 

more imperfections (Faulkner et al, 2011). If the bundles of short fibers are not drafted and 

travel into the yarn as cluster or clump of fibers, it causes yarn faults. This is because the 
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thick places may generally contain a relatively low twist and are therefore intrinsically 

weak or if they caught up in the yarn guides. Similarly, very thin place in yarn could lead 

to yarn breakage during either winding or fabric manufacturing.  More typically based on 

the number of -50% and +50% thin and thick places per km, respectively, can be considered 

as optimum to evaluate both ring and rotor spun yarn imperfection (Oxtoby, 1987). 

Typically, less number of 200% neps count for ring-spun yarn and 280% neps count for 

rotor spinning is desirable. Yarn coefficient of variation and yarn hairiness are also 

important yarn properties that are directly affected by within sample variation of fiber 

properties. The length of the fiber can influence yarn CV % and hairiness (El Mogahzy and 

Chewning, 2001). 

 

 
Figure 1-29 Yarn imperfection and unevenness tester (Uster tester 5) at the Fiber and  
Biopolymer Research Institute, Texas Tech University. 
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CHAPTER 2 

EVALUATING WITHIN-PLANT VARIABILITY OF COTTON FIBER LENGTH 

AND MATURITY 

Addissu G Ayelea, *, Brendan R Kelly a, b and Eric F Hequeta 
a Texas Tech University, Department of Plant and Soil Science, Fiber and Biopolymer 

Research Institute, Lubbock, Texas 79403, USA 
b Texas A&M AgriLife Research & Extension Center at Lubbock TX, 79403 

 

ABSTRACT 

Previous studies have indicated differences in fiber quality parameters including fiber 

length and maturity within the canopy of cotton (Gossypium hirsutum L) plants. A 3-yr 

study was conducted to investigate the impact of within-plant variability on fiber length 

and maturity of upland cotton cultivars widely grown on the High Plains of Texas. 

Twelve upland cotton cultivars were grown in a randomized complete block design with 

three field replications, in Lubbock, Texas during 2012, 2013 and 2014 growing seasons. 

A box-picking harvesting method was used to individualize samples so that the within-

plant variability of cotton fiber quality could be studied. Bolls harvested from different 

positions on the plants were ginned with a table-top roller gin to minimize fiber damage. 

The lint from each fruiting position was blended with a supple needles laboratory blender 

to reduce within-sample variability while minimizing fiber breakage. Each sample 

collected from a different fruiting position on the plant was tested on the Advanced Fiber 

Information System (AFIS) with three replications of 3,000 fibers. The results indicated 

that cultivars such as FM 9170 B2F, NG 4111 RF, PHY 499 WRF and FM 2484 B2F 

showed lower within-plant variability, while DP 1044 B2RF, PHY 367 WRF, and ST 

5458 B2F showed relatively high within-plant variability for AFIS fiber length and fiber 
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maturity. In conclusion, variations in within-plant fiber length and maturity among 

upland cotton cultivars could be a potential source of variability for breeding programs 

aimed at improving fiber quality. 

Abbreviations:  AFIS, Advanced Fiber Information System; L (n) [mm], Length by 

number in millimeter; MANOVA, Multivariate Analysis of Variance; CDA, Canonical 

Discriminant Analysis 

 

1 Introduction  

During the past two decades, international demand for high cotton fiber quality 

has increased because of the dominance of ring-spun yarn production. We hypothesized 

that minimizing the variability of cotton fiber quality among fibers within-bale could 

contribute to better spinning performance and yarn quality resulting in a better end-

product with a lower cost of production. The variability in physical attributes among 

cotton fibers within a bale has been shown to affect textile manufacturing efficiency and 

the quality of the finished textile products (Smith and Cothren, 1999; Krifa, 2012). 

Cotton fiber quality is naturally variable within a single seed, within a single boll, within 

the plant, and within the field. These sources of variability in fiber quality contribute to 

within-bale fiber-to-fiber variability. One of the potential strategies to minimize the 

variability of fiber quality among fibers within a bale of cotton is to optimize the within-

plant variability of cotton fiber quality.  

Within-plant variability of cotton fiber quality is determined by many factors, 

including the growth habit of the cotton plant, genetics, and environmental conditions 

during cotton fiber development (Stewart, 1975; Faulkner et al., 2011; Kothari et al., 
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2015). The indeterminate fruiting habit of the cotton plant provides a significant source of 

within-plant variation in cotton fiber quality. American upland cotton is a highly 

indeterminate, perennial plant, which is grown in an annual cropping system (Lewis, 

2003; Oosterhuis and Cothren, 2012). Cotton plants set flowers in a predictable pattern. 

Along the main axis, the setting of flowers occurs at the same fruiting position in three-

day intervals. Bolls set at each position along a single fruiting branch are set 

approximately six days apart (McClelland, 1916; Lewis, 2003). Three days after the first 

flower sets in position one, the first position boll on the next vertical node sets (Meredith 

and Bridge, 1973). This pattern is used for estimating relative differences in boll ages 

(Baker and Baker, 2010).  

Cotton plants set the first position bolls at the bottom parts of the plants early in 

the season compared to bolls setting at the apical and distal positions. Bolls sets in the 

lower half of the plant and first fruiting position bolls have more time and resources to 

develop mature fibers. Under limited resources, bolls set at the top parts of the plants do 

not have access to the same amount of nutrients and water as bolls set lower on the plant. 

This results in differences in fiber development. Ashley (1972) reported that fruits 

produced at the top canopy position likely receive less carbohydrate because they are 

initiated late in the growing season. Also, Feng et al. (2011) reported that different seeds 

within a boll produce different fiber quality. Management practices such as planting date 

(Davidonis et al., 2004), plant population (Bednarz et al., 2006), and irrigation rate (Feng 

et al., 2010) can influence specific canopy positions and the within-canopy distribution of 

fiber properties in a cotton plant. These differential growth conditions will likely 

contribute to the within-plant variability of cotton fiber quality. Therefore, the 
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indeterminate growth habit of cotton plants is one of the most important contributors of 

the within-plant variability of cotton fiber quality.  

Additionally, growth conditions have an impact on the within-canopy variation of 

fiber quality, in particular on fiber maturity distribution (Ritchie et al., 2004; Feng et al., 

2011).  Fiber maturity is one of the most important fiber quality parameters as it has a 

potential impact on different fiber properties including fiber length, strength, the linear 

density of fiber or fineness, and other yield components such as cotton fiber density 

(Ayele et al., 2017). Hequet et al. (2006) suggested that when conditions are optimal 

during plant growth, most of the fibers could reach their full maturity level, while fibers 

developing under less optimum conditions will not reach full maturity. Particularly, fibers 

contributed by the top of the plant tend to be less mature. Immature fibers with poorly 

developed secondary cell walls are weak and have the propensity to break more easily 

during mechanical processing (Hequet et al., 2006; Abidi and Hequet, 2006; Ayele et al., 

2017), creating high short fiber content that leads to more fiber-to-fiber variability within 

a bale of cotton. Kelly et al. (2015) suggested that fiber quality is at its best before the 

boll opens. Once the boll opens, the environment and mechanical processes used to 

transform the fiber into an industrial raw material have the potential to damage, weaken, 

and break fibers, contributing to increased short fiber content. Unless the short fibers are 

removed by combing, the resulting ring-spun yarns may exhibit excessive defects. 

Therefore, a high combing ratio is required, leading to an elevated amount of combing 

noils. A high percentage of combing noils constitutes a significant cost to the textile 

manufacturer, hindering the use of such cotton for the production of high-quality yarns.   



Texas Tech University Addissu G. Ayele, December 2017 

69 

To tackle the problem of fiber-to-fiber variability within-bale, understanding the 

within-plant variability of fiber quality is crucial. Several studies have reported that lint 

produced at a distal position relative to the main apical node tends to have lower fiber 

quality (Bernhardt et al., 1986; Davidonis et al., 2004; Kothari et al., 2015). It could have 

an impact on the fiber-to-fiber variability of fiber quality within a bale (May and Jividen, 

1999; Bauer et al., 2009), and ultimately on yarn quality. However, little is known 

regarding the extent of within-plant variability of cotton fiber quality among genetically 

diverse upland cotton cultivars. The main hypothesis in this study is that within the 

popular cultivars widely grown on the Texas High Plains, some upland cotton may 

exhibit relatively stable within-plant variability of fiber quality, which offers the potential 

to minimize the negative impact of the distal and apical parts of the cotton plant. This 

study will provide insight to help develop cultivars with the optimum within-plant 

variability of cotton fiber quality that could potentially fit the stripper harvesting system. 

Therefore, the objective of this study is to evaluate the extent of within-plant variability 

of fiber length and maturity of 12 upland cotton cultivars popular in the Texas High 

Plains. 

2 Materials and methods  

2.1 Plant materials, field design, and agronomic practices  

Field trials were conducted in 2012, 2013 and 2014 at Quaker Farm, Lubbock County, 

Texas, on a loam soil. The Quaker Farm is located at 33° 41' N, 101° 54' W, the elevation 

is 3,256 feet (992 m) above sea level, and the mean annual rainfall is 472 mm. Twelve 

upland cotton cultivars (PHY 367 WRF, FM 2989 GLB2, DP 1044 B2RF, NG 4010 

B2RF, AT EPIC RF, NG 4111 RF, PHY 499 WRF, FM 2484 B2F, NITRO 44 B2RF, ST 

5458 B2F, DP 1219 B2RF and FM 9170 B2F) were selected for this study. These 
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cultivars present a wide range of AFIS fiber properties (Table 1). Planting was carried out 

in a randomized complete block design with three field replications under drip irrigation. 

The size of each plot was 9.1 m long and eight rows wide (7.7 m). Plants were thinned to 

3-4 plants per foot to facilitate fruit set and proper fiber quality development. In 2012, 

cotton was planted on 21 May and harvested on 19 November. The total rainfall from 1 

May 2012 to 30 Nov 2012 was 129 mm. The warmest and drier weather conditions were 

recorded in 2012 growing season. In 2013, cotton was planted on 17 June and harvested 

on 25 October. Rain from 1 May 2013 to 30 Oct 2013 totaled 204 mm. That year, cotton 

was planted late due to drought. Also, cotton was harvested early due to an early freeze. 

In 2014, cotton was planted on May 19 and harvested on the 16 Nov. Seasonal rainfall 

from 1 May 2014 to 30 Nov 2014 totaled 456 mm.  All in-season agronomic inputs such 

as applications of herbicide, insecticide, fertilizer, growth regulators and irrigation were 

performed in accordance with the best agronomic practices typical for Lubbock County. 

Water deficit was minimized with drip irrigation in all studies. 

2.2 Box picking, ginning, and blending   

The within plant distribution of fiber quality for each cultivar was captured using 

a box picking harvesting method following Bednarz et al., 2006; Feng et al., 2011 and 

Ayele et al., 2017. The grid box divides cotton bolls by main-stem node and fruiting 

positions. Box with vertical orientation indicates nodes, while the horizontal orientation 

indicates fruiting positions. Plants from three random 1-m segments (approximately 30 

plants per plot) of 8 harvestable rows were removed from the field to determine within-

plant fiber properties. Each boll on the individual plants was harvested and separated by 

node and position into the grid box. The seedcotton samples from each location on the 
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plant were bagged by node and position. Samples were transported to the Fiber and 

Biopolymer Research Institute (Lubbock, Texas), where they were conditioned for a 

minimum of 72hrs at 20±1°C and 65±2 % relative humidity.  

Seedcotton samples from individual fruiting sites were weighed and ginned 

separately with a table-top roller gin (Dennis Manufacturer, Athens, Texas). To improve 

the homogeneity of the lint samples and facilitate testing, lint from all samples was 

blended on a table-top laboratory supple needle blender. After blending, fiber quality for 

the lint produced at individual positions was determined with the Advanced Fiber 

Information System (AFIS). The AFIS measurements were averaged over three 

replications of 3,000 individual fibers per sample. The AFIS evaluates within-sample 

cotton fiber properties including fiber maturity, fiber length, fineness, and neps counts. 

This research emphasizes the study of the within-plant variability of mean fiber length by 

number and fiber maturity. Cotton fiber maturity is the degree of secondary cell wall 

thickening relative to the perimeter and is represented by θ (theta) (Peirce and Lord, 

1939; Lord, 1981). Maturity ratio is directly related to the degree of cell wall thickening. 

The value of theta is very small for immature fibers. However, the value of theta 

approaches unity when the fiber is mature (Hequet et al., 2006). High levels of fiber 

maturity could result in a better ability of the fibers to withstand the forces exerted during 

mechanical processing. Thereby, preserving fiber length. Both fiber maturity and fiber 

length are important fiber quality parameters and are expected to contribute to yarn 

quality.  
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 2.3 Statistical analysis 

Multivariate response analysis was used to quantify the variability of within-plant 

fiber quality among cultivars. The results of this study show that seedcotton samples 

collected from the first fruiting position, node 6 through 15, account for about 77% of the 

total yield per plant. The remaining 20% plus is contributed by bolls from the second, 

third, and vegetative branches.  The numbering of the nodes begins with the cotyledon 

node as number 1. Fruiting branches are reproductive branches on which bolls develop, 

while fruiting position refers to the order in which bolls are produced on a fruiting 

branch. Nodes are the location on the main stem where fruiting branches or vegetative 

branches arise (Jenkins et al., 1990). Only the first position nodes 6 through 15 (no 

missing data) were considered to evaluate the within-plant variability of fiber length and 

maturity.  

In the multivariate response analysis, cultivar, year and cultivar x year interactions 

were considered as independent variables while fruiting branches were considered as a 

dependent (response) variable. JMP Pro 12 Software, Statistical Discovery from SAS, 

was used to analyze the within-plant variability of cotton fiber quality among the 

cultivars. When performing a multiple group discriminant analysis, the JMP Pro software 

fit model automatically determines the canonical components that discriminate between 

categorical variables. The maximum number of canonical axes could be equal to the 

number of groups minus one, or the number of variables in the analysis, whichever is 

smaller (SAS Institute, 1999). In this analysis, canonical discriminant Analysis (CDA) 

was used. CDA axes are linear combinations of variables that maximally discriminate the 

structure between the treatments (Kelly et al., 2015). The multivariate response analysis 
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generates eight different canonical axes, for the 12 upland cotton cultivars, while two 

canonical axes were generated for the three growing seasons of selected important cotton 

fiber properties such as maturity ratio and AFIS mean length by number. In this data 

analysis, the first two canonical axes were considered to explain the within-plant 

variability of fiber quality among the 12 upland cotton cultivars. The first canonical axis 

explains the maximum variability. The second canonical axis explains the remaining 

variability independently. Note that the canonical discriminate analysis space is larger 

than the selected two main axes (canonical axis 1 and 2). As the objective of this analysis 

is to show the differences between the cultivars for the within plant fiber quality, only 

those canonical axes that significantly maximize the distance between individual cotton 

cultivars were chosen. Thus, the remaining axes that do not explain a significant part of 

the within-plant fiber quality among the cultivars were not considered. 

 

3 Results and discussion 

Variation in mean length by number and mean fiber maturity were characterized 

across positions that produced a boll for every cultivar. Multivariate statistical techniques 

were used to isolate the portion of this variation in fiber quality attributed to the 

environment (year) and the portion of the variation in fiber quality attributed to cultivar. 

Within-plant variation in mean fiber length was considered first, followed by a variation 

in fiber maturity.  

3.1 Within-plant variability of AFIS mean length by number  

Production year had a significant impact on the distribution of fiber length 

within the plant (Table 2). The significant interaction term (year x cultivar) suggests the 
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within plant distribution of fiber length depends on both the year and cultivar. Thus, 

even if the cultivar term did not meet the minimum threshold for significance (α=0.05), 

there is significant variation in the distribution of fiber length by number within the 

plant across cultivars. While the MANOVA reveals that production year and cultivar 

have a significant impact on the within plant distribution of fiber length (Table 2), it 

does not characterize the nature of how this distribution varies across years. Thus, 

canonical scores identifying maximal differences between groups in the multivariate 

response analysis were used to quantify significant differences in the within plant 

distribution between years and cultivars in each growing season.  

 

Table 1.1 Multivariate analysis of variance for the within-plant variability of mean length 
by number for 12 upland cotton cultivars grown in 2012, 2013 and 2014  

Sources of Variation Score Approx. F NumDF DenDF Prob>F 

Year 0.29 6.06 18 128 <.0001*** 

Cultivar 0.19 1.23 99 462 0.086ns 

Cultivar x year 0.05 1.25 198 554 0.0254* 

 

 

3.1.1 Variation in within-plant AFIS mean length by number across growing 
seasons 

The centroids of the length scores for each production year plotted over the 

canonical axes reveals that 2012 and 2014 capture the largest difference in the within 

plant distribution of fiber length across years (Figure 1). The year 2012 has the highest 

score on the canonical axis characterizing the largest difference in the distribution of fiber 

length, and 2014 has the lowest score. Years 2012 and 2013 capture the largest difference 

across the second axis of variation (Figure 1). While the within plant distribution of fiber 
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length for 2012 and 2014 are very different from the primary axis of variation, the 

centroid scores of these two years are very similar along the second axis.  

 

Figure 2-1 Variation of within-plant fiber length by number across the year on the first 
and second canonical axes for 12 upland cotton cultivars grown in 2012, 2013, and 2014. 

As shown in Figure 1, the distributional differences in within plant fiber length 

captured by the first canonical axis are best characterized by the differences between 

2012 and 2014. The average length of fiber produced at nodes 6-9 is similar across 2012 

and 2014, with slightly longer fibers produced in 2013. However, fiber length is not 

distributed the same at higher nodes in 2012 and 2014. While fiber length is relatively 

stable across all nodes of the first position fruits in 2014, fibers are more than 3mm 

shorter (nearly 1/8 of an inch) at higher nodes in 2012 (Figure 2).  

The second canonical axis characterizes the remaining portion of variation in the 

distribution of fiber length within the plant among years. Thus, 2012 and 2013 sit at the 

extremes of the second canonical axis (Figure1) which explains variations in within-plant 
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fiber length across the years. Although fiber lengths tend to decline at higher nodes for 

both years, the most noticeable drop in length begins at a lower node (Node 11) in 2012 

in comparison with 2013 (Node 13) as shown in Figure 2. Additionally, fibers produced 

at each node are shorter in 2012 compared with the 2013 growing season, which could 

contribute to the largest variation captured by the second canonical axis. It appears the 

warmest and drier weather conditions recorded in the 2012 growing season may have 

affected fiber elongation during the fiber development stage at each fruiting position.   

 
Figure 2-2 Within-canopy distribution of mean fiber length by number across the year 

for 12 upland cotton cultivars grown in 2012, 2013, and 2014.  

 3.1.2 Variation in within-plant AFIS mean length by number 
among cultivars 

The distribution of fiber length within the plant depends on the cultivar and the 

year. Because of the significant year by cultivar interaction, the analysis of the 

distributional differences across cultivars was separated by year.  

(A) Within-plant Variability of Length by Number Among Cultivars in 2012  
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While the primary canonical axis characterizes the primary source of variation in 

within-plant fiber length between cultivars, it does not reveal clustering, or similarities, 

within groups of cultivars in 2012 (Figure 2-3). The cultivar DP 1044 B2RF scored the 

highest on the primary canonical axis, while the lowest scoring was FM 9170 B2F. On 

the second axis of variation, the cultivar PHY 499 WRF scored the highest and ST 5458 

B2F scored the lowest. Scores for most cultivars along the second axis clustered closer to 

PHY 499 WRF, while scores for FM 2484 B2F fell between the cluster of cultivars and 

ST 5458 B2F.  

 
Figure 2-3 Canonical discriminate analysis of the within-plant variability of AFIS mean 

length by number for 12 upland cotton cultivars grown in 2012. 

 

(B) Within-Plant Variability of Length by Number Among Cultivars in 2013  

The scores of the within plant distribution of fiber length did not reveal any 

clustering in 2013. Scores of the cultivars FM 2484 B2F and NG 4111 RF sit at the 

extremes of the primary axis, while DP 1044 B2RF and AT Epic RF are sitting at the 
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extremes of the second canonical axis (Figure 2-4). However, the scores for DP 1044 

B2RF was not different from FM 2484 B2F and FM 2989 B2F on the primary axis, while 

it is different from NG 4111 RF both on the first and second canonical axis of variations.   

 
Figure 2-4 Canonical discriminate analysis for the within-plant variability of AFIS mean 

length by number for 12 upland cotton cultivars grown in 2013. 

 

(C) Within-Plant Variability of Length by Number Among Cultivars in 2014  

In 2014, DP 1044 B2RF and ST 5458 B2F scored much higher than other cultivars along 

the primary axis, with DP 1044 B2RF having, the highest overall score (Figure 5). The 

lowest scoring cultivars along the primary axis were PHY 499 WRF and FM 2484 B2F. 

While these two cultivars were similar in terms of the primary axis, they exhibited 

different scores along the second axis. While they sit at extremes of the primary 

canonical axis, DP 1044 B2RF and PHY 499 WRF are similar along the second 

canonical axis. Thus, PHY 499 WRF and DP 1044 B2RF were selected to characterize 
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the within-plant variation in fiber length captured by the primary axis of variation in the 

within plant distribution of fiber length.  

 

Figure 2-5 Canonical discriminate analysis for the within-plant variability of AFIS mean 
length by number for 12 upland cotton cultivars grown in 2014. 

 

In summary, some cultivars consistently score low across the two major axes used 

to evaluate the within-plant variability of fiber length among the cultivars.  For example, 

NG 4111 RF consistently grouped with the low scoring cultivars while DP 1044 B2RF 

was consistently grouped with the high scoring cultivar across the study period. The 

distribution of fiber length within the canopy for NG 4111 RF was shown to be stable 

across nodes in all growing season suggesting that cultivars with a similar score to NG 

4111 RF will produce a more stable within plant distribution of fiber length. FM 9170 

B2F and PHY 499 WRF were among the lowest scoring cultivars in both the 2012 and 

2013 growing seasons. Conversely, the distribution of fiber length within the canopy of 
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DP 1044 B2RF was shown to be less stable as revealed by its high canonical scores each 

year. Cultivars such as DP 1044 B2RF, PHY 367 WRF, and ST 5458 B2F were among 

the highest scoring in all production years and produced less stable within-canopy length 

distributions. The fiber produced at nodes within the canopy of ST 5458 B2F and PHY 

367 WRF were more like the pattern seen in DP 1044 B2RF during the study period, 

where higher nodes tend to produce shorter fibers throughout the nodes considered. 

Table 3 shows the ranking of cultivars based on the first and second canonical 

scores mean comparisons. In 2012, DP 1044 B2RF, AT Epic RF, DP 1219 B2RF, Nitro 

44 B2RF, PHY 499 WRF, and ST 5458 B2F are high scoring cultivars. These cultivars 

showed high within-plant variability for mean fiber length. FM 9170 B2RF, FM 2484 

B2F, NG 4111 RF, NG 4010 B2RF, and FM 2989 GLB2 are low scoring cultivars 

suggesting that these cultivars show less within plant variability in fiber length. In all 

growing seasons, DP 1044 B2RF shows high within-plant variability characterized by 

higher scores on the first canonical axis (Table 3). Some cultivars showed different 

rankings each year. For example, DP 1219 B2RF and AT Epic RF are grouped in the 

higher-ranking cultivars in both 2012 and 2013 while they are grouped in low ranking 

cultivars in 2014. As mentioned earlier, 2012 and 2013 are characterized by low 

precipitation and variable weather conditions. Favorable growth conditions were recorded 

in 2014. It appears that some cultivars are more sensitive to the changes in environmental 

conditions while others are less sensitive. Conversely, some cultivars showed similar 

ranking in each growing season. DP 1044 B2RF and ST 5458 B2F consistently ranked 

with higher scoring cultivars and did not show improvement even with favorable growing 

conditions. This could have an impact on within-plant fiber quality variation of fiber 
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length and maturity. The within-plant variability captured by the second canonical was 

significant in 2012 and 2013, while no significant difference was observed among the 

cultivars in 2014.  

Table 2 Variation of within-plant fiber length by number based on rankings of first and 
second canonical scores for 12 upland cotton cultivars grown in 2012, 2013 and 2014.  

Cultivars Scores of canonical axis 1 Scores of canonical axis 2 

2012 2013 2014 2012 2013 2014  

AT Epic RF 0.401ab 0.266abc 0.042c -0.036a 0.120ab -0.102a 

DP 1044 B2RF 0.471a 0.329ab 0.225a 0.001a 0.216a 0.002a 

DP 1219 B2RF 0.301abcd 0.298ab 0.043c 0.044a 0.080abc -0.057a 

FM 2484 B2F 0.091de 0.414a -0.005c -0.260bc 0.006abc -0.094a 

FM 2989 GLB2 0.203bcde 0.262abc 0.067bc 0.009a -0.112c -0.076a 

FM 9170 B2F 0.028e 0.177bcd 0.078abc 0.046a 0.071abc -0.038a 

NG 4010 B2RF 0.179bcde 0.206bcd 0.077bc 0.090a -0.022bc 0.023a 

NG 4111 RF 0.152cde 0.062d 0.015c 0.012a -0.075bc 0.011a 

Nitro 44 B2RF 0.355abc 0.255bcd 0.090abc -0.026a 0.089abc 0.055a 

PHY 367 WRF 0.342abc 0.370ab 0.096abc -0.066ab 0.101ab -0.063a 

PHY 499 WRF 0.258bcde 0.079cd -0.004c 0.136a 0.043abc 0.020a 

ST 5458 B2F 0.286abcd 0.265abc 0.183ab -0.439c -0.006bc -0.060a 

Means followed by the same letter within a column are not significantly different (P = 
0.05). 

To demonstrate variation in fiber length across the main-stem node, two cultivars 

in each growing season were selected based on the score value and locations on first and 

second canonical axes. Because they sit at extremes of the first canonical axis and are at 

similar levels on the second canonical axis (Figure 4), differences in DP 1044 B2RF and 

FM 9170 B2F were used to characterize the largest source of significant variation in the 

distribution of within plant fiber length across cultivars in 2012. The within plant 

distribution of fiber length for FM 9170 B2F is stable from node 7 to node 11 (Figure 6). 
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The fiber length for FM 9170 B2F does not begin to drop until after this node. However, 

the within plant distribution of fiber length for DP 1044 B2RF is not stable at any point. 

In this study, some cultivars showed similar types of fiber properties across fruiting 

branches. Except node 12, the fiber produced at higher nodes are shorter from node 7 to 

the upper nodes of DP 1044 B2RF. It appears the dry period in 2012 may have affected 

more fiber elongation of DP 1044 B2RF than FM 9170 B2F.    

A change of rank is also observed among several cultivars (Table 2). While the 

cultivar NG 4111 RF had the third lowest score in 2012, it had the lowest scores in 2013. 

FM 2484 B2F was the second lowest scoring cultivar in 2012, while it was the highest 

scoring cultivar in 2013 (Figure 3). It appears that FM 2484 B2F scored high for fiber 

length in 2013 as it produced the longest fibers in the lower part of the plant compared to 

its higher nodes that could contribute to within-plant variability in length. In 2013, the 

cultivars FM 2484 B2F F and NG 4111 RF sit at the extremes of the primary axis of 

variation (Figure 4). The length produced at nodes 6-12 in NG 4111 RF was more stable 

than lengths produced at higher nodes. FM 2484 B2F produced relatively stable and 

longer fibers between node 6 through 9 as compared to NG 4111 RF, while NG 4111 RF 

produced relatively longer fiber in the middle of the canopy (node 10 through 12) and 

then showed a declining trend from node 12 towards the upper nodes. In 2013, FM 2484 

B2F showed a declining trend in mean fiber length by number from an average of 26 mm 

to 21 mm across the selected fruiting branches (Figure 6).   

As in 2012 and 2013, fiber lengths produced by DP 1044 B2RF at higher nodes 

were shorter on average. The longest fibers (mean fiber length by number) were produced 

at node 7, averaging about 23.9 mm, and the short fibers were produced at node 14, 
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averaging around 22.5 mm.  However, in 2014, PHY 499 WRF exhibited one of the most 

stable within plant distributions of fiber length. There is no noticeable drop in fiber length 

produced at higher nodes for PHY 499 WRF in 2014. As compared to DP 1044 B2RF, 

except for the first few nodes, PHY 499 WRF produced longer fibers in most selected 

parts the plant, which contributed to the within-plant fiber length variation among 

cultivars (Figure 6).  

 

Figure 2-6 Variations in fiber length across main-stem nodes of selected upland cotton 
cultivars grown in 2012, 2013, and 2014. 
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3.2 Within-plant variability of AFIS fiber maturity  

The multivariate analysis indicated that the growing seasons and cultivars have a 

significant impact (P<0.05) on the variation of within-canopy fiber maturity. No 

significant difference was observed for the year by cultivar interaction, suggesting that 

the performance of different cultivars in each year was the same for the within-plant 

variability for fiber maturity (Table 4). To describe the nature of within-plant variability 

of fiber maturity across years and among cultivars, canonical scores that identify the 

maximum differences between groups in the multivariate response analysis were used. 

Table 3.2 Multivariate analysis of variance for the within-plant variability of maturity 
ratio for 12 upland cotton cultivars grown in 2012, 2013 and 2014. 

Sources of 
Variation 

Score Approx. F NumDF DenDF Prob>F 

Year 0.205 0.205 18 128 <.0001*** 

Cultivar 0.165 0.165 99 462.8 0.0192* 

Cultivar x year 0.051 0.051 198 554.6 0.0578ns 

 

3.2.1 Variation in within-plant fiber maturity across growing seasons 

 The canonical scores across growing seasons plotted over the canonical axes 

capture the largest differences in the within-plant distribution of fiber maturity across 

years. The maximum variation of fiber maturity observed across the fruiting branches 

during the three growing seasons was captured by the first canonical axis as illustrated in 

Figure 7. The results revealed that 2012 and 2014 capture the largest difference in the 

within-plant distribution of fiber maturity across years. The highest score on the main 

canonical axes was recorded for the year 2012, suggesting that this growing season 

characterizes the largest differences for the within-canopy distribution of fiber maturity. 
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The lowest within-canopy variability of fiber maturity was observed in 2014 as indicated 

by the lowest centroid score, while years 2012 and 2013 capture the largest difference 

across the second canonical axis (Figure 2-77). Although 2012 and 2014 show the 

maximum difference in the within-plant distribution of fiber maturity on the primary axis, 

the centroid scores of the two years are very similar along the second canonical axis.  

 

Figure 2-7 Variation of within-plant fiber maturity across the years for 12 upland cotton 
cultivars grown in 2012, 2013 and 2014. 

 

As in the within-canopy distribution of fiber length shown in the previous section, 

the distributional differences in within-plant maturity captured by the first canonical axis 

are best described by the 2012 and 2014 growing seasons. The average fiber maturity 

produced across node 6 to 10 was relatively stable for the year 2012 and 2014, with more 

immature fibers produced in 2014. Nevertheless, fiber maturity was not distributed the 

same at higher nodes. As illustrated in Figure 2-8, after node 10, a declining trend was 
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observed in 2012, while relatively stable within-canopy fiber maturity was recorded in 

2014.   

Although the second canonical axis was expected to characterize a small portion 

of the variation, it captured the largest difference in within-plant fiber maturity for the 

years 2012 and 2013. As illustrated in Figure 7, years 2012 and 2013 sit at the extremes 

of the second canonical axis. The fiber maturity tends to decline in the uppermost nodes 

of a cotton plant in both 2012 and 2013 production years. The most noticeable drop in 

maturity begins at node 11 in 2012 and at higher node (Node 13) in 2013, which may 

contribute to the within-plant variability among the cultivars.   

 

Figure 2-8 Variation of fiber maturity across fruiting branches of 12 upland cotton 
cultivars grown in 2012, 2013 and 2014. 

 

3.2.2 Variation in within-plant fiber maturity among cultivars 

The canonical discriminate analysis revealed that although the growing seasons 

have a significant effect on the within-plant variability of fiber maturity, the distribution 
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of fiber maturity within the plant also depends upon the cultivars. The primary canonical 

axis characterizes the primary source of variation of the within-plant fiber maturity 

between cultivars. As observed in the within-canopy distribution of fiber length, the 

cultivar DP 1044 B2RF exhibited the highest score on the primary canonical axis of fiber 

maturity, while the lowest score was recorded for FM 9117 B2RF (Figure 9). On the 

second axis of variation for the within-canopy distribution of fiber maturity, the cultivar 

FM 2484 B2F scored the lowest, and PHY 367 WRF scored the highest, which is an 

indication of within canopy variability in fiber maturity among the cultivars. 

 
Figure 2-9 Canonical discriminant analysis of the within-plant variability of fiber 
maturity for 12 upland cotton cultivars grown in 2012, 2013 and 2014. 

 

As for the mean fiber length by number, the first and the second axes captured the 

maximum variability among the cultivars for fiber maturity. Based on the mean 

comparisons of the first and the second canonical axes, similar cultivars were grouped for 

within-plant fiber maturity. DP 1044 B2F, AT Epic RF, and ST5458 B2F are high 
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scoring cultivars (Table 5). High within-plant variability of fiber length previously 

discussed may be related to high within-plant variability in fiber maturity. It has been 

reported that less mature fibers tend to be prone to breakage when submitted to 

mechanical stress, creating short fibers which negatively impact mean fiber length 

(Kothari et al., 2015; Ayele et al., 2017).  

Table 5.1 Variation of within-plant fiber maturity based on rankings of first and second 
canonical scores for 12 upland cotton cultivars grown in 2012, 2013 and 2014. 

Cultivars  Canonical Axis 1 
scores 

Canonical axis 2 
scores  

AT Epic RF 0.153abc 0.093ab 

DP 1044 B2RF 0.281a 0.088ab 

DP 1219 B2RF 0.038cd 0.197a 

FM 2484 B2F 0.107bcd 0.007b 

FM 2989 GLB2 0.116bc 0.181a 

FM 9170 B2F 0.080bcd 0.174a 

NG 4010 B2RF 0.043cd 0.141ab 

NG 4111 RF 0.049cd 0.087ab 

Nitro 44 B2RF 0.094bcd 0.108ab 

PHY 367 WRF 0.040cd 0.213a 

PHY 499 WRF -0.035d 0.009b 

ST 5458 B2F 0.210ab 0.146ab 

 

Differences in PHY 499 WRF and DP 1044 B2RF were used to characterize the 

largest source of variation in the distribution of within plant fiber maturity as these two 

cultivars sit at the extremes of the primary canonical axis. In this study, PHY 499 WRF 

was found to be the lowest scoring cultivar, while DP 1044 B2RF scores the highest on 

the primary axis (Table 4) representing low and high variability, respectively, in fiber 
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maturity among the cultivars (Figure 2-10). Compared to PHY 499 WRF, the trend of 

fiber maturity across the fruiting branches of DP 1044 B2RF tends to show a sharp 

decline towards the uppermost part of the plant (Figure 2-10). The upper nodes of DP 

1044 B2RF appear to contribute excessive immature fibers compared to PHY 499 WRF. 

This result agrees with Bauer et al. (2009), who compared two upland genotypes for the 

within-canopy variability of fiber properties. In their study, the fiber length at lower 

nodes (node 9 to 12) was longer compared to the top bolls.  

 

Figure 2-10 Variation in within-plant maturity ratio (no unit) for DP 1044 B2RF and 
PHY 499 WRF grown in 2012, 2013 and 2014. 

 

4 Conclusions 
In this study, different cotton cultivars exhibited variable within-canopy fiber 

length and maturity. In general, fibers produced at higher nodes are less mature and 

shorter in all cultivars considered. However, the extent of within-plant variation of fiber 

length and maturity within a canopy is significantly different across cultivars. While 

some cultivars consistently produced shorter and less mature fibers at higher nodes, many 
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cultivars tended to have a more stable within plant distribution of fiber length and 

maturity before a drop in these fiber properties. Cultivars such as FM 9170 B2F, NG 

4111 RF, and PHY 499 WRF tended to produce a more consistent fiber length within the 

canopy, while the fiber length produced within the canopy of DP 1044 B2RF, ST 5458 

B2F and PHY 367 WRF were more variable across years. The results of the multivariate 

response analysis revealed that cultivars with lower scores on the two canonical axes 

tended to have more mature and longer fibers that are stable across the fruiting branches. 

Conversely, cultivars with high canonical scores on the main axes tended to produce 

highly variable within-plant fiber length and maturity. High scoring cultivars produce less 

mature and shorter fibers within the canopy of the plant. Cultivars with relatively stable 

fiber properties across the fruiting branches minimize the impact of immature fibers 

contributed by the top crop. Cotton cultivars that exhibit lower within-plant variability 

could fit the stripper harvester system commonly used on the Texas High Plains. Based 

on AFIS fiber properties, high variations of within-plant fiber properties were detected 

among upland cotton cultivars considering only the first position bolls. It appears that 

genetic components play a significant role in the within-plant variability of fiber quality 

that could be a potential source of variation for further improvement in cotton fiber 

quality. While longer fibers contribute to stronger and finer yarns, excessive short fibers 

can cause imperfections in the yarn structure. Future papers will establish and quantify 

the impact of the complete distribution of fiber length produced at each position. 
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CHAPTER 3 

THE IMPACT OF FIBER MATURITY ON ESTIMATING THE NUMBER OF 

COTTON (GOSSYPIUM HIRSUTUM L.) FIBERS PER SEED SURFACE AREA 

Addissu Ayele1, Eric Hequet1, Brendan Kelly 1, 2  

1Fiber and Biopolymer Research Institute, Texas Tech University, Lubbock, TX 
79409, USA 

2Texas A&M AgriLife Research & Extension Center at Lubbock TX, 79403 

ABSTRACT  

The number of fibers per seed surface area (fiber density) is a selection criterion used to 

improve cotton fiber quality and yield simultaneously in cotton breeding programs. 

However, the parameters utilized to estimate fiber density are calculated from fiber 

quality attributes that are sensitive to environmental variations, especially fiber maturity. 

Fiber maturity is one of the most important fiber properties that influence other fiber 

properties such as individual fiber strength and length. In order to investigate the impact 

of within-plant fiber maturity on the estimates of fiber density, field experiments were 

conducted at Lubbock, Texas during 2012, 2013 and 2014 growing seasons. A set of 

twelve upland cotton cultivars popular in the Texas High Plains were grown in a 

randomized complete block design with three field replications. Bolls were box picked at 

harvest to provide samples from each cultivar representing a range of fiber maturity. 

Fuzzy seeds obtained after roller ginning were acid-delinted, scanned on a flatbed 

scanner, and the WinSeedle Pro software was used to estimate the seed surface area 

(SSA). The number of fibers per seed was estimated using the fiber quality parameters 

provided by AFIS (Advanced Fiber Information System), the lint weight, and the number 

of seeds in the sample. The number of fibers per seed surface area was obtained by 
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dividing the number of fibers per seed by the estimated SSA. In this study, cultivars with 

relatively less stable fiber maturity across the fruiting branches of the cotton plant tend to 

have a more variable number of fibers per seed surface area estimates, suggesting that the 

calculation of the number of fibers per seed surface area may be biased. It is likely that 

the source of bias is fiber maturity (immature fibers are weak and tend to break during 

mechanical processing). Therefore, fiber maturity should be considered when screening 

lines based on estimated fiber density because low fiber maturity can lead to unreliable 

estimates of fiber density.    

Keywords: Cultivar, Fiber density, Fibers per seed, Fiber maturity, fiber length 

distributions 

1 Introduction 

International spinning market requirements along with advances in spinning 

technologies have increased demand for cotton (Gossypium hirsutum L.) fibers that are 

long, uniform, mature, fine, strong, and with low contamination (such as neps, bark, and 

seedcoat fragments). Domestic producers must target these cotton fiber quality attributes 

to remain competitive in the currently dominant ring spinning market. However, gains in 

cotton fiber quality should not be made at the expense of yield. Breeders developing 

cultivars competitive on international markets should select for not only improved fiber 

quality but also improved yield.   

Nevertheless, it is a great challenge for cotton breeders to improve lint yield and 

fiber quality simultaneously because of the negative association between lint yield and 

fiber quality. Smith and Coyle (1997) suggested that within-boll lint yield is based on the 
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number of spinnable fibers produced within the boll but Upper Half Mean Length 

(UHML) was negatively associated with fibers per seed and fiber per seed surface area in 

the F1 populations. This negative association suggests that selection for an increase in lint 

yield will result in a decrease in UHML. Zeng and Meredith, 2009 reported that fiber 

length and strength have also been shown to be negatively associated with lint yield. 

There is considerable evidence for a negative relationship between many important fiber 

properties and lint yield (Meredith and Bridge, 1971; Tyagi, 1987; Clement et al, .2012). 

Without the proper selection criteria, the process of developing cultivars with improved 

lint yield may come at the expense of fiber quality. Designing better strategies to improve 

fiber quality while at least maintaining yield levels is crucial for the development of new 

cultivars competitive on international markets.  

Lint yield and fiber quality in upland cotton are interrelated through a series of 

individual yield components, including fiber fineness and the number of fibers produced 

from each seed (Clement et al., 2014). These yield components are selection criteria 

available to breeders targeting simultaneous improvement of yield and fiber quality. 

Fibers with improved fiber fineness enable the spinning mills to produce finer and 

stronger yarns (Faulkner et al., 2012). Breeding efforts aiming to reduce fineness (linear 

density) to more desirable levels may reduce yield unless other yield components such as 

fibers per seed (FPS) are increased (Lewis, 2001; Zhang et al., 2005). Clement et al. 

(2014) reported that “a 19% increase in the number of fibers per seed surface area 

resulted in a 14-µg m−1 decrease in fineness without affecting lint yield”. Lovell et al. 

(2007) suggested that a modest increase in fibers per seed should translate into a 
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significant overall increase in yield if other yield components, such as seed per boll and 

bolls per plant, are not affected.   

Feng et al. (2010) also showed the importance of yield components such as seed 

surface area, lint mass, and the number of fibers per seed. In an irrigation study, yield 

components were evaluated for the first fruiting position bolls at nodes 9 and 14. At these 

positions, individual seed surface area, and lint mass increased with increases in irrigation 

and decreases in plant density. Their results suggest that the number of fibers per seed 

unit area may be heritable. This implies that the number of spinnable fibers per seed 

surface area, otherwise called fiber density, is the most basic yield component for 

improving both yield and fiber quality. Indeed, utilizing yield components such as fiber 

density allows for the development of both finer fibers and better yield stability (Coyle 

and Smith, 1997; Groves and Bourland, 2010; Clement et al., 2014). Coyle and Smith 

(1997) reported that fiber density is heritable and less affected by changes in 

environmental conditions. In their study, no significant difference was observed for the 

year by genotype interaction for the mature lint fibers per seed produced. They suggested 

that, although a significant year effect would influence the yield, the lack of interaction is 

helpful for the breeder to make selections based on these yield components (number of 

fibers per seed and fibers per seed surface area). 

Nevertheless, direct measurements of many yield components are slow and 

impractical for breeding efforts. Machado et al. (2009) used a Scanning Electron 

Microscope (SEM) to visualize and count the number of fiber initials on developing 

ovules to study the effect of genetic manipulation of fiber-related genes on the 

development of fiber cells. Lovell et al. (2007) also determined fibers per seed by 
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counting the number of fiber initials on the surface of ovules at anthesis using SEM. In a 

large-scale breeding program, these types of direct initial counts are unfeasible. Instead, 

yield components are often estimated from other fiber properties that are easier to 

measure.  For example, several authors claim that fiber per seed and fiber density can be 

estimated using the measurement of fiber fineness, uniformity index, and Upper Half 

Mean Length along with seed surface area (Lewis, 2001; Cramner, 2004; Clement et al., 

2014). Liu et al. (2011) also used lint weight per seed, Upper Half Mean Length, and 

fineness to determine fibers per seed.  

Cotton fiber quality attributes used in the estimate of yield components are not 

independent of each other. Kothari et al. (2015) reported that cotton sample collected 

from different fruiting branches on the plant showed a high positive correlation (r = 0.80) 

between short fiber content (by number) and IFC (Immature Fiber Content). Conversely, 

SFC (n) was negatively associated with fiber maturity (r = -0.79). Cotton fiber maturity 

(θ), the area of the cell wall relative to the area of a circle with the same perimeter, 

influences many other cotton fiber properties (Lord, 1981; Goynes et al., 1995; Hequet et 

al., 2006). Mature fibers have well-developed secondary cell walls that are stronger and 

can better resist mechanical stress during processing. Immature fibers have a thinner 

secondary cell wall and will tend to break more frequently during processing (Hequet et 

al., 2006). Fiber breakage results in a buildup of short fibers (fibers less than 12.7 mm in 

length) and a reduction in the mean fiber length. Our hypothesis is that immature fibers 

may easily break during mechanical processing, reducing the average fiber length and 

leading to an overestimation of the number of fibers per seed surface area. The objective 
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of this study was to evaluate the impact of fiber maturity on the estimated number of 

fibers per seed surface area. 

2 Materials and methods  

2.1 Plant materials, field design, and agronomic practices  

Field trials were conducted in 2012, 2013 and 2014 at Lubbock County, Quaker 

Farm TX, on a loam soil. The Quaker Farm is located at 33° 41' N, 101° 54' W, the 

elevation is 3,256 feet (992 m) above sea level, and the average annual rainfall is 18.6 in 

(472 mm). Twelve upland cotton cultivars (PHY 367 WRF, FM 2989 GLB2, DP 1044 

B2RF, NG 4010 B2RF, AT EPIC RF, NG 4111 RF, PHY 499 WRF, FM 2484 B2F, 

NITRO 44 B2RF, ST 5458 B2F, DP 1219 B2RF and FM 9170 B2F) were selected to 

represent a wide range of cultivars commonly grown on the High Plains of Texas. 

Planting was carried out in a completely randomized block design with three field 

replications under drip irrigation. Each plot was 9.1m long and 7.7 m wide (eight rows). 

Plants were thinned to 3-4 plants per foot to facilitate fruit set and proper fiber quality 

development. In 2012, cotton was planted on the 21st of May and harvested on the 19th of 

November. In 2013, cotton was planted on the 17th of June and harvested on the 25th of 

October. In 2014, cotton was planted on the 19th of May and harvested on the 16th of 

November. All in-season agronomic inputs such as applications of herbicide, insecticide, 

fertilizer, growth regulators and irrigation were done in accordance with the best 

agronomic practices typical for Lubbock County. Water deficit was minimized with drip 

irrigation in all studies.   



Texas Tech University Addissu G. Ayele, December 2017 

101 

2.3 Box picking, ginning, and blending 

  Fiber samples from each cultivar representing varying levels of maturity were 

harvested using a modified box-picking method (Bednarz et al., 2006; Feng et al., 2011; 

Kothari et al. 2015). In a box picking harvest, a grid of boxes is setup where each box in 

the grid corresponds to a potential node and position where a boll can be produced within 

the plant canopy. Plants from three random 1 meter-segments (approximately 30 plants 

per plot) of the harvestable row were removed from the field. Each boll on the individual 

plants was harvested while noting the node and position within the plant canopy. 

Seedcotton from each fruiting branch and position on the plant was collected in the 

corresponding box of the box picking grid. The seedcotton samples from each grid box 

were bagged while recording the node and position on the plant. Samples were 

transported to the Fiber and Biopolymer Research Institute where they were allowed to 

equilibrate for 48hrs at 20±1°C at 65±2 % relative humidity. Seedcotton samples from 

individual fruiting locations were weighed and ginned separately with a small table-top 

laboratory roller gin to minimize fiber damage. The lint and seed were weighed after 

ginning. Lint from each sample was blended with a small tabletop laboratory blender. 

Sample blending improved the homogeneity of fiber quality within each sample and 

facilitated fiber testing of the lower yielding positions at the top of the plant. 

After blending, fiber quality for the lint produced at individual positions was 

determined with an Advanced Fiber Information System (AFIS). The same instrument, 

Uster AFIS pro (Uster, Knoxville, TN) was used through the study period. AFIS 

measurements were averaged over three replications of 3,000 individual fibers per 

sample. The AFIS is an individual fiber tester that evaluates the within sample 
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distributions of several fiber qualities including fiber length, maturity, and fineness. Two 

parameters obtained from AFIS fiber quality distributions, mean length by number (Ln) 

and fineness (H), were used in combination with the lint weights to estimate yield 

components (Figure 2-11). 

2.4 Estimating yield components 

 Fuzzy seeds obtained after roller ginning were subjected to wet acid delinting.  

Delinted seeds were scanned on a flatbed scanner and the scanned images were analyzed 

using the WinSeedle 2003b Image Analysis System (Regent instruments, Inc., Quebec, 

Canada). Image analysis provided seed surface area (SSA) estimates based on the 

elliptical object method where seed length is multiplied by the seed cross-section 

perimeter. Yield components were estimated using AFIS fiber quality parameters, sample 

weights, and WinSeedle measurements made on samples harvested from the first position 

bolls. Previous studies showed that the first fruiting position contributes maximum lint 

yield to the total production. Jenkins et al. (1990) reported that bolls at position one on 

sympodial branches produced 66 to 75% of the total yield; those at position two produced 

18 to 21%; all other position on sympodial branches produced from 2 to 4% of the total 

yield. In this study, all cultivars produced more mature fibers in between nodes 7 to10 of 

the first position bolls compared to the other fruiting branches and positions. For that 

reason, only nodes 7 to 10 of the first position were chosen to demonstrate the effect of 

maturity on yield components 
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Figure 3-1 Workflow used to calculate a total number of fibers per sample. 

The total fiber length (mm) of the samples were estimated using lint weight (mg) 

and average fiber fineness (mg/km), or linear density, provided by AFIS (Figure 1). The 

AFIS reports fineness in mg/km which is converted to mg
mm

  to calculate the estimated total 

fiber length.  

 

 
Total Fiber Length =  

Sample lint weight (mg)

Fineness �10−6 mg
mm �

 (1) 

 

The number of individual fibers in the sample was then estimated by dividing the 

estimated total fiber length in the sample by the mean fiber length by number measured 

with the AFIS.  

Total Fibers per Sample =
Sample lint weight (mg)                              

Fineness �10−6 mg
mm � ∗ Length by number

     

(2) 
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The number of fibers per seed was estimated by dividing the estimated total number of 

fibers per sample by the number of seeds. 

 

Fibers per Seed =  
Total number of fibers per sample 
Total number of seeds                      

 (3) 

 

Finally, the fiber density was calculated by dividing the number of fibers per seed by the 

estimated seed surface area. Seed surface area was determined by using WinSeedle image 

analysis Pro software.  

 
Fiber Density =  

Fibers per seed 
Seed surface area

 (4) 

 

2.4 Statistical analysis 

Variation in yield components was estimated from the first sympodial positions 

node 7 through 10 bolls. Results were analyzed as a split-plot design, with cultivars as 

main plots and main stem nodes treated as split plots for each year. Replications (rep), 

rep x cultivar, rep x years and rep x fruiting branch, were considered as random in the 

mixed model analysis. Cultivar and fruiting branch were considered as fixed effects 

(Bednarz, et al, 2005 and 2006; Kothari et al., 2015). Secondary mean comparisons using 

the student t-test were calculated using JMP pro 12 software.  

3 Results and discussion 

Both the cultivar and the node at which the boll is set within the plant canopy had 

a significant impact on fibers per seed (FPS) and fiber density estimates. Studies 
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indicated that first position bolls produce better fiber quality and maximum lint yield 

compared to other positions. The significant year by cultivar interaction revealed that 

growing seasons had an impact on yield components, and this effect was dependent on 

the cultivar. There was no significant year effect on fiber quality variation among nodes 

for the different cultivars (cultivar x year x node) (Table 1).  

Table 3-1 Analysis of variance for fibers per seed and fiber density for 12 upland cotton 
cultivars grown in 2012, 2013 and 2014. 

Sources of variance  Fibers per seeds (counts) Fiber density (counts/mm2 ) 

DF DFDen F Ratio Prob > F DF DFDen F Ratio Prob > F 

Year 2 4 6.25 <.0.05 2 83.88 66.34 <.0001*** 

Node 3 6 19.70 <.0017 3 78.22 35.72 <.0001*** 

Cultivar 11 22 15.17 <.0001 11 37.40 9.56 <.0001*** 

Cultivar x Year 22 44 5.59 0.001 22 83.88 2.16 0.0065** 

Cultivar x Node 33 66 2.00 0.0028 33 78.22 1.98 0.0071** 

Cultivar x Year x 
Node 66 1132 1.17 0.215ns 66 158.91 0.79 0.8639ns 

*Significant difference at 0.05, **Significant difference at 0.001, ***Significant 
difference at 0.0001, ns = Non-significant 

The two significant interaction terms (cultivar x year and cultivar x node) are 

potentially problematic in a breeding setting. Yield components are estimated as a way to 

capture the primarily heritable components contributing to the yield, thereby providing a 

tool for the simultaneous improvement of both yield and fiber quality. However, if the 

significant year by cultivar interaction is a crossover interaction, it could result in 

different rankings among the cultivars based on the estimated yield components. The 

significant cultivar by node interaction may also have implications on boll sampling by 

breeders. This interaction indicates the estimated yield component depends not just on the 

cultivar, but also on the boll position harvested for estimating the yield components. 
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Thus, cultivar rankings were considered by year, and the yield components were analyzed 

for each node by cultivar separately with a means comparison test.  

3.1 Cultivar by year interaction  

Nitro 44 RF had the highest estimated fibers per seed, ranking the highest of the 

12 upland cultivars, in 2012 (21,320 fibers per seed) and 2014 (22,800 fibers per seed).  

While Nitro 44 RF appeared to produce significantly more fibers per seed than any other 

cultivar in 2012, AT Epic RF, also had a large estimated number of fibers per seed in 

2014 (21,609 fibers per seed). However, in 2013 AT Epic RF appeared to produce 

significantly more fibers per seed than Nitro 44 RF. Many other cultivars; such as FM 

9170B2F, NG 411 RF and ST 5458 B2F show inconsistent rankings across the years 

based on the estimated number of fibers per seed. The ranking of DP 1044 B2RF and NG 

4010 B2RF was stable across growing seasons based on this estimate (Table 2).  

Cultivars also show different rankings across years for the estimated fiber density. 

Only FM 2484 GLB2, AT Epic RF, and Nitro 44 B2RF had higher estimated fiber 

densities than DP 1219 B2RF in 2012. However, in 2014, DP 1219 B2RF had the highest 

estimated fiber density along with many other cultivars (AT Epic RF, FM 1484 B2F, FM 

9170 B2F, Nitro 44 B2RF, PHY 367 WRF, and PHY 499 WRF). Cultivar PHY 499 

WRF exhibited on of the largest changes in rank. While it was among the highest 

estimated fiber densities in 2014, it was among the lowest in 2013.  Many other cultivars 

also show inconsistent rankings across years for both fibers per seed and fiber density, 

while some cultivars, such as NG 4010 B2RF, had the same ranking for all growing 

seasons (Table 2). 
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The significant cultivar by year interaction resulted in different rankings for many of 

the cultivars in different years based on the estimated fiber per seed and fiber density. 

However, these yield components are estimated in order to capture heritable components 

of yield (Coyle and Smith, 1997; Feng et al., 2010) and should rank the same for a given 

cultivar across the study period. The lack of consistency in the ranking of the cultivars 

throughout the study period could make selection difficult for breeders targeting yield 

and fiber quality improvement using estimated fibers per seed or fiber density traits. 

 

Table 3-2 Fibers per seed and fiber density of upland cotton cultivars grown in 2012, 
2013 and 2014.  

Cultivars Fibers per seed (1,000 fibers) Fiber density (fibers/mm2) 

2012 2013 2014 2012 2013 2014 

AT Epic RF 17.96bcd 23.10a 21.61ab 262ab 314a 300abcd 

DP 1044 B2RF 16.38ef 13.69f 17.69e 241bc 196de 275cde 

DP 1219 B2RF 16.38def 15.13def 20.16c 255bc 217bcde 314a 

FM 2484 B2F 20.74a 16.90bcd 21.61ab 285a 230bcd 197abcd 

FM 2989 GLB2 17.42bcde 14.16ef 20.45c 236bc 194de 278bcde 

FM 9170 B2F 18.23b 14.64def 20.74bc 248bc 204cde 289abcd 

NG 4010 B2RF 15.13f 13.23f 18.50de 205d 181e 251e 

NG 4111 RF 18.23bc 19.04b 20.16c 253bc 251b 275cde 

Nitro 44 B2RF 21.32a 18.50bc 22.80a 286a 244bc 303abc 

PHY 367 WRF 16.38cdef 16.13cde 20.45bc 228cd 227bcd 308ab 

PHY 499 WRF 17.69bcd 14.64def 20.16c 259ab 190de 303abc 

ST 5458 B2F 17.16bcde 16.13cde 19.60cd 248bc 224bcd 269de 
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Means with the same letter are not significantly different at P= 0.05 probability level. 

 

3.2 Cultivar by node interaction 
In the analysis of variance, the interaction effect of cultivar x node reveals 

differences in the within canopy distribution of yield components across cultivars (Table 

1). The results show a significant cultivar by node interaction, suggesting the distribution 

of estimated fibers per seed and fiber density was different across the nodes of each 

cultivar. Mean comparisons were conducted across nodes (nodes 7 through 10) for each 

cultivar to characterize the nature of this interaction. The 12 upland cotton cultivars were 

grouped into two groups (Group A and Group B) based on the results of the mean 

comparisons of the yield components. Group A represents cultivars with no significant 

differences across the fruiting branches (Tables 3 and 5) and is considered less variable. 

Group B represents cultivars with significant differences (p<0.05) in estimated yield 

components across fruiting positions (Tables 4 and 6). 

Table 3-3 Variation in fibers per seed (1,000 fibers) across nodes for Group A of upland 
cotton cultivars grown, in 2012, 2013 and 2014. 
Cultivars  Node 7 Node 8 Node 9 Node 10 
AT Epic RF 21.32a 20.16a 20.74a 21.61a 
DP 1219 B2RF 15.38a 16.90a 16.90a 18.77a 
FM 2484 B2F 19.32a 18.77a 19.88a 20.74a 
FM 2989 GLB2 14.64a 17.16a 18.23a 18.23a 
NG 4010 B2RF 13.69a 14.16a 17.16a 17.16a 
NG 4111 RF 20.16a 19.60a 18.50a 18.50a 
Nitro 44 B2RF 22.20a 20.45a 20.16a 20.74a 
PHY 499 WRF 15.38a 15.38a 18.50a 18.77a 

Means with the same letter are not significantly different at P= 0.05 probability level. 
This group of cultivars does not exhibit significant variation in fiber per seed across the 
nodes. 
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Table 3-4 Variation in fibers per seed (1,000 fibers) across nodes for Group B of upland 
cotton cultivars grown in 2012, 2013 and 2014. 
Cultivars  Node 7 Node 8 Node 9 Node 10 

DP 1044 B2RF 12.32b 15.38ab 17.16a 18.23a 

FM 9170 B2F 14.88b 18.23a 19.60a 19.32a 

PHY 367 WRF 14.88b 14.88a 14.88a 14.88a 

ST 5458 B2F 15.63b 17.42b 18.77a 19.32a 

Means with the same letter are not significantly different at P= 0.05 probability level. 
This group of cultivars exhibits significant variation in fiber density across the nodes. 

 

Table 3-5 Variation in fiber density across nodes for Group A of upland cotton cultivars 
grown in 2012, 2013 and 2014. 

Cultivars  Node 7 Node 8 Node 9 Node 10 
AT Epic RF 289a 277a 290a 312a 
DP 1219 B2RF 234a 256a 267a 291a 
FM 2484 B2F 264a 255a 272a 292a 
FM 2989 GLB2 206a 233a 248a 259a 
NG 4010 B2RF 186a 195a 234a 235a 
NG 4111 RF 272a 262a 251a 254a 
Nitro 44 B2RF 288a 270a 269a 282a 
PHY 499 WRF 224a 246a 263a 270a 

Means with the same letter are not significantly different at P= 0.05 probability level. 
This group of cultivars does not exhibit significant variation in fiber density across the 
nodes.  

Table 3-6 Variation in fiber density across nodes for Group B of upland cotton cultivars 
grown in 2012, 2013 and 2014. 

Cultivars  Node 7 Node 8 Node 9 Node 10 

DP 1044 B2RF 189b 230ab 255a 277a 

FM 9170 B2F 210b 244ab 266a 270a 

PHY 367 WRF 212b 252ab 271a 281a 

ST 5458 B2F 212c 235bc 262ab 278a 

Means with the same letter are not significantly different at P= 0.05 probability level. 
This group of cultivars exhibits significant variation in fiber density across the nodes. 



Texas Tech University Addissu G. Ayele, December 2017 

110 

 

Cultivars show different rankings for each year for estimated fibers per seed and 

fiber density due to the significant cultivar by year interaction. The significant cultivar by 

node interaction indicates that the estimated number of fibers per seed surface area was 

significantly different among groups of cultivars. Cultivars show significant differences 

in the level of estimated yield components across the fruiting branches within the plant 

canopy. Indeed, different estimates of fibers per seed and fiber density were obtained for 

each cultivar in Group B. If these estimated values represent the most basic heritable 

components of yield, another fiber parameter may be confounding these estimates. Fiber 

maturity is one possible source of instability in estimated yield components.  

3.3 Fiber maturity 

Analysis of variance for fiber maturity indicates significant (P<0.001) cultivar by 

year and cultivar by node interaction. The cultivar by year interaction indicates that 

ranking of cultivars based on fiber maturity varies among years (Table 2). The significant 

cultivar by node interaction (P<0.05) indicates the distribution of fiber maturity across 

nodes varies among the cultivars (Table 2).  

Table 3-7 Analysis of variance for maturity ratio of first sympodial position (node 7 to 
10) of 12 upland cotton cultivars grown in 2012, 2013 and 2014. 

Source of variations  DF DFDen F Ratio Prob > F 

Year 2 8 27 0.0003*** 
Node 3 5 4 0.0719ns 
Cultivar 11 22 6 0.0002*** 
Cultivar x Year  22 44 4 <.0001*** 
Cultivar x Node 33 210 2 0.0278* 
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*Significant difference at 0.05, **Significant difference at 0.001, ***Significant 
difference at 0.0001, ns = Non-significant 

 

Mean separation of fiber maturity for each cultivar across nodes was used to 

categorize cultivars into two groups (Group θA and Group θB). These groups were used 

to investigate the potential relationship between fiber maturity and estimated yield 

components (Tables 8 and 9).  Group θA is composed of cultivars with no significant 

difference in fiber maturity across fruiting branches (node 7 to 10).  

Cultivars which produced more mature fibers (Table 8) in this region of the plant 

tended to result in less variable estimates of yield components (Tables 3 and 5), while 

cultivars with less mature fibers (Table 9) tended to result in more variable estimates of 

the yield components (Tables 4 and 6). In addition to having a relatively high and stable 

level of fiber maturity across the fruiting branches, the estimated numbers of fibers per 

seed surface area are also less variable across the fruiting branches of these cultivars 

(Table 5).  In contrast, the levels of fiber maturity across the fruiting branches of Group 

θB cultivars were significantly different (Table 9).  These cultivars tended to have lower 

maturity levels for fiber produced in bolls at upper sympodial branches (e.g. node 10).  

Similarly, estimates of fibers per seed and fiber density were significantly higher for the 

uppermost bolls for cultivars in Group θB produced (Table 4 and 6).  

It appears that the differences observed in fiber maturity across the fruiting 

branches are a potential contributing factor causing instability in the estimated yield 

components.  This is likely due to the thinner secondary cell wall of immature fibers. 

Immature fibers are weaker and will tend to break during mechanical processing. Fiber 

breakage will increase the number of short fibers in the sample, resulting in a lower 
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average fiber length. Thus, the breakage of immature fibers may account for the increase 

in yield components in the uppermost bolls. 

Table 3-8 Variation in maturity ratio across nodes for Group θA of upland cotton 
cultivars grown in 2012, 2013 and 2014. 

Cultivars  Node 7 Node 8 Node 9 Node 10 
AT Epic RF 0.92a 0.91a 0.91a 0.88a 
DP1219 B2RF 0.91a 0.92a 0.91a 0.90a 
FM 2484 B2F 0.92a 0.92a 0.90a 0.90a 
FM 2989 GLB2 0.93a 0.93a 0.91a 0.90a 
NG 4010 B2RF 0.95a 0.94a 0.93a 0.94a 
NG 4111 RF 0.92a 0.92a 0.93a 0.93a 
Nitro 44 B2RF 0.91a 0.91a 0.91a 0.90a 
PHY 499 WRF 0.92a 0.91a 0.91a 0.92a 

Means with the same letter are not significantly different at P= 0.05 probability level.   
 
Table 3-9 Variation in maturity ratio for Ground B of upland cotton cultivars, in 2012, 
2013 and 2014. 
Cultivars  Node 7 Node 8 Node 9 Node 10 
DP 1044 B2RF 0.91a 0.90ab 0.90ab 0.87b 
FM 9170 B2F 0.91ab 0.92a 0.91ab 0.89b 
PHY 367 WRF 0.91a 0.90a 0.90ab 0.88b 
ST 5458 B2F 0.94a 0.92a 0.92a 0.89b 

Means with the same letter are not significantly different at P= 0.05 probability level. 
This group of cultivars exhibits significant variation in fiber maturity across the nodes.  
 

3.4 Fiber length distributions  
Kelly et al. (2012) reported that fiber maturity has an impact on fiber length 

distribution. The AFIS length distributions were used to illustrate the impact of fiber 

maturity on the within sample distribution of fiber length, and eventually on fiber density.  

A cultivar from each of the two groups was selected to demonstrate this relationship. FM 

2484 B2F was selected from the less variable group, Group θA, while ST 5458 B2F was 

selected from the group exhibiting significant variation in fiber maturity and yield 
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components, Group θB. The fiber length distribution shown for FM 2484 B2F and ST 

5458 B2F were constructed by averaging of three field replications across the three 

growing seasons.  

The cultivar from Group θA, FM 2484 B2F, produced relatively mature fibers along 

its fruiting branches, and the level of fiber maturity for this cultivar was varying 

significantly across fruiting branches (see Table 8). It has been reported, that the thicker 

secondary cell wall of mature cotton fibers provides strength and enables them to better 

survive mechanical processing without breaking (Goynes et al., 1995; Hequet et al, 

2006). The length distribution of FM 2484B2F has a low level of short fibers, and a well-

defined mode of longer fibers, reflecting a more ideal within sample length distribution 

that have not broken excessively during processing. Indeed, fibers produced by 

FM2484B2F were mature (maturity ratio>0.9) across all fruiting branches. The high level 

of fiber maturity resulted in a very consistent within sample distribution of fiber length at 

all fruiting positions. This resulted in a stable measurement of mean fiber length that was 

not heavily biased due to breakage during mechanical processing.  

 
 
Figure 3-2 Average of three years first sympodial position (node 7 through 10) of AFIS 
fiber length distribution for FM 2484 B2F grown in 2012, 2013 and 2014. 
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In contrast, the means comparison of the first fruiting position bolls indicates that 

the levels of fiber maturity between fruiting branches of ST 5458 B2F were significantly 

different (see Table 9). Fibers produced at fruiting branch 10 of ST 5458 B2F, tend to be 

more immature compared to the remaining fruiting branches. Hence, immature fibers 

located at this boll position break more easily during processing, causing an increase in 

short fiber content. The low level of fiber maturity results in a higher degree of fiber 

breakage during mechanical processing, and a more variable fiber length distribution 

along the fruiting branches of ST 5458 B2F. Fruiting branch 10 of ST 5458 B2F has an 

excess of short fibers in comparison to the other nodes (Figure 3). The artificially created 

short fibers at fruiting branch 10 lower the average fiber length, and lead to an 

overestimation of fibers per seed and fiber density (Table 6). Thus, breakage of immature 

fibers during processing resulted in an increase in the estimated number of fiber per seed 

and fiber density for fruiting branch 10 (less mature fibers).  This demonstrates the 

potential confounding effect of fiber maturity when estimating within-boll yield 

components such as fibers per seed and fiber density.  

 
Figure 3-3 Average of three years first sympodial position (node 7 through 10) of AFIS 
fiber length distribution for ST 5458 B2F grown in 2012, 2013 and 2014. 
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For the cultivars in this study, fibers with a maturity ratio of approximately 0.90 

and above resist mechanical stress much better during processing and show less fiber 

breakage. Our data showed that the difference in within-plant fiber density is indeed 

smaller (see Table 5) when the maturity ratio is relatively high (Table 8). Because mature 

fibers resist breakage better during processing, this results in a more stable fiber length 

distribution (Figure 2), which could limit the impact of bias due to fiber breakage and 

therefore provide more realistic estimates of fiber density.    

 
3.5 Relationship between AFIS fiber properties used to estimate yield components 

The impact of fiber maturity on estimates of fibers per seed and fiber density can 

be generalized further. A significant negative relationship between within-plant fiber 

maturity and short fiber content was observed for the samples collected from the fruiting 

branches 7 to 10 of 12 Upland cotton cultivars (Table 10). When the fibers in the samples 

were mature, short fiber content tended to decline due to low fiber breakage. Conversely, 

a significant positive relationship between immature fiber content and short fiber content 

was observed (Table 10). Fibers tended to break more frequently, creating short fibers 

when the percentage of immature fibers was high. This increase of fiber breakage during 

mechanical processing biases the estimated yield components by causing an 

overestimation of the total number of fibers in the sample.  
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Table 3-10 Correlations between fiber traits from first fruiting branches (node 7 through 
10) of 12 upland cotton cultivars grown in 2012, 2013 and 2014. Maturity ratio; SFC (n), 
short fiber content by number; L (n), fiber length by number; IFC, Immature fiber 
content; Fine, Fineness of the fiber. 

Correlations  Count Mat Ratio SFC (n) [%] L(n) [mm] IFC [%] 

Mat Ratio 432 1    

SFC (n) [%] 432 -0.41** 1.000   

L(n) [mm] 432 0.05ns -0.76*** 1.000  

IFC [%] 432 -0.96*** 0.45*** -0.12* 1.000 

Fine [mg/Km] 432 0.65*** -0.37** -0.13** -0.66*** 

*Significant difference at 0.05, ** Significant difference at 0.001, ***Significant 
difference at 0.0001, ns = Non-significant 

 
4 Conclusions  

It has been shown that both fiber quality and yield can be improved when utilizing 

the yield components number of fibers per seed and fiber density as a screening tool. 

However, these components cannot be measured directly and are typically estimated 

indirectly using seed scanning and the measurements from the AFIS. The results from 

this study indicate that breakage of immature fibers during mechanical processing cause 

an increase in the estimated total number of fibers in a sample. This causes an artificial 

increase in estimates of the number of fibers per seed and fiber density. This causes an 

instability, or a bias, in the estimated number of fibers per seed and fiber density for 

samples with a lower level of maturity. This increase is largely caused by an interaction 

between fiber development and breakage which is not a heritable component.  This can 

result in a year x cultivar interaction that limits the utility of fiber per seed and fiber 

density estimates as a selection criterion in a breeding program. However, when fiber 

maturity was relatively high (>0.9), it resulted in a lower frequency of short fibers in the 
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fiber length distribution and a more reliable estimate of fiber density. This suggests that 

estimates of fibers per seed and fiber density may be used in years when fiber maturity is 

high, and fiber breakage is low.  

The results from this study also suggest that sampling is critically important when 

estimating yield components. Fibers produced in bolls higher in the plant canopy often 

develop under less than ideal conditions and are less mature. Harvesting the immature 

bolls higher within the plant canopy may result in increased fiber breakage, and introduce 

a bias in the estimated fibers per seed and fiber density. This type of sampling bias may 

happen even in years where maturity levels are relatively high on average. 

Fiber maturity depends on secondary cell wall synthesis, which depends on many 

agronomic and environmental factors throughout the growing seasons. Varietal rankings 

become unstable in years where the fibers are not able to mature. It may be possible to 

use estimates of these yield components in years where a minimum threshold of fiber 

maturity is achieved, and care is taken to prevent sampling bias by avoiding collecting 

upper bolls. However, a direct method is needed to quantify fibers per seed and fiber 

density if it is to be implemented in a selection scheme for the simultaneous improvement 

of yield and cotton fiber quality.  
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CHAPTER 4 

IMPACTS OF WITHIN-PLANT VARIABILITY ON YARN QUALITY OF 

UPLAND COTTON CULTIVARS 

1 Introduction 

Less than 20% of the cotton bales produced in the U.S.A. are used domestically 

by the textile industry, while the rest is exported to the international market (Crop year 

2016/17, Cotton Incorporated Monthly Economic Letter, August 2017). The dominant 

use of ring spinning technology in foreign textile mills requires stronger, longer and more 

uniform cotton fibers with low short fiber content and impurities than what was 

previously acceptable in domestic markets.  

A characteristic of cotton fibers is that they are naturally variable (Bauer, et al. 

2009; Kelly, et al. 2015). One of the natural sources of variability of cotton fiber quality 

is the indeterminate fruiting habit of the cotton plant. Fibers produced from different bolls 

in different positions on the plant may have different fiber properties because they 

developed at different times under different environmental conditions (Bauer et al., 

2009). Feng et al. (2011) observed significant variation in fiber quality among seeds 

within a single boll. Variation in fiber quality observed at both the plant and field levels 

contribute to variation in fiber quality within a bale of cotton. We hypothesized that 

within bale variation in fiber quality can negatively impact the quality of finished textile 

products. To remain competitive with the current global cotton industry, cotton fibers 

within a bale must exhibit low levels of variability to improve the predictability of yarn 

produced at the mills. One way of achieving this goal is by developing cultivars with the 
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optimum within-plant variability that ultimately influences the within-bale fiber-to-fiber 

variability of cotton fiber quality. 

Currently, the fiber properties of every cotton bale produced in the U.S.A are 

evaluated using High Volume Instrument (HVI). This instrument characterizes cotton 

fiber quality by analyzing samples comprised of a bundle of cotton fibers. The HVI 

measures Upper Half Mean Length (UHML), which is the mean length of the longest 

one-half of the fibers by weight (ASTM D7139 - 09 (2013) e1). The uniformity index 

(UI) of cotton is the ratio of the mean length (ML: an average of all fibers in the fiber 

population) to UHML expressed as a percentage. Higher the uniformity index, lower is 

the short fiber content in the fiber population. It should be noted that UHML and ML are 

estimates based on the 7.8% and 1.8% span lengths respectively. These two parameters 

capture only a fraction of the within sample variation in fiber length. For example, Figure 

4-1 and 4-2 illustrate the fiber length distributions of six cotton samples having the same 

UHML = 27.94 mm (1.1 inches) and UI =81.3% respectively. While all these samples 

have the same UHML, sample 1 has a greater frequency of longer fibers and fewer short 

fibers due to low fiber breakage (Figure 4-1). Sample 5 produce high short fiber 

frequency in the second mode of the fiber length distribution. The frequency of longer 

fibers in the population of fiber is low. Based on HVI length parameters only, these 

samples are not expected to be different. Nevertheless, sample 1 could be expected to 

perform better at the spinning mill and produce higher quality yarn as compared sample 

5.  

Although Figure 4-2 illustrates cotton samples with the same uniformity index, 

the fiber length distributions of these samples are different. For example, the length 
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distribution of sample 1 contains more broken fibers than the sample 4. This is an 

indication that the fiber length measurements currently reported by HVI do not provide 

enough information about fiber length distribution.  

The Advanced Fiber Information System (AFIS), an individual fiber tester, 

quantitify within sample variation in fiber length, maturity, and fineness (Shofner et al. 

1988, 1990; Bragg and Shofner, 1993; Kelly et al., 2015; Kelly and Hequet 2017). The 

within sample distribution of fiber length provided by the AFIS has shown to be useful 

for the prediction of processing performance in yarn manufacturing. It is not just the long 

fibers that are important. Short fiber content within a sample has also a potential impact 

on yarn evenness. In a processed sample of cotton fiber, the fiber length distribution by 

number exhibits two prominent modes as shown in Figure 4-1. The highest mode located 

in the longer fibers region is called the primary mode, while the short fiber mode is a 

secondary mode that occurs below 12.7 mm or less than 0.5 inches.  

The fibers represented by the primary mode are important in the production of 

higher quality yarns and are of primary interest to textile manufacturer. The second mode 

which represents the frequency of short fibers is usually the result of fiber breakage. 

Immature long fibers tend to break during aggressive mechanical processing such as 

harvesting, ginning, cleaning, and spinning. Thus, it is essential to consider the use of the 

complete distribution of fiber length.  
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Figure 4-1 Length distribution of different cotton bales with the same upper half mean 
length 27.94 mm (1.1 inches). 

 

The AFIS fiber length distribution provides important information for 

characterizing variation in yarn quality. Examining how the variation of within-plant 

fiber properties among different cotton genotypes affects the spinning performance is 

crucial and would provide a more tangible objective for breeding programs to develop 

lines with improved fiber quality. Kelly et al. (2012) reported that selecting for an 

improved fiber length distribution leads indirectly to selecting for improvement of other 

fiber properties such as fiber maturity, strength, and better length uniformity. Therefore, 

the objective of this study was to evaluate the impacts of the within-plant variability of 

fiber length distribution on the quality of the yarn produced from a set of widely grown 

upland cotton cultivars.  
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Figure 4-2 Length distribution of different cotton bales with the same uniformity index 
(81.3). 

 

2 Materials and methods 

 2.1 Plant materials, field design, and agronomic practices  

Field trials were conducted at the Texas Tech University, Quaker Farm in 

Lubbock TX during 2012, 2013 and 2014 growing seasons. The trials contained twelve 

upland cotton cultivars (PHY 367 WRF, FM 2989 GLB2, DP 1044 B2RF, NG 4010 

B2RF, AT EPIC RF, NG 4111 RF, PHY 499 WRF, FM 2484 B2F, Nitro 44 B2RF, ST 

5458 B2F, DP 1219 B2RF and FM 9170 B2F). These cultivars were selected to represent 

the most widely grown upland cotton cultivars at the time of the experiment. The 

cultivars were planted in a randomized complete block design with three field 

replications. The individual field plots in a trial consisted of four 30ft rows. All 

agronomic practices such as applications of herbicide, insecticide, fertilizer, growth 
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regulators and irrigation were done in accordance with the best agronomic practices 

typical for the region.  

 

2.2 Harvesting and sample processing  

Harvesting proceeded in two phases. The first phase, box-picking, was designed 

to capture within plant variation in yield and fiber quality. The second phase of 

harvesting was a bulk harvest. Seed cotton harvesting was used to provide the bulk 

samples and lint for spinning.  

(A)  Box-picking harvesting method 

Box picking has been used in previous studies to analyze fiber quality across 

cotton fruiting branches (Bednarz et al., 2006; Kothari et al., 2015; Ayele et al., 2017). 

After chemical defoliation occurred, and all harvestable bolls had opened, plants from 

three random 1-meter segments (approximately 30 plants per plot) of the harvestable row 

were removed from each plot. Plants were selected from areas of the plots where there 

was a uniform plant population. After plant selections were made, seedcotton from all 

open bolls on the plant was removed from the boll bracts by hand and separated by 

fruiting position. The box picking container consists of a grid, with rows corresponding 

to fruiting positions and columns corresponding to nodes. The box picking technique 

made it possible to accurately identify and combine seedcotton samples of identical 

fruiting positions from each plant harvested within the individual plot. Upon the 

completion of harvest for each plot, seedcotton samples from each position were bagged 

and given a unique barcode indicating the plot and the sample location of the plant. 

Individual seedcotton samples were delivered to the Fiber and Biopolymer Research 
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Institute (FBRI), Lubbock, TX, for ginning, blending, and fiber quality characterization. 

Seedcotton samples collected from individual fruiting positions were ginned separately 

on a table-top laboratory scale gin (Dennis Manufacturer, Athens, Texas) and blended 

with a supple needles laboratory blender. Then, the lint samples were collected for AFIS 

(Uster, Knoxville, TN) fiber quality testing. 

 

(B)  Bulk harvesting method 

Immediately after individual boll samples were harvested from each plot, a 

mechanical stripper harvester was used to bulk harvest the remaining seedcotton. Bulk 

seedcotton samples were ginned individually on a research gin style research gin and a 

bulk lint sample was collected for each field plot and used to evaluate fiber quality and 

perform spinning tests. Bulk lint samples were delivered to the Fiber and Biopolymer 

Research Institute (FBRI), Lubbock, TX, for fiber quality characterization, spinning, and 

yarn quality test 

 
2.3 Fiber quality analysis 

(A) Fiber quality analysis of samples collected from different positions on the 
cotton plants 

The focus of the first phase of this study was to assess within-plant variability in 

fiber quality among cultivars based on samples collected with the box picking harvesting 

method. To improve the homogeneity of the individual position samples and facilitate 

testing of the lower yielding positions at the top of the plant, lint from each sample was 

blended on a table-top supple needles blender. After blending, fiber quality of individual 

positions was determined with an Advanced Fiber Information System (AFIS). AFIS 

measures cotton fiber properties including fiber length parameters, maturity, fineness, 
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neps, and trash content. It also provides within sample distribution of fiber length, 

maturity, and fineness. Three replications of 3,000 individual fibers per sample were 

analyzed on the AFIS. To evaluate the impacts of within-plant variability on yarn quality, 

AFIS within-plant fiber length distributions of selected cultivars were used to compare 

with the corresponding yarn quality obtained from each cultivar. 

 

(B) Fiber quality analysis for sample collected from bulk harvest 

Samples from bulk harvest were analyzed by both AFIS and High-Volume 

Instrument (HVI 100A, Uster, Knoxville, TN) (HVI) to identify a broad spectrum of fiber 

quality parameters. The HVI data were averaged over ten replications for length, strength 

and elongation measurements and four replications for micronaire (Mic) and color while 

AFIS measurements were averaged over five replications of 3,000 fibers. The AFIS fiber 

properties such as average length by number, short fiber content, neps count, maturity 

ratio and standard fineness were chosen to assess bulk sample fiber properties. 

 

2.4 Spinning performance and yarn quality test 

The ring spinning process was carried out by taking subsamples from each plot of 

bulk harvested cotton. These samples were placed into four Hunter-weight blending 

feeders. The cotton was further opened using a Rieter Monocylinder B4/1 and a Rieter 

ERM B5/5 before being fed into an Automatic Material handler (AMH) feed control 

system. From the AMH machine, the cotton sample was transferred to a Trutzshler 

carding machine operated at a speed of 27.22 kg/hr (60lb/hr). The final carded sliver had 

a linear density of 4.252 mg/km (60 grains/yard) as shown in Figure 4-2. The breaker 
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drawing was carried out on the HSR 1000 draw frame at a speed of 300 m/min with a 

final linear density of 4.252 mg/km (60 grains/yard). 

 The final drawing was conducted on a Reiter RSB 85 Draw Frame (Reiter, 

Winterthur, Switzerland) at a speed of 329 m/min. The final linear density of the silver 

was 4.25 mg/km (60 grains/yard). The carded samples were divided into ten cans of 

silvers for roving. The ten slivers for each sample were drawn and placed on bobbins. A 

slight twist was applied to the roving with a final linear density of 1695 m/kg (one hank 

roving) to prevent breakage of roving during spinning. The spinning tests were performed 

on a Suessen Fiomax 1000 ring spinning frame (Sussen, Germany), where the samples 

were spun into 19.8 mg/km (30-Ne) yarns count with a twist multiplier of 3.64. All yarns 

were spun with a spindle speed of 14,000 rpm. After ring spinning, the yarns were tested 

on UT5 (400 m per bobbin on 10 bobbins), and on STATIMAT DS (20 breaks per 

bobbin on 10 bobbins).   
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Figure 4-3 Spinning Outline of the mechanical process with parameters set by the Texas 
Tech University FBRI. 

 

2.5 Statistical analysis 

 (A) Samples collected from different positions on the cotton plant  

Differences between distributions were quantified by the chi-square distance 

between the relative frequency of the length of the fiber at each length group (observed) 

and the average of all fiber length frequency distributions measured for the cultivars 

(Expected).  

The chi-square distance was calculated as follows:   

 

χ2 = � (Observed−Expecetd)2

Expected 

40 bins

i=1
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Observed = individual length frequency at each length group  

Expected = average length frequency of all cultivars at each length group across the years 

and field replications. 

Once the chi-square distance was calculated for each fruiting branches, the 

complete information obtained from node 6 to 15 was used to capture the largest 

variation in fiber length as in the previous section (see chapter 2). To compare the 

differences between growing seasons and the cultivars for the within-plant fiber length 

distribution, the canonical scores of chi-square distances for each year and cultivar were 

plotted on the first and second canonical axes. Cultivars with high and low scores on the 

main axes were chosen to evaluate the extent of the within-plant variability of fiber 

length distributions. The canonical scores used to discriminate cultivars for within-plant 

fiber length distributions were used to evaluate the impacts of within-plant variability on 

yarn quality. The relationships between the first and the second canonical scores and 

yarns quality of each cultivar were used to demonstrate the impact of the within-plant 

fiber length distribution on yarn quality.  

 

(B) Statistical approach for samples collected from bulk harvest 

Fiber and yarn quality obtained from bulk samples were analyzed using two-way 

analysis of variance, with cultivar and year as main factors. Means comparisons were 

used to show the differences between cultivars for fiber and yarn quality. The relationship 

between yarn quality and the within-plant plant fiber length distributions were evaluated.  

This procedure could help us understand if yarn quality is affected by the differences in 

within-plant fiber length distributions. 
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3 Results and discussion 

The first step of this analysis was to quantify and evaluate the within-plant 

variability of fiber length distributions among cultivars. The second step was to evaluate 

the performance of the cultivars based on their HVI and AFIS fiber properties (bulk 

harvested samples). The third step was to evaluate the cultivars for the ring-spun yarn 

quality. Finally, the effect of the within-plant variability of fiber length distribution on 

yarn quality was evaluated.  

3.1 Within-plant fiber length distributions  

Differences among cultivars were evaluated based on the multivariate analysis of 

variance using chi-square distances calculated from within sample length distributions. 

The results indicated that the growing seasons and cultivars have a significant impact on 

within-plant fiber length distributions (Table 4-1). The significant year by cultivar 

interaction revealed that production year had an impact on the within-plant fiber length 

distribution. Due to differences in within-plant fiber length distribution between the 

years, data were analyzed separately for each year. The canonical scores identifying 

maximum differences between groups were used to quantify significant differences in the 

within-plant fiber length distribution (which is represented by the chi-square distance) 

among the years and cultivars. 
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Table 4-1 Multivariate analysis of variance for chi-square distance representing within-
plant fiber length distribution for 12 upland cotton cultivars grown in 2012, 2013, and 

2014. 
Sources of variance  Score Approx. F NumDF DenDF Prob>F 

Year 0.41 3.98 18 126 <.0001*** 

Cultivar 0.12 1.64 99 456 0.0004*** 

Cultivar x year 0.05 1.21 198 546 0.0474* 

*Significant difference at 0.05 ***Significant difference at 0.0001, ns = Non-significant 

 

3.1.1 Variation in within-plant fiber length distribution across growing 
seasons 

The observation of the first canonical axis shows that all growing seasons are 

significantly different for the within-plant fiber length distributions. Years 2012 and 2014 

capture the largest differences across the second canonical axis of variation. While the 

within-plant fiber length distribution for 2012 and 2013 are very different on the primary 

axis, the centroid scores of these two growing seasons are nearly the same on the second 

axis (Figure 4-4).  
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Figure 4-4 Variation in within-plant fiber length distributions among growing seasons 
across the first and second canonical axes for 12 upland cotton cultivars grown in 2012, 
2013 and 2014. 

The differences in within-plant fiber length distribution captured by the first 

canonical axis are best characterized by the differences between the 2012 and 2014 

growing season as illustrated by the chi-square distances in Figure 4-5.  In 2012, the 

maximum chi-square distance was recorded for fiber collected from the top nodes of 

cotton plants. The chi-square distance is less variable in 2014. This is may be due to the 

favorable weather conditions that can contribute to better fiber maturity and fiber length. 

Variation of fiber length within the canopy may be affected by environmental variations 

in each year.  
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Figure 4-5 Variation in within-plant chi-square distances across the year for 12 upland 
cotton cultivars grown in 2012, 2013 and 2014.  

 

3.1.2 Variation in within-plant fiber length distribution among the 
cultivars  

Although the growing seasons have a significant impact on the within-plant 

variability of fiber length distributions, cultivars also showed significant differences in 

the fiber length distributions for cotton samples collected from the first position bolls 

(Figure 4-6). Thus, the result indicated that the differences in fiber length distribution 

depend on growing seasons as well as cultivars.  

 

(A) Variation in within-plant fiber length distribution among cultivars in 
2012  

In 2012, the maximum difference was observed between DP 1219 B2RF and 

PHY 499 WRF.  DP 1219 B2RF scored the highest on the primary axis of the canonical 

axis, while the lowest scoring cultivar was PHY 499 WRF (Figure 4-6). Along the 

primary axis, the scores of cultivars such as FM 2484 B2RF, NG 4111RF, and NG 4010 
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B2RF are close to PHY 499 WRF. It may be an indication that these cultivars have a 

similar variation in within-plant length distribution in 2012.  

 

Figure 4-6 Variation in within-plant fiber length distribution by number among 12 
upland cultivars grown in 2012. 

 

As in the previous section, two cultivars (DP 1219 B2RF and PHY 499 WRF) sit 

in the extremes of primary axis were used to characterize the maximum sources of 

significant variation for the within-plant fiber length distribution between cultivars in 

2012. DP 1219 B2RF showed high variation across the fruiting branches as illustrated in 

Figure 4-7. Fibers contributed by the top parts of the plant, node 13 to 15 showed a high 

frequency of short fiber content. It could be because of the differences in boll setting of 

DP 1219 B2RF across the fruiting branches. When moisture and nutrient in the soil is a 

limiting factor, bolls set early in the seasons could consume the majority of available 

water and nutrients beneficial to attain the optimum level of fiber development. Thus, 

bolls set late in the seasons may not attain the optimum level of fiber maturity. Hence, top 

bolls produce immature fibers that can easily break during processing leading to an 
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increased short fiber content. In 2012, compared to DP 1219 B2RF, PHY 499 WRF 

showed low variation in within-plant fiber length distribution. The short fiber content 

contributed by the top plant of PHY 499 WRF is low. The frequency of longer fibers 

across the fruiting branches of PHY 499 WRF is also higher than for DP 1219 

B2RF.These differences in within-plant fiber length distributions may result in 

differences in yarn quality among the cultivars (Figure 4-7).  

 
Figure 4-7 Variation in within-plant fiber length distributions of DP 1219 B2RF and FM 
2484 B2F grown in 2012. 
 

(B) Variation in within-plant fiber length distribution among cultivars in 2013 

 Cultivars such as DP 1219 B2RF and FM 2484 B2RF sit at the extremes of the 

primary canonical axis, while DP 1044 B2RF and FM 2484 B2F are sitting at the 

extremes of the second canonical Axis (Figure 4-8). The scores of DP 1044 B2RF and 

DP 1219 B2RF were similar on the first canonical axis, while the two cultivars were 

different on the second canonical analysis.  
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Figure 4-8 Variation in within-plant fiber length distribution by number among 12 
upland cotton cultivars grown in 2013. 

 

 FM 2484 B2F scored the lowest in the 2013 growing season, while it was the 

second largest scoring cultivar in 2012. Although a change in rank is observed among 

cultivars, some cultivars consistently showed variable fiber length distributions 

throughout the growing period. As FM 2484 B2F and DP 1219 B2RF showed differences 

across the primary canonical axis variation, the fiber length distributions of the two 

cultivars were used to illustrate the extent of the within-plant variability of fiber length 

distribution among the cultivars. As in 2012, the length distribution of DP 1219 B2RF 

was more variable in 2013. Fibers contributed by the upper nodes (node 13 to 16) of DP 

1219 B2RF showed breakage although the frequency of the short fiber content is 

relatively low as compared to the 2012 growing season. However, FM 2484 B2F 

produced a typical type of mature fiber length distribution which may have a positive 
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impact on yarn quality of this cultivar. In contrast to FM 2484 B2F, it is expected that the 

high variability observed in DP 1219 B2RF may have a negative impact on the yarn 

quality produced in 2013. 

 

Figure 4-9 Variation in within-plant fiber length distribution of DP 1219 B2RF and FM 
2484 B2RF grown in 2013.  

 

(C) Variation in within-plant fiber length distributions among cultivars in 2014 

In 2014, FM 2484 B2F and Nitro B2RF scored lower than other cultivars along 

the first canonical axis (Figure 4-10). The highest scoring cultivars along the first 

canonical axis were AT EPIC RF. In 2014, DP 1219 B2RF and DP 1044 B2RF sit at 

extremes of the second canonical axis, while DP 1219 B2RF exhibited the lowest score. 

In both 2012 and 2013 growing seasons, DP 1219 B2RF showed the highest score on the 

primary axis of variations. In 2014, DP 1219 B2RF scored the lowest on the first 
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canonical axis and clustered with low scoring cultivars such as FM 2484 B2F, Nitro 44 

B2RF and PHY 499 WRF. For that reason, DP 1219 B2RF and FM 2484 B2F were 

selected to illustrate the differences in fiber length distributions in 2014.  

 
Figure 4-10 Variation in within-plant fiber length distribution by number among 12 
upland cotton cultivars grown in 2014. 

 

In 2014, the performance of both DP 1219 B2RF and FM 2484 B2F for the 

within-plant fiber length distributions were much better than the previous growing 

season. In 2014 DP 1219 B2RF, which showed high within-plant variability in both 2012 

and 2013, produced a less variable and typical type of mature fiber length distribution. In 

2014, when the weather conditions were more favorable than the two previous years, the 

fiber length distributions of the two cultivars showed less variability across the fruiting 

branches. This was explained by low canonical scores the two cultivars. It appears that 

some cultivars are more sensitive to the changing weather condition than others. For 

example, the two-year results (2012 and 2013) indicated that DP 1219 B2RF was more 
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sensitive to the variable environmental conditions than FM 2484 B2RF. In 2014, when 

the weather conditions were more favorable, the fiber length distributions of the DP 1219 

B2RF showed relatively low variability across the fruiting branches. The result showed 

that cultivars with low canonical scores on the primary axis tend to be less variable, while 

cultivars having high scores tend to be more variable in within-plant fiber length 

distributions.  

 

 

Figure 4-11 Variation in within-plant fiber length distribution of DP 1219 B2RF and FM 
2484 B2RF grown in 2014. 
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3.2 HVI and AFIS fiber properties for bulk harvested samples 

The analysis of variance indicated that a significant difference (P<0.05) was 

observed among cultivars and year for all HVI fiber properties (Table 4-2). From the HVI 

test, a significance genotype x year interaction for all fiber properties was also observed 

except for reflectance and yellowness. Hence, HVI fiber properties such as micronaire, 

length, uniformity index, strength, and elongation were analyzed separately in each year. 

The analysis of variance for bulk harvested samples also revealed differences among 

cultivars for selected AFIS fiber properties (Table 4-5). 

Table 0-2 Analysis of variance for HVI fiber properties of bulk samples harvested from 
12 upland cotton cultivars grown in 2012, 2013 and 2014. 

Sources of Variation Mic Length  UNIF STR Elon Rd+ +b 

Year * * * ** ** ** ** 

Variety ** ** ** ** *** ** ** 

Variety x Year ** *** * ** ** ns ns 

* Significant at P<0.05, ** Significant at P<0.01, *** Significant at P<0.001 
Mic = Micronaire; UHML = upper half mean length; UI=Uniformity index; 
Str=Fiber bundle strength, Rd=reflectance, b+=Yellowness 
 

 
(A) HVI Fiber properties of bulk harvested samples 

Table 4-3 and Table 4-4 show variations in HVI fiber properties among the 12 

upland cotton cultivars. Different cultivars produced different HVI fiber properties.   

HVI fiber length:  The overall genotype performance indicated that Nitro 44 B2RF, FM 

2484 B2F, and FM 9170 B2F had the longest fiber length, while DP 1044 B2RF and 

PHY 367 WRF had the shortest fiber length which was consistent throughout the 

growing seasons (Figure 4-3).  
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Figure 4-12 Bulk harvested HVI fiber length of upland cotton cultivars grown in 2012, 
2013 and 2014. 

Uniformity Index: In 2012 and 2014, cultivars showed highly variable UNIF 

while less variability was observed among cultivars in 2013. Relatively high and 

consistent UNIF was recorded for Nitro 44 B2RF, NG4111 RF, NG4010 B2RF and 

PHY499WRF across the years. The lowest uniformity index was recorded for DP 1219 

B2RF and ST 5458 B2F (Figure 4-13). Sample collected from both cultivars produced 

high short fiber content that could lower the uniformity index.  
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Figure 4-13 Bulk harvested uniformity index of 12 upland cotton cultivars grown in 
2012, 2013 and 2014. 

 

HVI fiber Strength: In 2012 and 2013 Nitro 44 B2RF, NG 4111 RF, FM 2484 

B2RF, and PHY 499 WRF produced significantly higher HVI fiber strength, while DP 

1044 BRF, AT EPIC RF, FM 2989 GLB2, PHY 367 WRF, and ST 5458 B2RF produced 

significantly lower fiber strength. In 2013, no significant differences were observed 

among the cultivars for HVI fiber strength. In general, long, uniform and strong fiber 

were recorded for Nitro 44 B2RF, FM 2484 B2F, FM 9170 B2F and NG 4111 B2RF 

cultivars (Table 4-3 and Table 4-4).  

HVI fiber elongation: Elongation records show high variability among different 

cultivars.  

Micronaire: The highest average micronaire was recorded in 2014 while the lowest 

micronaire record was observed in 2013. Cultivars such as NG 4111 RF, PHY 499 WRF, 

ST 5458 B2F and NG 4010 B2RF received the highest ranks in micronaire.  
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Low micronaire record was obtained for DP1219 B2RF, FM 2484 B2F, and Nitro 44 

B2RF during the study period (Table 4-3).   

Table 4-3 Means of HVI fiber properties, the micronaire, UHML, and Uniformity index, 
for bulk samples collected from twelve upland cotton cultivars grown in 2012, 2013 and 
2014. 

Variety Micronaire UHML(in) Uniformity index 
2012 2013 2014 2012 2013 2014 2012 2013 2014 

AT Epic RF 3.81cde 3.13a 4.32b 1.07d 1.18bc 1.15bc 81.4efg 83a 83.1abc 
DP1044 B2RF 4.25a 2.79ab 4.60ab 1.11cd 1.17c 1.11c 82.2bcd 82ab 82.4cde 
DP1219 B2RF 3.61ef 2.22b 3.78c 1.14bc 1.21abc 1.21a 80.8gh 80b 82.5cde 
FM2484B2F 3.65def 2.44b 3.95c 1.19a 1.21abc 1.23a 82.0cde 82ab 83.2abc 
FM2989GLB2 3.87cde 2.39b 4.31b 1.13bc 1.19abc 1.16b 81.3fg 82ab 82.2de 
FM9170B2F 3.43f 2.47b 3.98c 1.17ab 1.23ab 1.21a 81.6def 82ab 82.7bcd 
NG4010 B2RF 4.19ab 2.75ab 4.50ab 1.11cd 1.18abc 1.15bc 82.4abc 82ab 83.0abcd 
NG4111 RF 4.28a 2.78ab 4.63a 1.10cd 1.17c 1.14bc 82.5abc 83a 83.4ab 
Nitro 44 B2RF 3.71def 2.58ab 3.88c 1.20a 1.24a 1.25a 82.8a 82ab 83.6a 
PHY367WRF 3.91bcd 2.67ab 4.32b 1.10cd 1.16c 1.13bc 81.9cdef 82ab 82.5cde 
PHY499WRF 4.24a 2.67ab 4.77a 1.10cd 1.18bc 1.13bc 82.8ab 83a 8.35ab 
ST5458 B2F 4.06abc 2.77ab 4.74a 1.08cd 1.19abc 1.15bc 80.1h 82ab 81.8e 
Mean 3.92 2.6 4.32 1.1 1.2 1.2 81.8 82.1 82.8 
CV (%) 7.3 9.0 8.0 3.74 2.1 3.84 1.0 1.0 0.70 

Table 4-4 Means of HVI fiber properties, strength, elongation, reflectance, and yellowness of 
bulk samples collected from twelve upland cotton cultivars grown in 2012, 2013 and 2014. 

Variety 
Strength (g/Tex) Elonation (%) Rd+  b+ 

2012 2013 2014 2012 2013 2014   

AT Epic RF 30.0e 30.5ab 303ef 10.3a 8.3a 10.1a 77bcd 10.3a 
DP1044 B2RF 31.5bcde 30.4ab 29.6f 10.1ab 8.2a 7.3f 77bc 9.6def 
DP1219 B2RF 32.6bcd 30.6ab 33.3a 9.8b 8.1ab 6.6g 78b 9.8bcd 
FM2484B2F 32.9abc 28.8b 32.2ab 9.5c 8.1ab 6.7g 80a 9.1fg 
FM2989GLB2 31.4cde 29.8ab 30.5cdef 8.9d 7.3bc 6.9fg 78bc 9.1efg 
FM9170B2F 32.7bcd 30.1ab 32.0abcd 8.9d 7.2cd 7.8e 79a 9.0g 
NG4010 B2RF 32.6bcd 31.5ab 32.1abc 8.4e 6.9cd 8.6d 76de 10.1ab 
NG4111 RF 33.2ab 32.1a 32.1abc 8.3e 6.8cde 8.4d 76de 10.3a 
Nitro 44 B2RF 34.4a 30.3ab 33.3a 8.2e 6.4def 8.8cd 77cd 9.0g 
PHY367WRF 31.2de 29.9ab 30.4def 7.3f 6.4df 9.3b 76de 10.0abc 
PHY499WRF 32.8abcd 31.7ab 31.3bcdef 7.2f 5.9ef 7.9e 75ef 9.6cde 
ST5458 B2F 31.1de 30.9ab 31.5bcde 7.1f 5.9f 10.1a 75f 10.0abcd 
Mean 32.2 30.6 31.6 8.7 7.1 8.1 77 9.7 
CV (%) 3.7 3.0 3.7 12.9 12.4 13.5 1.5 5.1 

Rd+ = Reflectance, b+ = Yellowness  
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(B) AFIS Fiber properties of bulk harvested samples 

The effect of growing season and cultivar was significant for selected AFIS fiber 

properties. However, the effect of the year by cultivar interaction was not significant 

suggesting that cultivar rankings were not different from year to year for the selected 

AFIS fiber properties (Table 4-5). 

Table 4-5 Analysis of variance for selected fiber properties of upland cotton cultivars 
grown in 2012, 2013 and 2014. 

Sources of 
variations 

L(n)[mm] SFC (n) 
[%] 

Neps Per 
Gm 

Fine(g/km) MR Standard 
Fineness 

Year ** ** * ** ** *** 

Cultivar ** ** * *** ** ** 

Cultivar x Year       ns ns ns ns ns ns 

*Significant difference at 0.05 ***Significant difference at 0.001, ns = Non-significant 

 

Table 4-6 summarizes selected AFIS fiber properties of bulk harvested upland 

cotton cultivars under study. Cultivars were significantly different for all selected AFIS 

fiber properties. The highest CV % was recorded for neps count per Gm while the lowest 

CV % was recorded for MR. Fibers produced from NG 4111 B2RF are shorter based on 

HVI measurement while ranking better based on AFIS fiber tests. Nitro 44 B2RF, FM 

2484 B2F, and PHY 499 WRF produce reasonably low short fiber content next to NG 

4111 RF. ST 5458 B2F, FM 2989 GLB2, DP 1044 B2RF, PHY 367 WRF and DP 1219 

B2RF exhibited the highest short fiber contents and low average length by number (Table 

4-6). 
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Table 4-6  Means of selected AFIS fiber properties for the bulk sample collected from 12 
commercial cotton cultivars grown in 2012, 2013 and 2014. 

Variety L(n)[in] SFC (n) [%] Neps Per 
Gm 

Fine(mTex) MR Standard 
Fineness 

AT Epic RF 0.80cde 24.59bc 369bc 162ab 0.84b 192a 
DP 1044 B2RF 0.79cde 25.03abc 377abc 166ab 0.85b 196a 
DP 1219 B2RF 0.77e 28.31a 567a 148de 0.84b 176a 
FM 2484 B2F 0.83abc 24.17bc 519ab 147e 0.86ab 170e 
FM 2989 GLB2 0.80cde 24.79ab 408abc 154cd 0.87ab 177d 
FM 9170 B2F 0.83abc 23.88c 465abc 147e 0.86ab 171e 
NG 4010 B2RF 0.82abcd 22.50cd 353bc 165ab 0.88a 187bc 
NG 4111 B2RF 0.85ab 19.79d 314c 167a 0.88a 190bc 
Nitro 44 B2RF 0.86a 22.46cd 508ab 147e 0.84b 174de 
PHY 367 WRF 0.78de 25.53abc 407abc 159bc 0.85b 187bc 
PHY 499 WRF 0.81bcde 23.37c 393abc 165ab 0.86ab 191abc 
ST 5458 B2F 0.77e 27.61ab 418abc 163ab 0.86ab 188bc 
Mean 0.81 24.3 424.8 157.5 0.86 183.3 
CV (%) 3.5 9.1 16.9 5.1 1.6 4.7 

 

Relatively longer AFIS mean length by number was recorded for Nitro 44 B2RF, 

NG 4111 B2RF, FM 2484 B2F, FM 9170 B2F, and no significant differences were 

observed among these cultivars. In contrast, some cultivars such as ST 5458 B2F, DP 

1219 B2RF, FM 2989 GLB2 and DP 1044 B2RF produce significantly shorter mean 

length by number (Figure 4-14). Though some cultivars produce longer fiber based on 

HVI fiber length, it is not guaranteed that these cultivars can perform well in ring 

spinning mills. For example, DP 1219 B2RF produces premium standard fiber length 

based on HVI test (Table 4-5), while it produced a high amount of shorter fibers based on 

AFIS (Figure 4-15). 
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Figure 4-14 Bulk harvested AFIS mean length by number of 12 upland cotton cultivars 
grown in 2012, 2013 and 2014. 

 

As expected the highest short fiber content was recorded for DP 1219 B2RF in all 

growing seasons (Figure 4-15). The high score observed in a multivariate analysis of 

variance may be related to highly variable short fiber content recorded in DP 1219 B2RF. 

NG 4111 RF, Nitro 44 B2RF, FM 2484 B2F, and FM 9170 B2F and PHY 499 WRF 

produced relatively lower short fiber content. It is expected that cultivars with higher 

short fiber contents may positively affect yarn imperfection, yarn CV%, and yarn 

imperfection index.  
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Figure 4-15 Bulk harvested SFC (n) [%] of 12 upland cotton cultivars grown in 2012, 
2013 and 2014. 

 

 3.3 Spinning performance and yarn quality of upland cotton cultivars  

A significant year by cultivar interaction revealed that the quality of the yarn 

produced from each cultivar is not the same across years. However, the year by cultivar 

interaction was not significant for the yarn CV% and yarn hairiness (Table 4-7) Thus, 

cultivars were evaluated for different yarn quality for each year separately.  

Table 4-7 Analysis of variance for 12 upland cotton cultivars for bulk harvested samples 
in 2012, 2013 and 2014. 
Sources YnTen YnWork YnElon YnCV Thin Thick YnNeps YnHrn 

Year  ** ** ** ** ** ** ** ** 

Cultivar ** ** ** ** ** ** ** ** 

Cultivar x Year  * ** ** ns ** ** ** ns 

*Significant difference at 0.05 **Significant difference at 0.001, ns = Non-significant 

 



Texas Tech University Addissu G. Ayele, December 2017 

150 

3.3.1 Yarn tensile properties 

(a) Yarn strength: Cultivars such as Nitro 44 B2RF, NG 4111 RF, FM 2484 B2F, 

and FM 9170 B2F have relatively high yarn strength and are not significantly different 

from each other (Table 4-4). The stronger yarns obtained with these cultivars may be 

explained by better HVI length, uniformity index, strength, and elongation (s), and better 

AFIS length by number, standard fineness and lowest short fiber content (Table 5-4). 

Previous studies described that fiber properties such as length, uniformity of length, 

fineness and fiber strength and elongation along with spinning conditions contributed to 

yarn strength (Sheikh, 1991; Joy et al., 2010). Cultivars such as AT Epic RF, DP 1044 

B2RF, DP 1219 B2RF, PHY 367 WRF and FM 2989 GLB2 have the lowest value of yarn 

strength. As expected cultivars with lowest AFIS fiber length by number, high AFIS short 

fiber content, and coarser fiber produce lower yarn strength (Table 4-8).  

Table 4-8 Means of 19.68 Tex carded spun yarn quality measurements for twelve upland 
cotton cultivars grown in 2012. 

Variety YnTeN YnWork YnElog CVm 
(%) YnThin YnThick YnNeps 

200 YnHr IPI 

AT Epic RF 12.0e 390de 5.0ab 16.7ab 27b 289b 268bc 7a 584bc 
DP 1044 B2RF 12.3e 427bcd 5.7a 17.0a 36a 301ab 251bcd 6b 587bc 
DP 1219 B2RF 13.3de 355ef 4.7bc 16.7ab 27b 346a 337a 7a 709b 
FM 2484 B2F 16.0ab 427bc 5.0ab 15.3de 6f 188cd 203def 6b 397de 
FM 2989 GLB2 13.7cde 343ef 4.0c 16.7ab 25b 306ab 287b 7a 618b 
FM 9170 B2RF 15.7ab 434b 4.7b 15.3de 7ef 187cd 197ef 6b 390de 
NG 4010 B2RF 13.7cde 424bcd 5.3ab 16.0bcd 14de 224c 203def 6b 441de 
NG 4111 B2RF 15.0abc 446b 5.0ab 15.7cde 17cd 177cd 160f 6b 354de 
Nitro 44 B2RF 17.0a 526a 5.0ab 15.0e 7ef 140d 168f 6b 314e 
PHY 367 WRF 13.0de 394cd 5.0ab 16.7ab 24bc 295b 262bc 7a 582bc 
PHY 499 WRF 14.0bcde 430b 5.0ab 16.3abc 23bc 224c 221cde 6b 468cd 
ST 5458 B2F  11.6f 285.7g 4d 18a 6.6f 482a  6b 1036a 
Mean 14.1 418 4.9 16.1 19.4 243 232 6 540 
CV (%)  11.6  12.3  10.0 5.1 53 29 25.2 7 37 
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Table 4-9 Means of 19.68 Tex carded spun yarn quality measurements for twelve upland cotton 
cultivars grown in 2013. 

Variety Ynten Ynwork Ynelog Cvm 
(%) 

YnThin  YnThick  YnNeps 
200 

Ynhr IPI 

AT Epic RF 14.3d 542de 6.0ab 15.7b 14b 190b 36.6a 6a 403b 
DP 1044 B2RF 14.7d 586bcd 6.7a 15.0c 9.3c 143bc 16.66c 6a 289cd 
DP 1219 B2RF 16.7ab 557bcde 6.0ab 15.0c 6.6cd 163b 25.6bc 6a 370bc 
FM 2484 B2F 17.0ab 552cde 5.0c 14.3de 2.6d 101de 17.6bc 6a 221de 
FM 2989 GLB2 16.3abc 513e 5.3bc 15.0b 6.3bc 121cd 18.0bc 6a 258de 
FM 9170 B2RF 17.3a 598b 6.0ab 14.0d 2.3d 101de 21.0bc 6a 225de 
NG 4010 B2RF 16.7ab 596bc 6.0ab 14.7bc 4cd 99de 23.0bc 6a 239de 
NG 4111 B2RF 16.3abc 590bc 6.0ab 14.0d 5cd 91e 19.3bc 6a 199e 
Nitro 44 B2RF 17.7a 669a 6.0ab 14.0d 3d 85e 25.33bc 5a 215de 
PHY 367 WRF 15.0cd 565bcd 6.0ab 15.0b 7cd 140bc 137ab 5a 283cde 
PHY 499 WRF 15.7bcd 596bc 6.3a 15.0c 9c 160b 37.6a 6a 379b 
ST 5458 B2F  14.3d 456.33f 5.3c 16.3a 22.3a 292.33a 37a 6a 610a 
Mean 16.1 578 5.9 14.6 6.3 140 25.5 6 308 
CV (%) 7.1 7.8 8.4 3.9 61 28 28 9 39 

Values within a column followed by the same letter are not significantly different at p = 0.05 

 Table 4-10 Means of 19.68 Tex carded spun yarn quality measurements for twelve upland cotton 
cultivars grown in 2014. 

Variety  YnTeN YnWork YnElog CVm 
(%) 

YnThin YnThick YnNeps 
200 

YnHr IPI 

AT Epic RF 13.4defg 516b 6.0a 15.0bc 11bcd 136c 138bcd 5b 286cd 
DP 1044 B2RF 12.1g 444d 6.0a 16.0a 26a 175ab 121bcde 6a 321bcd 
DP 1219 B2RF 14.8cd 468bcd 5.3ab 15.3ab 9cde 164abc 188ab 6a 361b 
FM 2484 B2F 16.4ab 502bc 5.0ab 14.3cd 5ef 101de 103def 5b 208ef 
FM 2989 GLB2 13.8def 364e 4.7bc 15.3ab 16b 178a 143bc 6a 337bc 
FM 9170 B2RF 16.4ab 505b 5.7ab 14.3cd 3f 85e 94f 5b 182f 
NG 4010 B2RF 14.4cde 442d 5.0ab 15.0bc 10cde 132cd 128bcde 6a 269de 
NG 4111 B2RF 15.3bc 506b 5.7ab 14.3cd 7def 82e 97ef 5b 185f 
Nitro 44 B2RF 17.0a 630a 6.0a 13.7d 2f 72e 139bc 5b 213ef 
PHY 367 WRF 13.2efg 434d 5.3ab 15.0bc 11bcd 144bc 130bcde 5b 285cd 
PHY 499 WRF 12.9fg 446cd 6.0a 15.3ab 12bc 166abc 157bc 6a 335bc 
ST 5458 B2F 12.73g 373d 5.0cd 16.0a 24.67a 245.3a 226.67a 5b 496a 
Mean  14.5 477 5.5 14.8 10.1 130 167 5.6 290 
CV (%) 11.1 14.7 10.25 4.9 68 31 26.25 9 31 

YnTen = Tensile Strength (g/Tex); YnWork = Work force required to break the yarn (gf.cm) 
YnElong = elongation of yarn before break (%); YnCV % = Coefficient of variation for yarn (%) 
YnThin = Yarn thin places per km; YnThink = Yarn thin places per km; YnNeps 200% = number of yarn neps measuring greater than 
200 % diameter of the yarn; YnHr =Yarn hairiness 
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The year by cultivar interaction indicated that some cultivars are relatively stable 

for yarn quality across different growing seasons. Nitro 44 B2RF, FM 2484 B2RF, NG 

4111 RF and FM 9170 B2F produced stronger and stable yarn quality across the growing 

seasons. In contrast, DP 1044 B2RF, DP 1219 B2RF, PHY 367 WRF, and ST 5458 B2F 

produced weaker and unstable yarn quality through the growing seasons as illustrated in 

Figure 4-16. This is may be due to the differences observed in fiber quality noticed across 

the growing seasons. 

 
Figure 4-16 Yarn tenacity of bulk sample collected from 12 upland cotton cultivars 
grown in 2012, 2013 and 2014. 

 

 (b) Yarn work to break: Mean comparison of individual values of cultivars 

indicated that maximum yarn work to break was recorded for Nitro 44 B2RF with a mean 

value of 526, 669 and 630 gf.cm in 2012, 2013 and 2014 respectively. Interestingly, no 

other cultivars are comparable with this cultivar for yarn work-to-break, which is 

explained by the highest HVI fiber length and strength, and lowest AFIS standard 

fineness.  However, regardless of the best yarn quality produced by Nitro 44 B2RF, the 

micronaire record (Table 4-3) during the study period indicated that Nitro 44 B2RF is in 
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the discount range based on the current marketing system. This is one important indicator 

that AFIS fiber properties are better predictors of yarn quality. 

 
Figure 4-17 Yarn Work to break of bulk sample collected from 12 upland cotton 
cultivars grown in 2012, 2013 and 2014. 
 
 3.3.2 Yarn Evenness and imperfections  

(a) Yarn Evenness (CV m %): Comparison of individual mean values for 

cultivars indicated significant differences among all upland cotton cultivars. The highest 

coefficient of variation by mass was recorded for DP 1219 B2RF, DP1 044 B2RF, FM 

2989 GLB2, and AT Epic RF. As indicated in Table 4-6, these cultivars are known by 

their high AFIS short fiber content, and nep counts and relatively shorter mean fiber 

length by number, which may have an impact on the yarn CVm (%). In contrast, cultivars 

such as FM2484 B2F, Nitro 44 B2RF with the highest yarn tenacity showed the lower 

coefficient of variation (Figure 4-14). This may be due to lower fiber breakage, which 

leads to lower short fiber content and may result in lower yarn CV %. The highest yarn 

coefficient of variation was recorded in the year 2012 compared to 2013 and 2014. This 

may be related to low uniformity index (high variability) recorded in the 2012 growing 
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season (Table 4

-3) 

Figure 4-18 Yarn CV% of bulk sample collected from 12 upland cotton cultivars grown 
in 2012, 2013 and 2014. 

 

(b) Yarn Imperfection Index (IPI) 

 Yarn Imperfection Index is the total sum of yarn thin places, thick places and 

neps count per kilometers of yarn. Significantly, high thin and thick places, neps count 

per km and hairiness were recorded for DP 1044 B2RF, DP 1219 B2RF FM 2989 GLB2 

and AT Epic RF across the study period. The highest AFIS short fiber content, high AFIS 

neps count and low AFIS length by number (Table 4-6) of these cultivars may contribute 

to the elevated number of yarn imperfections. Conversely, low thin and thick places, low 

yarn neps count per km and hairiness were recorded for cultivars such as Nitro 44 B2RF, 

NG 4111 B2RF, FM 2484 B2F and FM 9170 B2F (Tables 4-9). 



Texas Tech University Addissu G. Ayele, December 2017 

155 

 

Figure 4-19 Yarn CV% of bulk sample collected from 12 upland cotton cultivars grown 
in 2012, 2013 and 2014.  
 
3.4 The impacts of within-plant fiber length distributions on yarn qualities of 
upland cotton cultivars 
 

The results in the previous sections showed that cultivars are significantly 

different for yarn quality, mean length by number, maturity and fiber length distributions. 

The differences observed between cotton cultivars for within-plant fiber length 

distributions were determined by using multivariate response analysis. The canonical 

scores used to detect the within-plant variability of length distribution were used to 

demonstrate their impact on yarn quality. The impact of the within-plant variation of fiber 

length distributions on yarn quality produced from 12 upland cotton cultivars can be 

generalized with the relationship between the first and the second canonical scores 

against yarn quality. A significant negative relationship between the first and second 

canonical scores and the yarn tensile properties were observed for the samples collected 

from the first fruiting position node 6 to 15 (Table 4-11). As mentioned in the previous 

sections, high scores were associated with large variation of within-plant fiber quality. 
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The relationship between yarn tenacity and work-to-break against canonical scores 

generated for within-plant fiber length distribution indicated that higher canonical scores 

lower the yarn strength (Table 4-11). Conversely, a significant positive relationship 

between the first and the second canonical scores for length distributions with yarn thin 

and thick places, neps count and IPI was observed. The result revealed that higher the 

canonical scores, higher the yarn imperfections, and yarn CV will be. Yarn hairiness is 

positively associated with the first canonical score. High within-plant variability of fiber 

length distribution negatively impacts the yarn tensile properties, while it may positively 

affect yarn imperfections, yarn coefficient of variation, and yarn imperfection index. It 

appears that within-plant variability of fiber quality has an impact on the quality of yarn 

produced from of upland cotton cultivars. 

 
Table 11 Relationship between canonical scores derived for length distribution and yarn 
quality produced from 12-upland cotton cultivars in 2012,2013, and 2014. 

Yarn quality YnTen YnWork YnElog CV% Thin  Thick  Neps Hr IPI  

C1 L (n) dist.  -0.37** -0.40** -0.23* 0.37** 0.37** 0.44** 0.39** 0.28* 0.42** 

C2 L (n) dist.  -0.46** -0.29* -0.02ns 0.33* 0.42** 0.26* 0.17ns -0.01ns 0.24* 

C1 L(n) dist. = First canonical scores for length distribution by number 
C2 L(n) dist. = Second canonical scores for length distribution by number 
 
YnTeN = Tensile Strength (g/Tex); YnWork = Work force required to break the yarn (gf.cm) 
Elongb = elongation of yarn before break (%); CV % = Coefficient of variation for yarn (%) 
Thin = Yarn thin places per km; Think = Yarn thin places per km; Neps = number of yarn neps measuring 
greater than 200 % diameter of the yarn; Hr =Yarn hairiness 
 
 

4 Conclusions  
Cultivars have shown significantly different within-plant fiber length 

distributions. The differences observed in within-plant fiber length distributions may 

affect the yarn quality of the cultivars. The low scoring cultivars on the primary axis of 

variation correspond to low within plant variability. These cultivars produced better yarn 
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quality. High scoring cultivars on the primary axis of variation corresponding to the high 

within-plant variability of fiber length distribution. Cultivars with highly variable within-

plant fiber length distribution produced poor yarn quality. The negative relationship 

observed between canonical scores of within-plant fiber length distributions and yarn 

tensile properties revealed that the higher within plant variability, lower are the yarn 

tensile properties. Conversely, the positive relationship between yarn imperfections, yarn 

coefficient of variation, and neps count against canonical axes indicated that high within-

plant variability may lead to poor yarn evenness. 

Based on the first position within-plant variability study, FM 2484 B2F showed 

the lowest within-plant variability, while DP 1219 B2RF showed the highest within-plant 

variability. The ring spinning test indicated that the quality of yarn produced from FM 

2484 B2RF was much better than the yarn produced from DP 1219 B2RF. Similarly, 

Nitro 44 B1RF showed lower within-plant fiber length distribution and produce high-

quality ring-spun yarn. It appears that within-plant variability impacts yarn quality. 

However, further data analysis may be required. Indeed, these trends need to be 

confirmed taking into account all fruiting positions.  

For some cultivars, the length of the fiber measured using HVI does not appear to 

be a good predictor of yarn quality. For example, based on HVI measurement, DP 1219 

B2RF produced the longest fiber. However, the AFIS average length by number indicates 

that fibers produced from DP 1219 B2RF are shorter compared to fibers produced by 

other cultivars. The AFIS fiber length distribution clearly showed there is a higher short 

fiber content for DP 1219 B2RF which was not captured by HVI measurement. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

The United States remains a major producer of cotton for the international market, 

ranking third behind India and China. The United States is also the leading cotton 

exporter, accounting for over one-third of global trade in raw cotton. The global cotton 

industry demands higher quality cotton fibers to produce marketable yarns. Specifically, 

the ring-spun yarn market is more sensitive to yarn imperfections compared to the rotor 

yarn market. It requires higher quality cotton fiber with minimum within-bale variability. 

To achieve this goal, researchers are always striving to develop better cotton varieties. 

One of the potential strategies to achieve this goal is to minimize within-plant variability, 

the largest source of variability in cotton. A set of twelve upland cotton cultivars were 

used to investigate the variations of cotton fiber quality across the fruiting branches in 

three growing seasons, 2012, 2013, and 2014. The multivariate response analysis results 

revealed that cultivars are different for within-plant fiber quality. For some cultivars, 

fiber quality sharply declines towards the top part of the plant. DP 1044 B2RF is a good 

example of cultivars that showed declining trends of fiber quality across the fruiting 

branches. It may be important to employ a breeding strategy to limit the within-plant 

variability as it may negatively impact fiber quality, and ultimately yarn and finished 

product quality. Conversely, some cultivars showed relatively stable fiber quality across 

the fruiting branches. In all growing seasons, FM 2484 B2RF, PHY 499 WRF, NG 4111 

RF and Nitro 44 RF produced the best fiber quality and showed a lower degree of within-

plant variability among the 12 upland cotton cultivars. It appears that the within-plant 

variability observed among the cultivars has a genetic basis. 
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Within-plant variability impacts the estimates of yield components that have a 

great potential in improving fiber quality without affecting cotton lint yield. Yield 

components provide breeders a tool for screening lines with the potential for 

simultaneous improvement of yield and fiber quality. Previous studies suggested that 

improving yield components such as fiber density and fibers per seed allow for the 

development of finer fibers and better yield stability. Yield components are not directly 

measured but are estimated from other fiber quality parameters. However, fiber quality 

parameters are not independent of one another. For example, immature fibers with a 

poorly developed secondary cell wall are weaker and will tend to break during 

processing. To investigate the impacts of fiber maturity on the estimate of yield 

components such as fiber density, seedcotton samples were harvested from the central 

parts of the plant, node 7 to 10. The number of fibers per seed was estimated using the 

fiber quality parameters provided by AFIS, the lint weight, and the total number of seeds 

in the sample. The number of fibers per seed surface area was obtained by dividing the 

number of fibers per seed by the estimated SSA. The results revealed that cultivars with 

relatively less stable fiber maturity across the fruiting branches of the cotton plant tend to 

have a more variable number of fibers per seed surface area estimates, suggesting that the 

calculation of the number of fibers per seed surface area may be biased. Maturity is most 

likely the main source of the bias in estimating the number of fibers per seed surface area. 

Specifically, immature fibers are weak and tend to break during mechanical processing 

and to artificially increase the estimated fiber density. Therefore, it is concluded that fiber 

maturity should be considered when screening lines based on estimated fiber density 

because low fiber maturity can lead to unreliable estimates of fiber density. Attempting 
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yield improvement based on fiber density without considering fiber maturity may result 

in selecting lines that tend to produce immature fibers. Samples collected from the middle 

part of the plants (e.g. node 8 and 9) are more mature and did not affect the estimated 

fiber density. It appears that an appropriate sampling protocol is crucial in estimating 

within bolls fiber density. 

Production of quality textile products depends on the quality of the raw material. 

Thus, understanding the relationship between fiber quality and yarn quality produced 

from widely grown upland cotton cultivars is crucial. Bulk harvested samples collected 

from 12 upland cotton cultivars were spun into ring spun yarns. The yarn qualities were 

analyzed using two-way analysis of variance considering cultivar and growing season as 

the main factors. The result indicated that the quality of the yarn produced from each 

cultivar is genotype-dependent. Similarly, the differences between cultivars for the 

within-plant fiber length distributions were quantified by the chi-square distance 

calculated using the frequency of the length of the fiber at each length group (observed) 

and the average of all fiber length frequency distributions measured for the cultivar 

(expected). The chi-square distance was used in a multivariate analysis of variance. 

Primary and secondary canonical axes were used to capture the maximum variation 

between the cultivars and years. The result revealed that cultivars are significantly 

different for the within-plant fiber length distribution. Thus, the canonical axes used to 

discriminate upland cotton cultivars for the variations of fiber length distribution across 

the fruiting branches were used to demonstrate the impact of within-plant variability on 

yarn quality. The results indicated that there is a significant correlation between canonical 

axes scores and yarn quality produced from upland cotton cultivars. Yarn tenacity and 
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yarn work-to-break showed significant negative associations with the first and second 

canonical axes. Yarn elongation also negatively associated with the first canonical axis 

scores, while yarn imperfections, yarn CV %, and the imperfection index were positively 

associated with both primary and secondary canonical scores. These results indicated that 

higher within-plant variability may reduce the yarn quality.  
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