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ABSTRACT 

Understanding the complex process of resource partitioning within the plant 

provides opportunities to develop new crop improvement strategies for varying 

environmental factors and agronomic practices. In upland cotton (Gossypium hirsutum 

L.), the partitioning of dry matter is as crucially important as that of macronutrients 

and micronutrients in improving yield. This dissertation compiles relevant reviews and 

studies that highlight the physiology of boll production and spatiotemporal distribution 

across plant and field scale levels as well as technological advancements in 

phenotyping that offer powerful and less input-requiring approaches that serve as 

additional layer for understanding the responses of cotton over a wide range of 

environmental and management factors.  

This dissertation also describes research works pertaining to the changes in 

macronutrient and micronutrient uptake and partitioning alongside with the 

remarkable improvements in modern cotton cultivars during the past few decades. 

Results demonstrated that the newer cultivars tested in this study were more efficient 

in partitioning and remobilizing nitrogen, phosphorus, potassium, sulfur, zinc, and 

copper into the developing boll and this increased efficiency translates to greater lint 

yield production for every unit of nutrient taken up compared to the earlier report in 

the 1990s. These improvements in nutrient uptake capacity in combination with the 

availability of high levels of residual soil N were able to sustain plant growth and 

maintain yield even under reduced nitrogen application. However, even with improved 
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nutrient uptake efficiencies, growth and development could easily be hindered by 

slight differences in the availability of possible toxic elements such as sodium in the 

soil and irrigation sources.  

In summary, the changes in the patterns of assimilation and partitioning of 

carbon, macronutrients, and micronutrients within the cotton plant influences different 

aspects of crop adaptation, productivity, and survival. Therefore, it is important to 

have an utmost understanding of the mechanisms underlying these changes and how 

these mechanisms contribute to the interactions among genetics, environment, and 

management in order to maximize the potential of newer and soon-to-be developed 

cotton cultivars. 
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CHAPTER 1  

COTTON BOLL DISTRIBUTION: A REVIEW 

Abstract 

 Boll distribution provides an important assessment of the response and 

adaptation of upland cotton (Gossypium hirsutum L.) to its environment and is 

strongly linked to yield, fiber quality, and consequently economic value. Several 

studies have measured boll distribution through end-of-season field or box mapping to 

study the spatiotemporal characteristics of bolls at both the plant and field levels, to 

quantify the effects of stress on cotton maturity and fiber quality, and to estimate yield 

as a function of the relative partitioning of resources to competing sinks. This paper 

discusses the environmental factors affecting boll production and distribution, reviews 

methods of measuring and analyzing boll distribution, and discusses the comparative 

advantages and drawbacks of these methods. With the advent of advanced imaging 

technologies, this paper also discusses the potential transition from traditional methods 

to machine-based boll distribution measurements, the challenges associated with these 

technologies, and how continuous improvements in the baseline technologies being 

used in the different methods will translate to improved measurement capacities. 

Overall, major strides can still be made in the area of boll distribution measurement by 

combining the positive elements in the different studies described in this review to 

circumvent each of their respective limitations.    
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Introduction 

The mechanical revolution rapidly changed upland cotton (Gossypium 

hirsutum L.) harvesting in the United States from labor-intensive handpicking on 

small acreages to large-scale mechanized harvesting (Welch & Miley, 1950). Since 

1950, the total number of farms in the United States has declined by 60%, coupled 

with a tripling of average farm size (Lusk, 2016). The Unites States agricultural 

workforce has changed dramatically as well: in 2018, 72% of farm operators were 

over the age of 55, and from 1950 to 2000, the number of self-employed and family 

farmworkers declined by 74% and hired farmworkers declined by 51% (USDA ERS, 

2018, 2020). 

As a result, hand-harvesting in the United States has become a research tool, 

providing researchers and agronomists with a view into the subtle interactions between 

cotton plants in time and space. Each fruit on the plant represents an individual 

flowering date, so the distribution of fruit on the plant represents the plant’s response 

to its environment (Hawkins & Peacock, 1973), including weather and water 

availability (Bauer, Foulk, Gamble, & Sadler, 2009; Bednarz & Nichols, 2005; 

Bednarz, Nichols, & Brown, 2006; Jenkins, McCarty, & Parrott, 1990; Snowden, 

Ritchie, Cave, Keeling, & Rajan, 2013), fertility (Bondada, Oosterhuis, Norman, & 

Baker, 1996; Boquet, Moser, & Breitenbeck, 1993), planting density (Bednarz et al., 

2006; Sadras, 1997), weed and insect pressure (Bednarz & Roberts, 2001; Mills, 

Bednarz, Ritchie, & Whitaker, 2008; Sadras, 1995; Wilson, Sadras, Heimoana, & 

Gibb, 2003), and short-term catastrophic events, such as hailstorms or off-target 
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chemical sprays (Byrd et al., 2016; Yang, Kaggwa, Andrade‐Sanchez, Zarnstorff, & 

Wang, 2016), all with respect to time. 

As a result, fruit distribution has intrinsic importance in any discussion of the 

growth, development, and productivity of a cotton crop. This review describes the 

physiological aspects of boll production and retention, identifies seminal studies in 

mapping of cotton boll distribution, discusses current limitations in boll mapping, and 

describes advancements that may make boll distribution mapping more accessible in 

future breeding and agronomic trials. 

Physiology of Boll Production and Retention in Relation to Growth and 

Development 

Upland cotton descends from perennial viny ancestors from distinct regions of 

the world that include Africa, the Middle East, Australia, and Central America (Smith 

& Cothren, 1999). Although it is managed as an annual crop, cotton produces fruit 

indeterminately, producing and developing several independent fruit over a long 

period of time concurrent with vegetative growth.  

The development of a cotton boll represents a commitment of substantial 

resources to the fruiting site at the expense of other growth and metabolic processes 

within the plant (Banks et al., 2007). According to Amthor (2000), the energy 

requirements of cotton bolls are similar to those of other energy dense oil-containing 

organs of crops, such as soybeans and coconuts, due in large part to the energy 

requirements of cotton seeds, which contain about 25% crude protein and 17% fat 

(Bertrand, Sudduth, Condon, Jenkins, & Calhoun, 2005).  
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This energy investment is critical for the next generation of growth. During 

germination and emergence, the cotton seedling is sensitive to minerals and pH (Kent 

& Läuchli, 1985), soil moisture and temperature (Casenave & Toselli, 2007), plant 

competition (Hicks, Wendt, Gannaway, & Baker, 1989), and other soil characteristics 

(Gemtos & Lellis, 1997). In favorable soil environments, small seeds with low oil 

contents may germinate well. However, delays due to cool temperature or other 

stressors may lead to a delay in germination and increased risk of seedling disease or 

death, and larger seeds with more storage resources are more able to survive in 

adverse conditions (Krieg & Bartee, 1975; Snider, Collins, Whitaker, Chapman, & 

Horn, 2016).  

Conversely, in contrast to most crops with edible seeds, cotton is primarily 

valued for its cellulosic lint, and the development of large seeds decreases resource 

partitioning to lint production (Main et al., 2013). As a result, productivity of a cotton 

crop balances the relative resource requirements of production with those of seedling 

emergence: economic productivity favors fewer resources being committed to seeds, 

while crop vigor favors greater resource commitment to seeds (Krieg & Bartee, 1975).  

In addition to the energy balance between lint and seed production within a 

boll, cotton fruit also compete for carbohydrates with other fruit and vegetative parts 

of the plant (Wullschleger & Oosterhuis, 1990). Cotton vegetative and reproductive 

development are dynamic processes that are important both in terms of timing and 

resource partitioning. The first identifiable bud structures (squares) are often visible on 

plants from 30 to 40 days after planting, and the fruiting structures gradually develop 
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in order from the lower nodes to the upper nodes of the plant (Ritchie, Bednarz, Jost, 

& Brown, 2007). Although cotton is traditionally thought to produce buds that 

produce flowers on a three-day interval between adjacent nodes and a six-day interval 

between adjacent fruiting positions (Figure 1.1A) at a given node (McClelland, 1916; 

McClelland & Neely, 1931), Bednarz and Nichols (2005) determined that the rate of 

development is closer to two days between adjacent nodes and four days between 

adjacent positions within a node. The relative health and partitioning strategies of  

cotton plants can be elucidated through the mapping and analysis of the timing and 

location of boll development. Cotton’s indeterminate growth results in several weeks 

of overlap during which the plant concurrently produces fruit and additional vegetative 

structures, such as leaves and stems (Figure 1.1B). 

Reproductive structures at multiple fruiting sites are produced concurrently in 

cotton (Schaefer et al., 2017), with each fruit cohort competing with fruit from other 

fruiting sites produced at different times and also competing with each other for the 

same resources. A boll takes about forty days to accumulate most of its boll mass 

(Thornley & Hesketh, 1972), so the first harvestable fruit may be nearly full-sized 

when the last harvestable fruit is flowering (Figure 1.1B). As a result of carbon 

competition in the plant, fruit production and retention are both important factors in 

boll distribution. Retention can approach 100% for first position fruit in the middle 

nodes and may be less than 10% near the top of the plant or on outer fruiting positions.  
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Figure 1.1. Illustration of (A) cotton plant with marked nodes and positions and a grid 
box with corresponding box mapping cells and (B) the timing of squaring, flowering, 
and boll maturity by node and fruiting position based on growing degree days 
(GDD15.6°C) and days after planting, based on historical temperature means in 
Lubbock, Texas, a planting date of May 1, and relative cotton developmental rates 
described in Ritchie et al. (2007) and Bednarz & Nichols (2005). 
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Therefore, the number of cotton bolls by fruiting site at harvest is indicative of 

resources devoted to both the development and retention of fruit on the plant.   

Because cotton bolls are large carbon sinks, boll distribution is an indicator of 

a cotton plant’s response to its environment. For added complexity, growth in 

production systems is also constrained by the existence of neighboring plants that 

compete for water, light, and nutrients. Therefore, crop productivity is based on 

performance in a community of closely spaced plants, making mapping of a 

community of plants particularly fitting.   

Abiotic and Biotic Effects on Boll Distribution 

As with other crops, cotton productivity is affected by sunlight, water, 

nutrients, temperature, and pressure from other plants, insects, pathogens, and even 

off-target chemical application. Because cotton is indeterminate, these effects can be 

detected by analysis of their effects on fruit production, retention, and development. A 

summary of several biotic and abiotic factors affecting cotton boll retention and 

distribution is presented in Table 1.1. 

One common yield-limiting factor in cotton is water, and production cotton is 

grown with varying levels of irrigation from none to levels that approximate the 

evapotranspiration rate of the crop. Because water comes from both rainfall and 

irrigation, the producer has limited control over water and the crop may have too little, 

enough, or too much water at a given time, independent of previous or future crop 

water status during the season. The adoption of center pivot irrigation from the 1980s  
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Table 1.1. Summary of several biotic and abiotic factors affecting boll retention and 
distribution in cotton. 
Factors  References 
Abiotic Water Dumka et al. (2004), Gerik et al. (1996), Kuai et al. 

(2015), Pettigrew (2004), Ritchie et al. (2009), 
Schaefer et al. (2018), Snowden et al. (2013, 2014), 
Whitaker et al. (2008) 

Light Dusserre et al. (2002), Guinn (1974), Guinn et al. 
(1981), Kerby et al. (1987, 1990), Zhao and Oosterhuis 
(2000) 

Temperature Burke et al. (1988), Bibi et al. (2008), Oosterhuis 
(1999), Oosterhuis et al. (2008), Singh et al. (2007), 
Snider et al. (2009) 

Nutrients Boquet et al. (1994), Constable (1991), Guinn (1976) 
Off-target chemical 
applications 

Byrd et al. (2016), Everitt and Keeling (2009) 

Biotic Insects, pathogens Anderson et al. (2018), Brewer et al. (2012), Parajulee 
et al. (2006) 

 

onward and to sub-surface drip irrigation in the 2000s has contributed to average 

irrigated yield increases of 39% (677 kg ha-1) (Figure 1.2). As irrigation technology 

has changed, its effect on cotton growth and boll distribution has changed as well. 

Several studies in recent years have investigated how soil moisture availability and  

irrigation methods affect cotton boll distribution (Dumka, Bednarz, & Maw, 2004; 

Gerik, Faver, Thaxton, & El‐Zik, 1996; Pettigrew, 2004; Ritchie, Whitaker, Bednarz, 

& Hook, 2009; Schaefer, Ritchie, Bordovsky, Lewis, & Kelly, 2018; Snowden et al., 

2013; Whitaker, Ritchie, Bednarz, & Mills, 2008). Whitaker et al. (2008) and Ritchie 

et al. (2009) observed boll distribution responses due to both application type and 

timing associated with center pivot and sub-surface drip irrigation. 

In general, severe water deficit results in short plants with fewer nodes, lower 

overall fruit retention, and boll distribution centered near the bottom of the plant 

(Figure 1.3A). However, water deficit during flowering can cause fruit loss in the  
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Figure 1.2. Average yields of upland cotton grown under rainfed and irrigated (center 
pivot and sub-surface drip) conditions in Texas from 1972 to 2018 (USDA NASS, 
2020). 
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Figure 1.3. Boll distribution patterns of cotton (A) under different irrigation methods, 
(B) between early and later-maturing cultivars, with herbicide damage (C), and with 
short-term damage associated with any of a variety of stressors (D). 
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middle of the plant without substantially impacting plant height (Snowden, Ritchie, 

Simao, & Bordovsky, 2014). While deficit irrigation can negatively impact boll 

distribution, irrigation timing and the strategic amount of irrigation applied can 

achieve the same profit potential as irrigating at full crop evapotranspiration (Mitchell-

McCallister et al., 2020).  

Adequate water increases boll retention per node in the middle and higher 

nodes of the plant (Figures 1.3A and 1.4A). However, greater than optimal water 

availability may decrease boll retention within a region of the plant and cause 

unconstrained vegetative growth that decreases overall yield and fiber quality (Kuai et 

al., 2015). Compared to sub-surface drip, cotton grown under center pivot system has 

lower fruiting rate early in the season and greater vegetative growth as shown by the 

fewer number of first position bolls produced in the lower portion (nodes 5 to 9) and 

more bolls produced at the top portion (nodes 11 to 21) of the plant (Figure 1.3A) 

(Ritchie et al., 2009). With sub-surface drip irrigation, plants tend to have more  

compact fruiting patterns as the production of harvestable bolls is more concentrated 

on the lower portion of the plant. If optimal growing conditions and management 

practices are implemented, early-maturing cultivars generally produce and retain more 

first position bolls on the lower nodes of a plant, while later-maturing cultivars 

produce more first position bolls in the upper portions of the plant (Figure 1.3B). If an 

environment is prone to late-season water deficit or cold weather events, early-

maturing cotton cultivars have less fruit affected and may therefore have more mature 

cotton fibers (Snowden et al., 2013).  
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Figure 1.4. Comparison of (A) first position boll distribution, (B) fiber maturity ratio, 
and (C) fiber length (by number) by node of cotton grown under three different rates 
of irrigation in Lubbock, Texas. 
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Temperature is another important abiotic factor, and it influences cotton 

growth and development in two ways. First, seasonal temperature patterns affect the 

rate at which fruit are produced and mature. Squaring and flowering occur over 

several weeks, resulting in broad maturity differences from the bottom to the top of the 

plant (Figure 1.1). Because boll maturation continues into the cooler months of the 

season, small differences in timing during squaring and flowering result in larger  

maturity differences of boll maturation approaching the end of the season. As a result, 

fruit at the top of the plant is often less mature than those in the other areas of the plant 

(Figure 1.4B). Second, because fruit production and retention are sensitive to heat, 

high temperatures can damage flowers and affect yield and fruit distribution. Burke, 

Mahan, and Hatfield (1988) found that the optimal temperature for physiological and 

metabolic activities in cotton ranges from 23°C to 32°C and that temperature stress 

can lead to decreased photosynthesis and carbohydrate metabolism, decreased fruit 

set, reduced boll size due to lower number of seeds per boll and fibers per seed, 

increased boll shedding, and consequently reduced yield (Bibi, Oosterhuis, & Gonias, 

2008; Oosterhuis, 1999; Oosterhuis et al., 2008; Singh, Prasad, Sunita, Giri, & Reddy, 

2007; Snider, Oosterhuis, Skulman, & Kawakami, 2009). 

Cotton boll production and retention are also affected by canopy light 

interception. The relationship of boll production and the capacity of cotton to intercept 

light is often associated with planting density and row spacing in the field. In the study 

conducted by Guinn (1974), decreased sunlight penetration into the canopy due to 

narrow row spacing and excessive vegetative growth above the fruiting branches led 
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to boll shedding. Increased planting density was also found to decrease boll retention 

and boll number per plant due to decreased production of second and third position 

fruiting sites (Guinn, Mauney, & Fry, 1981; Kerby, Cassman, & Keeley, 1990; Kerby, 

Johnson, & Keeley, 1987). A primary reason is less light capture below the upper 

canopy, as seen by Zhao and Oosterhuis (2000), who reported decreased yield due to 

decreased boll retention when cotton was grown under low light intensity. These 

results can be attributed to hampered assimilate partitioning because of the increased 

distance between the source (adjacent leaves) and sink (bolls). Conversely, plants that 

are not closely spaced within a given plot experience less competitive pressure from 

other plants for resources (Dusserre, Crozat, Warembourg, & Dingkuhn, 2002). This 

lack of competition for resources may lead to increase in the number of fruiting sites 

as plants tend to grow more laterally.  

Boll retention also indicates the balance between the supply and demand for 

nutrients. Constable (1991) suggested that hormonal activities facilitate boll shedding, 

and Guinn (1976) explained that nutritional stress in cotton increases ethylene 

production, which in turn promotes boll abscission. Supplemental nutrients, 

particularly nitrogen, can affect yield potential and boll distribution. In a humid 

environment, Boquet, Moser, and Breitenbeck (1994) suggested that an application 

rate of nitrogen fertilizer ranging from 56 to 84 kg ha-1 led to optimal boll production 

and retention in nodes 5 to 16.  

Injuries from insects, pathogens, and off-target chemical application often 

cause fruit shed, reducing yield and fiber quality. The damage from these factors 
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disrupts resource uptake, decreases photosynthesis, and causes hormone imbalance 

(Bell, Howell, & Stipanovic, 2010). The boll weevil (Anthonomus grandis) has been 

widely recognized for its effect on fruit retention in cotton (e.g. Showler, 2008; 

Stewart and Sterling, 1988; Elms, Green, & Johnson, 2001; Oosterhuis, Bourland, 

Tugwell, Cochran, & Danforth, 2008). Brewer, Anderson, and Armstrong (2012) 

reported that in Texas, the Verde plant bug (Creontiades signatus) could attack young 

bolls or damage older retained bolls, and Anderson, Brewer, Bowling, and Landivar 

(2018) discussed damage to young first position bolls located in the middle portion of 

the plant due to this insect. Similarly, cotton fleahopper (Pseudatomoscelis seriatus), 

though commonly considered as an early season pest, can also cause fruit abscission, 

delayed boll maturity, and yield loss (Parajulee, Shrestha, & Leser, 2006).  

Off-target chemical applications from agricultural spraying can damage cotton 

and has also been linked to boll distribution (Byrd et al., 2016; Everitt & Keeling, 

2009). In general, damage from chemical drift can be growth-stage sensitive and 

injuries include square abscission and reduced boll numbers and yields, resulting in 

devastating economic consequences, among others. Similar to the findings of Russell, 

Dotray, Pabuayon, and Ritchie (2020), early-season herbicide damage decreased boll 

retention at first position fruiting sites and redirected resources to promote boll 

development at higher node positions as a compensatory mechanism (Figure 1.3C). 

Conversely, late-season herbicide damage generally reduced first position boll 

retention at the top of the plants. Early-season damage delays maturity because the 

plants develop bolls on the higher nodes to compensate for the injury on the lower 
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nodes. Interestingly, when exposed to short-term damage of many types, cotton can 

often recover from injury and return to normal fruiting habit under favorable growing 

conditions (Figure 1.3D). 

Relationship of Boll Distribution and Fiber Quality    

High quality yarn is made from cotton fibers with high tensile strength, 

desirable length distribution, and minimal defects. However, as a natural fiber, the 

variabilities within a cotton bale can be traced to variations at every level of crop 

growth, including the seed, boll, plant, and entire population of plants that contribute 

to the bale. Cotton fiber quality has been found to vary from one part of the plant to 

another as well as across different genetic backgrounds (Ayele, Kelly, & Hequet, 

2018; Kothari, Dever, Hague, & Hequet, 2015). As shown by Basra and Malik (1984) 

and Lee, Woodward, and Chen (2007), fiber development consists of several 

overlapping developmental steps: initiation, elongation, secondary cell wall 

development, and maturation. Fiber initiation occurs at the beginning stages of 

anthesis, when individual cells develop into differentiated fiber cell initials. Older 

fiber initials are found around the crest of the seed funiculus while the youngest 

initials are found on the chalazal cap (Stewart, 1975). Fiber cell elongation occurs 

from two to twenty days post-anthesis and this phase sets the fiber length within the 

boll (Basra & Malik, 1984). At thirty days post-anthesis, fiber elongation ceases and 

the fiber secondary cell wall development begins. This phase lasts for fifty days after 

the beginning of fiber initiation until the boll opens or if environmental factors stop 

the physiological advancement of the boll (Abidi et al., 2008). Soon after the boll 
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opens, the cotton fibers dry and collapse, forming kidney bean-shaped cross-sections 

(Peeters, Wijsmans, De Langhe, De Langhe, & Waterkeyn, 1986).  

The onset and duration of each stage of fiber development is dependent on 

genetic and environmental factors, thus creating variability in the fiber quality traits 

within a single seed and within a boll (Abidi et al., 2008; Stiff & Haigler, 2012; Feng 

et al., 2010; Feng et al., 2014). Throughout the fruiting process, there are several boll 

development stages occurring concurrently throughout the plant. For example, in West 

Texas, it is common for cotton to begin flowering in the middle of July, and late-

August flowers often produce harvestable bolls by the end of the season. Regions of 

the cotton belt with warmer weather often have even longer flowering periods. As a 

result, a boll near the bottom of the plant will often be several weeks older than a boll 

near the apex (Ritchie et al., 2007), and an environmental stressor may affect one boll 

during maturation and another during initiation or elongation. Therefore, fiber quality 

from one part of the plant to another can vary, particularly related to the boll stage at 

which stress or other growth factors occurred.  

Because of proximity to the source organ, first position bolls receive more 

carbohydrates (Bednarz et al., 2000) and are generally more mature than those from 

outer positions (Ayele et al., 2018; Ritchie et al., 2007). Conditions that decrease boll 

retention can modify the fiber quality of the remaining adjacent bolls by altering 

assimilate and metabolic resource partitioning within the reduced boll population 

(Bednarz, Shurley, Anthony, & Nichols, 2005). Cotton fiber maturity ratio was also 

observed to decrease with increasing node position up the plant grown under different 
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irrigation treatments (Figure 1.4B). However, among treatments, the mid-irrigation 

treatment (1.5 mm to 3.0 mm per day) had the highest fiber maturity ratio between 

nodes 7 to 11. These results clearly showed the response of cotton to water deficit and 

increasing irrigation rates in terms of cotton fiber maturity, which in turn influences 

both individual fiber strength and bundle strength.  

Cotton fiber maturity also affects fiber length distribution aside from cotton 

fiber and bundle strength. Because immature fibers are weak and brittle, they are more 

likely to break during mechanical processing especially during the ginning process. A 

mean length (by number) less than 22.4 mm has been reported by Kelly, Hequet, and 

Dever (2012) to produce inferior yarn quality. It has been observed that the irrigation 

rate of 1.5 mm to 3.0 mm per day is the optimal treatment for producing fibers with 

length greater than 22.4 mm between nodes 5 to 9 (Figure 1.4C). The lowest (< 1.5 

mm per day) and highest (> 3.0 mm per day) rate treatments did not satisfy the fiber 

length criterion for superior yarn quality at any nodes within the plant. 

Methods of Measuring Boll Distribution 

 The general method of mapping the boll distribution involves counting 

harvestable bolls as a function of main stem node and fruiting position such as 

described in the studies of Jenkins, McCarty Jr, and Parrott (1990), Moser (1999), 

Boquet and Moser (2003), and Pettigrew (2004). Although boll mapping techniques 

were widely used in the past years and may vary among research groups, the number 

of studies that discussed the process of boll mapping with high level of detail is 

limited. In this review, the authors present a description of the typical mapping method 
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including technical modifications used to improve overall efficiency of measurement 

and minimize errors. These include sampling location within a plot, method of plant 

transport and storage, and boll removal and counting.  

 A subsampling location near the middle of each plot is selected based on a 

consistent stand density (Schaefer et al., 2018). Sampling length may be measured 

using a long ruler or a rod cut to length. Sometimes, rigid pipes and clamps are used to 

transport the plants without bunching them (Figure 1.5A). The subsample is 

transported to the edge of the field and placed in a large corrugated double wall 

Gaylord box (e.g. U-Line), and cardboard partitions are placed between plots and 

labeled with plot number to allow the storage of several plots per box. Keeping the 

plants in a linear row minimizes the loss of fruit and branches due to entanglements of 

adjacent plants, which is a risk when wrapping plants in butcher paper or plastic 

(Ritchie et al. 2009).  

The mapping process consists of population counts, boll counts by fruiting site, 

and cumulative boll mass measurements by fruiting site. For each plot, all of the plants 

are counted prior to removal from the box and mapping. The cotyledon scars are 

located near the base of each plant and designated as node 0 (Bednarz et al., 2000), 

then nodes are counted from the bottom to top of each plant, and fruit is removed by 

node and position (fruiting site) (Figure 1.5B). Bolls on vegetative branches are often 

not separated by fruiting site, since fruit production on vegetative branches does not 

follow the same developmental interval as fruiting bolls on the same node. Bolls on 

fruiting branches are counted individually by fruiting site and placed in a grid box 
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with cells corresponding to each fruiting site (Figure 1.5C) (Ritchie et al., 2009). 

Sometimes, such as in the study by Schaefer et al. (2018), bolls on vegetative branches 

are excluded during boll distribution analysis.  

Several recording methods have been used to track boll numbers, including 

having a single person conduct data entry while others remove bolls, a mechanical 

counter system with banks of tally counters corresponding to fruiting sites, and 

computer-based systems with digital tally counting based on touch screens or a 

keyboard emulator with arcade buttons (Figure 1.5D). The mass of cotton at each 

fruiting site is measured from the cotton in the grid boxes, often using a laboratory 

balance connected to the data entry computer. Because the process requires several 

steps, a single plot may take between thirty and sixty minutes for a single person to 

sample.  

If boll mass is not being measured, plant mapping may be conducted in the 

field. A subsample of appropriate length is measured and marked, and the researcher 

counts bolls by fruiting site on each individual plant in order using a similar method to 

what has been discussed before, but without removing bolls. In the absence of multiple 

people, counting is recorded using a voice recorder or cell phone and transferred to a 

spreadsheet afterwards (Figure 1.5E). Mapping without fruit removal is quicker than 

fruit removal mapping and can be completed prior to complete boll opening, with the 

researcher estimating which bolls will mature by harvest. Box mapping usually 

measures bolls in aggregate for a plot, while field mapping records bolls by plant, 

allowing verification of individual plant-to-plant variability within a sample (Ritchie, 
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Whitaker, & Collins, 2011). However, measuring boll mass or fiber quality by fruiting 

site is not possible with nondestructive mapping. 

 

 

Figure 1.5. Boll mapping process consists of (A) subsampling representative samples 
from the middle region of each plot, (B) removal of bolls by node and position, (C) 
placement of each boll in a grid box with cells corresponding to each fruiting site, and 
(D) recording of data on computer-based systems with digital tally counting based on 
touch screens. (E) Alternatively, boll mapping can be done nondestructively by 
recording the counting in a voice recorder or cell phone. 
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Challenges Associated with Plant Mapping 

The measurement of boll distribution comes with considerable challenges. One 

is balancing the importance of sampling enough plants to maintain data quality with 

the time commitment required to complete the process. The precision, accuracy, and 

reliability of the data increase with sample size, but larger sample sizes also require 

more time and effort, with diminishing returns on accuracy as sample size increases. 

For example, Ritchie et al. (2011) found that increasing sample size beyond 2m 

resulted in minimal improvements in sample variance. Therefore, researchers are 

forced to design an effective sampling plan within the available time and space 

constraints. In some cases, researchers are forced to measure either fewer replicates or 

shorter subsamples to decrease the time and expense associated with final field or box  

mapping. Because mapping samples are smaller than the harvested areas that they 

represent, the actual yield measured during sampling is not precisely correlated with 

harvested yields. Previous work has suggested that coefficients of determination 

between box mapped and machine harvested samples are often at least 0.70 to 0.80 

(Sharma, Mills, Snowden, & Ritchie, 2015).  

Another factor that contributes to measurement errors is subjectivity during 

sampling. For example, a more experienced plant mapper will often select sampling 

locations with fewer missing plants, because visual perceptions of uniformity differ 

from one person to another. In addition, when classifying bolls based on maturity or 

harvestability, subjective measurements may result in one person selecting more bolls 
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than another. Further, it is easy to mis-identify the cotyledonary node or miscount 

nodes with no branches. Errors may also arise when vegetative branches are 

mistakenly identified as fruiting branches or in cases where two branches appear to 

extend from the same node. 

Even when sampling is conducted cleanly, the inherent variabilities that are 

expressed within a fruiting site, within a plant, and within a field can cause additional 

sampling noise. Typically, high-frequency node-to-node variations may be minimized 

by combining adjacent fruiting sites (Blaise, 2006; Viator, Jost, Senseman, & Cothren, 

2004) or using a weighted average (Ritchie et al., 2011; Sharma et al., 2015) over 

multiple adjacent fruiting sites. Although both functions decrease measurement errors, 

relevant node-specific effects may be obscured. Furthermore, smoothing can pose 

difficulty in sample size selection due to the disparity between the boll fraction and 

fruiting site (Ritchie et al., 2011).  

Finally, plants themselves may affect measurements. The formation of 

abnormal bolls caused by meristematic damage from pests or environmental 

conditions adds up to the challenges of measuring boll distribution. Damage of the 

apical meristem may result in loss of apical dominance and the production of multiple 

branches that approximate vegetative branches. These branches can produce yield, but 

they cannot be easily tied to specific time periods. Further, environmental conditions 

may cause multiple branches to form at an individual node (Beckett, 1935; Meade, 

1913). Oftentimes, a combination of the need to involve multiple people, the 

subjectivity associated with any counting operation, and the variability of the plants 
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themselves decreases the repeatability of plant mapping and requires additional time 

devoted to quality control of the process.  

Sample Size 

A summary of the methods of measuring cotton boll distribution and data 

analysis is presented in Table 1.2. The measurement of cotton boll distribution, which 

is also referred to as end-of-season field or box mapping (because bolls are usually 

placed in grid box cells corresponding to fruiting site), is straightforward but 

laborious. Boll distribution data can be collected from either fixed number of plants or 

from multiple plants in a pre-determined area per plot (Figure 1.6A and 1.6B). Kerby 

et al. (1990), Jones and Snipes (1999), Vories and Glover (2006), and Meeks et al. 

(2017) used sample sizes ranging from 5 to 20 plants per plot while Hofs, Hau, 

Marais, and Fok (2006), Ritchie et al. (2009), and Sharma et al. (2015) used sampling 

areas ranging from 1 m2 to 13 m2.  

Table 1.2. Summary of the methods of measuring cotton boll distribution and data 
analysis. 
Methods  References 
Conventional 
Box or Plant 
Mapping  

By number Jones and Snipes (1999), Kerby et al. (1990), 
Ritchie et al. (2011), Meeks et al. (2017), 
Vories and Glover (2006) 

 By area Hofs et al. (2006), Ritchie et al. (2009), 
Sharma et al. (2015) 

 Node by node comparison Bednarz et al. (2000), Jenkins et al. (1990), 
Snider et al. (2019) 

 Accumulation estimates Bednarz and Nichols (2005), Schaefer et al. 
(2017), Whitaker et al. (2008)  

 Smoothing Blaise (2006), Ritchie et al. (2011), Sharma et 
al. (2015), Viator et al. (2004) 

Machine 
vision-based  

Two dimensional and 
three dimensional 
imaging technologies 

Kadeghe et al. (2018), Li et al. (2017), 
McCarthy et al. (2009), Sirault et al. (2013), 
Sun et al. (2018, 2019, 2020), Yeom et al. 
(2018) 
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Although there is not a single agreed-upon appropriate sample size for 

measuring cotton boll distribution, Ritchie et al. (2011) suggested a minimum sample 

size of 8 to 10 plants per replicate (or less if a smoothing function is applied), provided 

that the difference among replicates is minimal. Both area-based and number-based 

methods of sampling have implicit risks of bias if uniformity is not maintained in the 

sampling procedure. For example, if two cultivars have the same fractional boll 

retention at a fruiting site and one has a greater plant population, an analysis by 

harvest area will overestimate the comparative retention for the cultivar with more 

plants. Alternatively, a sample based on 10 plants will be misleading if the 10 plants 

span 1.5 m2 on average for one treatment and only 1.0 m2 for another treatment, since 

the sample that covers a larger area compensates by producing more bolls, particularly 

at the outer positions of the plant (Bednarz et al., 2006). 

One method used to minimize variability is to use a representative sample 

within each plot with a defined sampling area. For example, if the average plant 

density for a study is 11 plants per m2 (about 17 plants per 1.5 m2), researchers might 

sample an area of 1.5 m2 in each plot and require that samples contain between 14 and 

20 plants within the sampling area. In cases where plant density varies dramatically 

from one treatment to another, it is suggested that larger samples be collected and 

analysis be conducted by combining fruit counts within a timing cohort.   

Analysis of Boll Distribution 

Boll distribution analysis in cotton has most often been presented on a per-

node basis (Figure 1.6A) or through boll accumulation estimates. Several studies 
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quantifying the contribution of boll properties such as boll number and weight to the 

yield variations under different conditions (e.g. different planting densities, irrigation, 

and pesticide) with the use of node-by- node analysis were done by Jenkins et al. 

(1990), Bednarz et al., (2000), and Snider et al., (2019). While node-by-node analysis 

provides high resolution for analysis, it is subject to variability from one node to 

another, which may sometimes obscure broader effects that are present over several 

nodes. Further, because boll number at a given fruiting site is relatively small, 

estimates at individual fruiting sites are prone to the nonlinearity and unequal 

variances associated with count measurements (Ritchie et al., 2011). 

Node-by-node boll distribution data can be presented as line graphs with 

separate lines by position (Figure 1.6A and 1.6B). Often, first position retention is 

compared among multiple cultivars, or all positions are combined for a single fruiting 

cohort to allow the comparison of several treatments on a single graph. Schaefer et al. 

(2017) and others have described the general sequence of flowering in a cotton plant 

and recommended that the second and third position bolls be combined with first 

position bolls that are located 2 nodes and 4 nodes higher on the plant, respectively. It 

is seldom that a fruit develops after the third position in a commercial cultivar if cotton 

stand density is maintained at greater than 8 plants per square meter. 
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Figure 1.6. Boll distribution in cotton can be analyzed (A) by dividing total bolls by 
total plants within a sample, (B) by counting total nodes within a selection of a m2 of 
plants, (C) by mapping boll density using contour plot, (D) by smoothing through a 
weighted average, (E) by combining fruiting cohorts and presenting as accumulated 
bolls by node, and (F) by presenting as a box and whiskers plot based on boll 
accumulation measurements in (E). 

Occasionally, contour plots have been used to demonstrate fruiting by position, 

with the contour lines representing changes in boll retention (Ritchie et al., 2009; 

Snowden et al., 2013). Figure 1.6C shows an example of a contour plot with second 

and third position bolls grouped with first position bolls of the same flower timing. 

The advantage of this method is the integration of all fruiting sites with the same fruit 

retention into a single graph for a treatment, but the limitation is that only a single 
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treatment may be shown on a graph. Another type of analysis can be done using 

smoothing through moving weighted average in order to preserve the intrinsic 

variability of boll properties among nodes (Figure 1.6D). 

Some studies have implemented the use of boll accumulation estimates by 

mainstem node (Bednarz & Nichols, 2005; Whitaker et al., 2008). Accumulated boll 

fraction is calculated by combining the first, second, and third positions bolls from 

corresponding flowering intervals at all nodes up the plant (Figure 1.6E). The 

accumulated fraction of total bolls is then expressed as the ratio of the number of bolls 

at or below the node of interest to the total number of bolls at all nodes. This method 

may also be conducted with boll mass. Schaefer et al. (2017) presented a variation of 

boll accumulation estimates by calculating the nodes at which 10, 25, 50, 75, and 90% 

of the fruit have been accumulated and presenting the information as a box and 

whiskers plot to quantify the effects of different temperatures and precipitation levels 

on the maturity of several commercial cotton varieties (Figure 1.6F). 

Opportunities and Challenges of Technology 

With the advent of imaging and remote sensing technologies, several advanced 

techniques of data analysis in cotton research have focused on morphological or 

physiological features such as plant height, canopy cover, and leaf area index (DeTar, 

Penner, & Funk, 2006; Dube et al., 2019; Sun, Li, & Paterson, 2017; Zhao, Wang, 

Huang, & Ma, 2009). In the past years, a few studies have attempted to use these 

techniques on boll distribution analysis. However, there is still much room for 

improvement, particularly with regards to covering larger areas in a field setting, 
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inherent imaging limitations such as those involving viewing areas and angles, and the 

challenges associated with converting (x, y, z)-coordinates to node positions within a 

plant.  

 Li, Cao, Xiao, and Cremers (2017) used a digital camera mounted on a bracket 

to evaluate a neural-based segmentation and detection method for cotton bolls. Yeom, 

Jung, Chang, Maeda, and Landivar (2018) reported a 38-fold increase in 

computational efficiency relative to traditional measurement methods by using an 

automatic open cotton boll image extraction method using aerial images and spectral 

information. Sun, Li, Paterson, Chee, and Robertson (2019) used a robot platform 

equipped with digital camera to detect and count the number of bolls based on an 

operation that splits a single boll into two or more disjointed regions. As with other 

high throughput methods, these imaging techniques offer the ability for larger 

coverage of data collection with decreased amount of measurement time (Pabuayon, 

Sun, Guo, & Ritchie, 2019). However, these techniques often require large data 

volumes for reliable results. One major limitation to these imaging techniques is that 

fruit, stems, and leaves near the top of the canopy obscure fruit and other structures 

lower in the canopy. Kadeghe, Glen, and Wesley (2018) used 3D imaging 

technologies to identify and count bolls by location, and they reported high accuracy 

(~95 to 99%) compared to ground truth data. Similarly, McCarthy, Hancock, and 

Raine (2009) developed a system that identified cotton nodes by processing sequential 

images from a monocular video acquired through the crop, although accuracy was 

limited by the overlap of multiple main stems and branches, occlusion of the 
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mainstems by leaves, and relative distance between the camera window and target. 

Sirault et al. (2013) encountered the same limitation with occlusion when 

PlantScan™, a system comprised of high-resolution cameras and integrated 3D 

reconstruction software, was used to measure internode length in cotton.  

The shape and size of cotton bolls can vary, especially toward the end of the 

growing season when the bolls start to open and the fibers hang out, which adds to the 

challenges of developing technologies for measuring boll distribution. The degree of 

illumination, boll clustering, and occlusion of non-boll features have effects on how 

the boll will appear in an image. In the study conducted by Yeom et al. (2018), 

shadows from upper canopy cotton bolls obscured the lower canopy cotton bolls. 

Kadeghe et al. (2018) reported boll images as white contours, with 5-pixel boll 

contour having greater percentage of detection than the 15-pixel boll contour. Sun, Li, 

Paterson, Jiang, and Robertson (2018) addressed some of these issues when they 

developed a system that distinguished geometric features of bolls to isolate the bolls 

from a complex background, counted the total number of bolls, and determined the 

exact location of the bolls within the plant using digital cameras and 3D reconstruction 

algorithms. This platform was further improved for end-of-season field mapping 

applications (Sun et al., 2020).   
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Conclusions 

Although boll distribution mapping is time-consuming and challenging, it still 

provides one of the best ways to determine the relationship between a cotton genotype 

and its environment. Optimized boll distribution measurements using field or box 

mapping can provide invaluable information on the different aspects of cotton growth, 

development, and adaptations to its growing environment. With cotton being an 

indeterminate crop, boll distribution and appropriate data analysis can capture 

temporal and spatial characteristics within a plant and at a field level, along with the 

agricultural and economic implications of the variations in these characteristics.  

Boll distribution measurements allow meaningful comparisons among different 

treatments or genetic lines, and increasing the throughput capacity of these 

measurements can increase accuracy by providing more data points and spatial 

coverage with decreased measurement time and sampling errors. Thus, major strides 

in improving boll distribution measurements have been made by combining the 

positive elements in traditional mapping with new technologies. Overall, boll 

distribution is invaluable to understanding cotton growth and developmental habits 

and it is possible that mapping may soon be applied to thousands of research plots and 

entire production systems, providing new and comprehensive insight to cotton fruiting 

dynamics. 
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CHAPTER 2  

HIGH-THROUGHPUT PHENOTYPING IN COTTON: A REVIEW 

Abstract 

 Recent technological advances in cotton (Gossypium hirsutum L.) phenotyping 

have offered tools to improve the efficiency of data collection and analysis. High-

throughput phenotyping (HTP) is a non-destructive and rapid approach of monitoring 

and measuring multiple phenotypic traits related to the growth, yield, and adaptation 

to biotic or abiotic stress. Researchers have conducted extensive experiments on HTP 

and developed techniques including spectral, fluorescence, thermal, and 3-dimensional 

imaging to measure the morphological, physiological, and pathological resistance 

traits of cotton. In addition, ground-based and aerial-based platforms were also 

developed to aid in the implementation of these HTP systems. This review paper 

highlights the techniques and recent developments for HTP in cotton, reviews the 

potential applications according to morphological and physiological traits of cotton, 

and compares the advantages and limitations of these HTP systems when used in 

cotton cropping systems. Overall, the use of HTP has generated many opportunities to 

accurately and efficiently measure and analyze diverse traits of cotton. However, 

because of its relative novelty, HTP has some limitations that constraints the ability to 

take full advantage of what it can offer. These challenges will need to be addressed to 

increase the accuracy and utility of HTP, which can be done by integrating analytical 

techniques for big data and continuous advances in imaging.  
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Introduction  

Plant phenotyping measures the morphological and physiological traits of 

plants as a function of genetics, environment, and management (Yang et al., 2017). 

Phenotyping on large quantities of plants has traditionally been challenging, involving 

time- and resource-consuming measurements of the parameters (Qiu et al., 2018). 

However, the digital revolution has brought advancements in phenotyping that will be 

greatly beneficial to the plant sciences. In plant breeding, high throughput phenotyping 

(HTP) – a nondestructive and noninvasive approach of measuring complex plant traits 

– is a promising tool that can help reach solutions toward the long-standing “10 

Billion People Question” (Ray, Mueller, West, & Foley, 2013; Tester & Langridge, 

2010). Like the advent of high throughput production in other industries and sciences, 

rapid phenotyping of complex plant traits related to the growth, yield, and adaptation 

to biotic or abiotic stress would significantly optimize crop production.  

Plant phenotyping techniques based on remote sensing technologies and 

reflectance data are important tools in improving agricultural management schemes 

(Candiago, Remondino, De Giglio, Dubbini, & Gattelli, 2015). Vegetation indices 

(VI) derived from the spectral reflectance data can be used to estimate and monitor 

plant growth parameters such as leaf area index, ground cover fraction, leaf water 

status, chlorophyll or nitrogen concentrations, amongst other variables (Cammarano, 

Fitzgerald, Casa, & Basso, 2014; Haboudane, Tremblay, Miller, & Vigneault, 2008; 

Tanriverdi, 2006). More specifically, VI are key components of precision agriculture 

because of their valuable applications in estimating crop yield, in variable-rate 
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application technologies involving chemical spraying and fertility management, and in 

detecting weeds and crop diseases (Grisso, Alley, Thomason, Holshouser, & 

Roberson, 2011; Zerger et al., 2010). 

More recently, HTP using imaging techniques were developed to improve the 

efficiency of cotton (Gossypium hirsutum L.) phenotyping. Some applications of these 

technologies include in-field cotton boll detection based on color and textural features 

using 2-dimensional color images (Li et al., 2016), measurement of plant height and 

canopy cover (Jiang, Li, & Paterson, 2016; Sharma & Ritchie, 2015), detection of 

flower based on multispectral images (Xu, Li, & Paterson, 2019), measurement of 

internode lengths using an in-field machine vision system (McCarthy, Hancock, & 

Raine, 2010), estimation of water status using thermal images using an infrared 

thermal camera (Cohen, Alchanatis, Meron, Saranga, & Tsipris, 2005), and 

measurement of the canopy height, temperature, and normalized differential 

vegetation index (NDVI) (Andrade-Sanchez et al., 2014). With the extensive 

production of cotton worldwide due to its high importance as a natural fiber-producing 

crop, these HTP systems offer greater potential in improving the accuracy, efficiency, 

speed, and quality of data collected for determining in-season crop growth and 

development in comparison with traditional phenotyping. However, due to the 

heterogeneity of field plots and variations in environmental conditions in cotton 

production, it is inevitable to come across challenges when implementing these 

systems.  

This review paper has the following objectives: 
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1. Identify the techniques and recent developments of HTP in cotton; 

2. Discuss the potential applications according to the morphological and 

physiological traits of cotton;  

3. Compare the advantages and limitations of these HTP systems when used 

in cotton cropping systems. 

Techniques and Developments 

Sensors 

Electromagnetic sensors are commonly used in HTP, because they offer quick 

and nondestructive estimation of crop growth parameters. Commonly used sensors 

detect radiation with frequencies that correspond with reflectance, emission, and 

fluorescence of electromagnetic radiation.  As a result, the sensor types are 

categorized by wavelength or frequency, as well as by the physical parameters being 

measured. For the purposes of this paper, spectral, thermal, fluorescence, and three-

dimensional (3D) sensors will be discussed separately, although there are overlaps in 

technology and wavelengths among some of these sensors. A summary of the different 

sensing techniques used for cotton HTP applications is presented in Table 2.1. 

Spectral cameras and spectrometers are usually used in high throughput 

sensing to measure reflected visible and near-infrared radiation (NIR), with specific 

wavelengths chosen for their relationship to plant structure and biochemistry (Curran, 

1989). Plant leaf reflectance is highly characterized as a function of chlorophyll, 

mesophyll structure, water, oxygen, and several other chemical and structural 

characteristics (Liu et al. 2016a). As a result, ratios, normalized ratios, and other more 
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complex formulas have been used to ascertain chlorophyll density, ground cover 

fraction, nitrogen status, and several other broad physiological parameters 

(Knyazikhin et al., 2013; Ollinger et al., 2008; Ritchie, Sullivan, Vencill, Bednarz, & 

Hook, 2010; Xue & Su, 2017). 

Table 2.1. Summary of the sensing techniques typically used in high-throughput 
phenotyping applications in cotton. 

  

Type of Sensing Wavelength range References 
Spectral Visible-Near Infrared Bannari et al. (1995), Curran 

(1989), Elvidge & Chen (1995), 
Haboudane et al. (2004), Huete 
(1988), Jackson & Huete (1991), 
Khan et al. (2018), Knyazikhin et 
al. (2013), Li et al. (2014), Liu et 
al. (2016a), Ollinger et al.(2008), 
Panda et al. (2010), Qi et al. 
(1994), Ritchie & Bednarz 
(2005), Ritchie et al. (2008), 
Ritchie et al. (2010), Thenkabail 
et al. (2000), Xue & Su (2017) 

Fluorescence Visible Gao et al. (2017), Li et al. (2018), 
Meroni et al. (2009), Massacci et 
al. (2008), Oosterhuis et al. 
(2008), Snider et al. (2015), Wu et 
al. (2014), Zhang et al. (2018) 

Thermal Infrared Blonquist Jr et al. (2009), Blum et 
al. (1982), Cohen et al. (2005), 
Falkenberg et al. (2007), Jones et 
al. (2009), Mahan et al. (2010),  
Manfreda et al. (2018), Sullivan et 
al. (2007), Wanjura et al. (2004)  

LiDAR 
(Light detection 
and ranging) 

Ultraviolet-Visible-Near 
Infrared 

Bietresato et al. (2016), Deery et 
al. (2014), French et al. (2016), 
Sun et al. (2018), Whitaker 
(1998), Sun et al. (2017) 
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Imaging quantifies plant structure, using measurements of reflected, absorbed, 

or transmitted light for quantitative phenotypic analysis of multiple traits such as 

ground cover fraction, leaf area, color, seedling vigor and morphology, root structures, 

nutrient content, disease detection and assessment, and yield (Li, Zhang, & Huang, 

2014). The interactions of plant and light, particularly in relation to photosynthetic 

responses, is also the basic concept of the VI, which is defined as spectral 

transformation that emphasizes the presence and state of vegetation (Bannari, Morin, 

Bonn, & Huete, 1995; Khan, Rahimi-Eichi, Haefele, Garnett, & Miklavcic, 2018). 

Some of the widely known VI are the NDVI, green normalized difference vegetation 

index (GNDVI), red edge normalized difference vegetation index or normalized 

difference red edge (RENDVI or NDRE), soil adjusted vegetation index (SAVI), 

modified soil adjusted vegetation index (MSAVI), and enhanced vegetation index 

(EVI) (Bannari et al., 1995; Haboudane, Miller, Pattey, Zarco-Tejada, & Strachan, 

2004; Jackson & Huete, 1991; Panda, Ames, & Panigrahi, 2010). Imaging techniques 

that use these VI have been widely integrated in different remote sensing applications, 

particularly in precision agriculture. Thenkabail, Smith, and De Pauw (2000) 

evaluated NDVI, SAVI, and optimum multiple narrow band reflectance (OMNBR) 

values that were obtained using a spectroradiometer and reported that 12 specific 

narrow bands, between 350 nm to 1050 nm, provided the optimal estimation of leaf 

area index, plant height, and yield in cotton with accuracy ranging from 64 to 88%. 

Ritchie, Sullivan, Perry, Hook, and Bednarz (2008) reported a close correlation (r2 = 

0.72) of cotton NDVI values obtained from a camera system (unmodified and NIR-
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sensitive Nikon Coolpix 4300 digital camera) and from ground-based spectrometer. 

Quantitative and qualitative assessment of vegetation using VI can be affected by 

several factors such as complex canopy system and varying soil properties (Bannari et 

al., 1995). To minimize the influence of soil effect on vegetation spectra, Huete (1988) 

developed the SAVI using the value of 0.05 as a fixed soil adjustment factor (L). The 

SAVI was later improved when Qi, Chehbouni, Huete, Kerr, and Sorooshian (1994) 

developed the MSAVI based on the spectral measurements of cotton with different 

soil color and moisture levels. Unlike SAVI, MSAVI has a self-adjusting L to account 

for the variability in soil conditions. Aside from SAVI and MSAVI, perpendicular 

vegetation index (PVI) can also be used to minimize background effects (Elvidge & 

Chen, 1995). 

The use of plant reflectance for HTP is useful, but there are several principles 

that should be considered when using a reflectance approach. First, reflectance is most 

likely to correlate with pigments or plant structures that are most prevalent in a plant. 

For example, the dominant absorption in plant leaves in the visible spectrum is due to 

chlorophyll, and VI that use visible reflectance largely measure chlorophyll density, 

either within the leaf or within the scene detected by the sensing system. As a result, 

the use of a VI using visible and NIR reflectance to measure nitrogen stress, water 

stress, or any other limiting factor only has validity in the absence of other plant 

stressors that affect the reflectance of the plant in a similar manner. For example, 

water deficit stress in cotton results in a decreased leaf area index, which corresponds 

with a lower VI due to less leaf area sensed within the system. However, nitrogen 
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stress also results in both a decreased leaf area index and lower chlorophyll density 

within individual leaves, which also corresponds with a lower VI. Therefore, 

researchers should be cautious in assigning changes in vegetation reflectance indices 

to particular causal agents without elimination of other potential confounding factors. 

The advent of sensing systems with high spatial resolution provides 

opportunities for the discrimination of leaf color from leaf coverage. For example, a 

satellite image with 1 m x 1 m resolution will detect an individual pixel as a 

combination of plant leaves, soil, and any other features within the scene of the pixel. 

Conversely, pixel resolutions of 2 cm x 2 cm or smaller are common in unmanned 

aerial vehicle (UAV) applications, so an individual pixel may correspond with an 

individual leaf or adjacent leaves. These increases in resolution may be of value in 

HTP, because they allow the discrimination of leaf color from leaf coverage. 

However, spectral calibration becomes increasingly important in these cases, since 

imagery of a field may be composed of thousands of individual images with their own 

corresponding lighting and camera settings. 

Fluorescence meters have also been used to detect plant metabolic or 

biochemical activity (Li et al. 2018). Fluorescence is the re-emission of radiation at a 

different wavelength by a surface that has absorbed light or similar electromagnetic 

radiation. The re-emitted light usually has a longer wavelength and consequently 

lower energy than the original absorbed radiation. Therefore, fluorescence differs from 

reflectance in that reflectance measures the quantity of light at the same wavelength 

that is reflected from the surface. Fluorescence has many practical applications, but in 
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plants, it is valuable because it can be used to quantify the activity of several pigments, 

including photosynthetic conversion efficiency (Massacci et al., 2008; Gao et al. 2017; 

Zhang et al. 2018;). The techniques have been used extensively in recent years to 

determine heat tolerance in cotton (Oosterhuis et al., 2008; Snider, Chastain, & 

Collins, 2015; Wu, Weaver, Locy, McElroy, & van Santen, 2014). 

As discussed by Meroni et al. (2009), remote sensing of fluorescence in plants 

usually focuses on solar-induced chlorophyll fluorescence (F). In cases where the 

sensor is in close proximity to the plant, it may be possible to use an active light 

source to more accurately ascertain fluorescence, but many remote sensing 

applications attempt to quantify F passively. These methods are still considered 

developmental, even though the first attempts at passive fluorescence measurements in 

plants were made in the 1970s. Because fluorescence is based on wavelengths of 

radiation that are also reflected, fluorescence is not measured independently of plant 

reflectance and is subject to the same challenges discussed for reflectance, with the 

added limitation that fluorescence creates a small spectral signal beyond that of 

reflectance and requires a combination of high spectral resolution and minimization of 

background noise for accurate measurements. 

Thermal sensing is a nondestructive method of assessing the level of crop water 

deficit based on the measurement of canopy temperature. As cotton becomes water-

stressed, stomatal closure results in a decrease of transpiration and an attendant 

temperature increase (Blonquist Jr, Norman, & Bugbee, 2009). As a result, thermal 

sensing has been used to detect temperature stress and temperature profiles within 
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crop canopies in several studies (Blum, Mayer, & Gozlan, 1982; Falkenberg, Piccinni, 

Cothren, Leskovar, & Rush, 2007; Jones et al., 2009; Mahan, Conaty, Neilsen, Payton, 

& Cox, 2010; Sullivan, Fulton, Shaw, & Bland, 2007; Wanjura, Maas, Winslow, & 

Upchurch, 2004). Thermal sensing measures temperature based on a combination of 

emitted thermal radiation and the relative emissivity of objects being measured. Since 

the composition of plant leaves are mostly water and water has a high emissivity, 

measuring the temperature of plant leaves can be quite accurate, in many cases, the 

measurement error is within 0.1° C (Blonquist Jr, Tanner, & Bugbee, 2009). However, 

some limitations of canopy temperature measurements include low spatial resolution 

(Manfreda et al., 2018) and the effects of surrounding features with relatively high 

radiation outputs (Jones et al., 2009). There are also challenges brought about by the 

thermal drift associated with sensor temperature (Blonquist Jr, Tanner, et al., 2009; 

Mahan et al., 2010). In addition, thermal sensors tend to be expensive and fragile, 

particularly thermal cameras. Because of these drawbacks, the use of thermal imagery 

to measure plant canopy stress has always tried to balance balanced the physical 

constraints of the sensing environment with the promise of sensing a biologically 

important abiotic stress. 

Another remote sensing system that is growing in popularity uses light detection 

and ranging (LiDAR) sensing. It involves estimation of the distance between the 

sensor and the target object and analysis of the time-of-flight (TOF) once the target 

object is illuminated with a laser (Deery, Jimenez-Berni, Jones, Sirault, & Furbank, 

2014; Sun et al., 2018). The output of LiDAR is a point cloud that is commonly used 
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in 3D reconstruction, which is the process of capturing the shape and appearance of 

real objects from a set of images (Whitaker, 1998). One particular advantage that is 

being offered by LiDAR remote sensing and 3D reconstruction over manual methods 

is their capability to characterize the volume of canopy and crop density even in 

heterogenous field plots (Bietresato, Carabin, Vidoni, Gasparetto, & Mazzetto, 2016; 

Gasparetto, 2016). 

The two most prominent studies that feature the use of LiDAR to scan cotton 

plants were done by French, Gore, and Thompson (2016) and Sun, Li, and Paterson 

(2017). Both systems were accompanied by a global positioning system (GPS) and 

mounted on a tractor platform. High resolution and low distortion mapping of cotton 

heights, widths, leaf area, and boll counts were achieved by the system developed by 

French et al. (2016) while multiple traits including plant height, projected canopy area, 

and plant volume were simultaneously extracted from repeated measurements over the 

growing season by Sun et al. (2017).  

In practice, limitations of LiDAR in HTP have been related to the cost of the 

sensing system, which may be in the tens to hundreds of thousands of dollars, and the 

lack of corresponding red, green, and blue (RGB) spectral information associated with 

the 3D structural measurements of the sensor. As with other 3D imaging systems, 

LiDAR also requires an open path to detect all of the features within a plant canopy, 

so features may be obscured without multiple angles of detection. In addition, LiDAR 

may be affected by surface reflectivity and has potential health hazards associated 

with the lasers that are used. 
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UAV with spectral imaging sensors can obtain the spectral absorption and 

reflectance characteristics of crops, which can be used to monitor the crop planting 

area and crop growth, evaluate the biological and physical characteristics of a crop, 

and predict crop yield (Yang et al., 2017). Ritchie and Bednarz (2005) used a 

photosynthetically active radiation/near infrared spectrometer to investigate the 

relationship of red-edge based NDVI and leaf area index and to quantify cotton 

defoliation. Results showed that spectral data based on red edge measurements can 

provide accurate defoliation estimates which could possibly improve defoliation 

efficiency.  

Platforms 

With the development of acquisition technologies for HTP, crop growth and 

development can be monitored with phenotyping systems mounted on a ground-based 

or aerial-based platform (Duan et al., 2017), which allows capturing high resolution 

images and multiple crop traits at canopy level (Khan et al., 2018). Ground-based HTP 

platforms, typically equipped with GPS navigation device and sensors, can produce 

data of higher resolution because of their ability to capture images at a closer range 

relative to the plant (Araus & Cairns, 2014; Condorelli et al., 2018). Aerial-based HTP 

platforms offer greater speed in capturing and measuring traits in a larger coverage 

area. These two platforms have their own advantages and limitations when used in 

cotton phenotyping (Table 2.2). 
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Various ground-based systems have been developed and applied for a wide 

range of phenotypic and agronomic studies in cotton. A ground-based plant 

phenotyping system built on a LeeAgra 3434 DL open rider sprayer with three types 

of sensor was used by Andrade-Sanchez et al. (2014) to evaluate the variations in 

canopy height, reflectance, and temperature of 25 Pima cotton grown under optimal 

irrigation supply and water-limited conditions. As expected, data acquisition 

efficiency of the system was higher when compared with manual measurements 

(r2 = 0.35-0.82). One advantage of this system is the stability of the structure that is 

holding the sensors and its minimal damage to the cotton stands particularly to the 

plots with tall plants. This is considered an improvement since a concern commonly 

raised when using ground-based platforms is the damage that can be brought about by 

the size of the platform relative to the size of the plant as well as space allotted for 

unrestrained movement of the system. Another advantage of this system over the 

manual phenotyping method is that when multiple georeferenced sensors were used, 

the bias in selecting the representative samples in a plot was minimized. However, 

some potential limitations of this HTP system is the difficulty in maneuvering 

particularly when the plant row spacing is limited or when the soil is wet, and the 

relatively low clearance of one of the sensors (ultrasonic proximity sensor). It was 

emphasized in this study that current maximum clearance of the ultrasonic proximity 

sensor for the system was not high enough to be able to cover the tallest cotton plants. 

This highlights the important consideration that should be given to the sensor height 

especially in areas with large variations in plant or canopy height. Meanwhile, the 
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image spatial resolution was limited by the vehicle speed through the field and by the 

sampling frequency of the data collection system. So, electronics and signal 

processing improvement will be needed for higher throughput in cotton.  

Another ground-based phenotyping system that was developed recently was 

the GPhenoVision which mainly consisted of RGB image combined with image depth 

(RGB-D), thermal, and hyperspectral cameras (Xu et al. 2018b). This HTP system was 

used to evaluate multi-dimensional morphological traits of cotton such as leaf area and 

canopy volume. It showed the potential of measuring phenotypic traits for genomics 

and breeding studies at a small scale. A rubber cushion was applied on the sensor 

frames to reduce the vibrations that could decrease the possibility of acquiring blurry 

images, which has been one of the main concerns for the ground-based platform. The 

authors noted some limitations of the system that can be further improved such as 

optimization of the illumination configuration for the three sensors, improvement of 

data processing algorithms so that it will be able to capture data in a regular plot 

layout and collect data of complex traits from 3D or hyperspectral images, and further 

improvement of the speed of data processing.   

The commonly used aerial-based platforms for cotton phenotyping are rotary-

wing and fixed-wing UAV. The fixed-wing UAV has faster flight speed, longer flight 

time, and a larger flight area coverage compared with rotary-wing UAV (Ziliani, 

Parkes, Hoteit, & McCabe, 2018). However, the lack of free hover ability and high 

flight speeds and altitudes of fixed-wing UAV often result to blurry images (Herwitz 

et al., 2004). Rotary-wing UAV have been commonly used for crop phenotyping 
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because these are relatively inexpensive, easy to control, and has the ability to hover. 

The flight planers such as Precision Flight, Drone Deploy, DJI Go, and Litchi can 

build the flight missions with flight height, speed, and overlaps which enable designed 

flight routes and automatic landing. However, rotary-wing UAV offer shorter flight 

time, lower payload, greater sensitivity to weather conditions, and weaker wind 

resistance compared with fixed-wing UAV (Shi et al., 2016; Zhang & Kovacs, 2012). 

These disadvantages limit the application of rotary-wing UAV in crop phenotyping at 

a large scale. Areas of improvement for rotary-wing UAV system include longer 

battery duration to ensure greater area coverage. For fixed-wing UAV, a faster frame 

rate, shorter exposure time, and higher spatial resolution would greatly improve its 

performance (Shi et al., 2016). 

Han et al. (2018) reported that high wind speed is a challenge when acquiring 

high-quality plant height data using UAV. In addition, digital terrain model (DTM) or 

digital surface model (DSM) errors can also contribute to the biases of plant height 

assessment. The highest point of the cotton plant could be smoothed out due to the 

pixel size or the movement of the plant, resulting in a lower value than the actual 

maximum plant height (Wang, Singh, Marla, Morris, & Poland, 2018; Xu et al., 

2019). Wang et al. (2018) reported that when plant density is low, the plant height 

measurements collected with UAV were lower compared with the data collected using 

the ground-based platform. This can be due to the lower resolution of the images 

generated from the UAV platform. A lower resolution digital elevation model (DEM) 

delineated with UAV platform results in partially complete canopy profile and lower 
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plant height values than the ground-based measurement. In addition, the movement of 

plant leaves could affect overlapping images, which in turn could lead to noise in 3D 

points (Xu et al. 2019). The unevenness of the soil surface could also be an issue for 

cotton plant height measurement. It was reported by Xu et al. (2019) that the standard 

deviation of the difference between the ground plane and the DEM for the ground 

pixels was 1~12 cm. Similarly, Chu et al. (2016) reported that the bare soil areas have 

about 5 cm uncertainty in DEM, which resulted in the error of baseline when 

calculating the plant height. In addition, the georeferencing errors from the ortho-

mosaic and DEM constrained the plot scale and temporal data analysis. These errors 

would be greatly reduced if there will be accurately surveyed ground control points 

(GCP) that can be applied when georeferencing the UAV images. Therefore, GCP at 

multiple heights are needed for the calibration of the plant height (Han et al., 2018). 

Other high-resolution applications 

High throughput phenotyping technologies, from different platforms equipped 

with single or multiple sensors, have generated massive and diverse sets of data for 

analysis (Singh, Ganapathysubramanian, Singh, & Sarkar, 2016). These datasets are 

important in computer vision-based plant phenotyping applications, such as pattern 

recognition (Mochida et al., 2018). Several studies have used pattern recognition 

techniques for improved agronomic resources management. Biradar and Shrikhande 

(2015) proposed a method of developing a system that detects and counts the number 

of flowers using image patterns/flower patterns captured by a digital camera. The 

method used Gaussian low-pass filtering and morphological operations that removed 
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non-flower regions of the image and emphasized fine details of the flower region. This 

method is advantageous in a greenhouse setting, mainly for farmers who rely on 

flower counts for revenue purposes. Similar principles of pattern recognition were also 

used in the systems developed by Adamsen, Coffelt, Nelson, Barnes, and Rice (2000) 

and Hsu, Lee, and Chen (2011). 

In cotton, one of the proposed applications of pattern recognition technique is 

in identifying cotton leaf diseases. Revathi and Hemalatha (2012) proposed the use of 

image processing edge detection techniques and homogeneous pixel counting 

technique for cotton diseases detection (HPCCDD) algorithm to detect symptoms of 

Fusarium wilt, Verticillium wilt, and leaf blight.  

 
Table 2.2. Advantages and disadvantages of ground-based and aerial-based types of 
platforms for cotton phenotyping. 

Platform 
Type Advantages Disadvantages References 

Ground-
based 

Structure stability, 
minimized bias in 
sample selection, 
good spatial 
resolution 

Difficulty in 
maneuvering 
particularly when the 
plant row spacing is 
limited or when the 
soil is wet, long time to 
cover a whole 
experiment 

Andrade-Sanchez 
et al. (2014), Araus 
& Cairns (2014), 
Condorelli et al. 
(2018), McCarthy 
et al. (2010), Xu et 
al. (2018b) 

    
Aerial-based Large coverage of 

sampling area, data 
collection can be 
done in a very short 
amount of time 

Shorter flight time, 
lower payload, greater 
sensitivity to weather 
conditions, and weaker 
wind resistance, spatial 
resolution depends on 
speed and altitude 

Han et al. (2018), 
Herwitz et al. 
(2004), Shi et al. 
(2016), Wang et al. 
(2018), Xu et al. 
(2019), Zhang & 
Kovacs (2012), 
Ziliani et al. (2018) 
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A pattern recognition algorithm called Convolutional Neural Networks was 

used by Xu et al. (2018a) to identify and count the number of opened cotton flowers 

using aerial color images. Convolutional Neural Networks distinguishes and 

differentiates objects or aspects from one another by assigning learnable weights or 

biases to various objects in the input image (Saha 2018). Liu et al. (2016b) reported 

the same algorithm to be effective in identifying flower species. Although results from 

Xu et al. (2018a) confirmed that the system developed for identifying and automatic 

counting of cotton flower was comparable with the results from manual counting, one 

disadvantage that was emphasized by the proponents was the underestimation in 

bloom counts when data were collected from a single plot with multiple crop stands. 

This limitation was due to inability of the system to capture hidden flowers.  

Xu et al. (2018b) developed an autonomous ground robot system designed to 

count the number of cotton bolls. The robot is equipped with real time kinematics 

(RTK)-GPS system, inertial measurement unit, and Waypoint. These three 

components are important to ensure that the robot can navigate the fields accurately, 

without human intervention, and without damaging the crops when it’s in between 

rows. Data processing involves constructing 3D point cloud from raw images, then 

counting the number of cotton bolls from the point cloud. This study was successful in 

a sense because it was able to show that opened cotton bolls can be counted from 3D 

point cloud with less human participation in the actual collection. The field set-up in 

this study consisted of one plant per plot, each plot was 1 m apart, and the distance 

between rows was 1.6 m. It would be interesting to see if this type of robot system 
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would be effective under a more realistic field scenario with 9-13 plants per meter and 

narrower plot and row spacing. 

A time series can be used to monitor the changes in growth characteristics of 

cotton over time (Hansen et al., 2014). In general, data acquired from multi-temporal 

high-resolution and low resolution time series can provide relevant information about 

the type of the crops, cropping patterns, and other crop growth parameters (Liu et al. 

2018; Waldner et al. 2015). Wu et al. (2018) monitored the progression of cotton root 

rot based on the extracted NDVI time series profiles from combined 250-m moderate 

resolution imaging spectroradiometer (MODIS) NDVI and 10-m Sentinal-2 NDVI 

time series. When compared with a healthy cotton plant, the results from this study 

showed decrease in values of parameters pertinent in assessing cotton root rot 

infections such as growth duration and maximum NDVI values. Similar concept of 

identifying cotton diseases using spectral and temporal signatures was also proposed 

by McKellip, Ryan, Blonski, and Prados (2005). Hao, Wang, Zhan, and Niu (2016) 

used this technique to develop a method which can classify crops based on NDVI time 

series of multiple years. However, this system can be limited by the differences in 

location and the nature of cropping systems.  
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Conclusions 

Improvement in cotton productivity highly depends on the availability of good 

quality phenotypic data. This review shows that a lot of potential is seen in HTP when 

it comes to improving data collection, management, and analysis when measuring 

phenotypic traits in cotton and in providing economic benefits in terms of decreased 

input costs and resources (labor, time). Imaging techniques and sensor technologies 

using spectral, thermal, fluorescence, and 3D sensors are useful tools in assessing crop 

characteristics, monitoring crop growth and development, and in assessing health 

status of cotton. With the advent of these HTP technologies, various ground-based and 

aerial based platform systems have been developed for phenotypic and agronomic 

studies in cotton. Even though each system has its advantages and limitations, it is 

clear that both systems offer potential for precise plant phenotyping based on the 

studies cited in this review. In addition to these techniques, there are other high-

resolution applications (pattern recognition and time series) that have led to significant 

contributions in understanding and monitoring the responses of cotton in different 

environmental conditions or scenarios. Future research should focus on improving the 

robustness, accuracy, effectivity, affordability, and maneuverability of these HTP 

systems when used in cotton production systems. In addition, improvements of HTP 

platforms should tackle the ability of these systems to capture the variability in cotton 

fields. 
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CHAPTER 3  
 

DRY MATTER AND NUTRIENT PARTITIONING CHANGES 
FOR THE PAST 30 YEARS OF COTTON PRODUCTION 

Abstract 

Modern cotton (Gossypium hirsutum L.) cultivars are more productive and 

have unique growth and fruiting characteristics due to optimization of genetics and 

management practices in the past 30 years. The most recent work evaluating nutrient 

uptake and partitioning by cotton was conducted in the early 1990s, necessitating a re-

evaluation of nutrient accumulation and requirements in modern high productivity 

cultivars. Modern cultivar [FiberMax (FM) 958 and Deltapine (DP) 1646] resource 

allocation, including dry matter production, yields, and accumulation and partitioning 

of nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), and 

sulfur (S) to different organs, was compared with that of a 1990s cultivar [Paymaster 

(PM) HS26] in 2018 and 2019. The modern cultivars tested in this study partitioned a 

greater percentage of dry matter, N, P, K, and S into the fruit than the older cultivar, 

highlighting the importance of partitioning for increased production potential of these 

cultivars from the 1990s to the 2010s. Greater efficiencies in partitioning and 

remobilization of N, P, K, and S resulted to 66%, 88%, 64%, and 30% increase in the 

amount of lint yield produced for every unit of uptake, respectively, under favorable 

growing conditions. These findings suggest that existing fertility paradigm in cotton 

may underestimate the accumulation expectations during the middle and latter part of 

the growing season. These results can be a basis for optimizing nutrient application to 

address partitioning changes. Adjusting nutrient recommendations to the shift in 
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cultivar growth characteristics may improve both yield and application efficiency of 

fertilizers.   
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Introduction 

Nutrient uptake and partitioning among plant tissues of cotton (Gossypium 

hirsutum L.) grown under both dryland and irrigated conditions have been 

documented in several studies for more than 100 years by Fraps (1919), Armstrong 

and Albert (1931), Bassett, Anderson, and Werkhoven (1970), Olson and Bledsoe 

(1942), and Halevy (1976). For cotton cultivars grown in the southern United States, 

the most fundamental and recent report on dry matter and nutrient partitioning was 

provided by Mullins and Burmester (1990), who focused primarily on the 

accumulation and translocation of nitrogen (N), phosphorus (P), and potassium (K) 

from vegetative to reproductive tissues. The findings of this study have been the basis 

of the current fertilizer recommendations for the majority of cotton production in the 

Southern High Plains. 

Since the 1990s, research efforts on crop management optimization have 

greatly improved the lint production efficiency of cotton. In addition, modern cotton 

cultivars are more compact and efficient due to genetic improvements in the past 30 

years (Liu, Constable, Reid, Stiller, & Cullis, 2013). Efforts were also made to 

increase the tolerance of cotton to biotic and abiotic stresses (Ashraf & Harris, 2005). 

These changes have increased yield potentials of cotton (USDA FAS, 2019; Glade Jr, 

Meyer, & Stults, 1996). The improved efficiency of newer cultivars due to genetic 

improvement and crop management optimization has likely changed the organ nutrient 

accumulation and the requirement rates of these cultivars over the past years. Recent 

studies on nutrient uptake and partitioning dynamics in cotton grown in United States 
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were conducted by Boquet and Breitenbeck (2000) and Fritschi, Roberts, Travis, 

Rains, and Hutmacher (2003, 2004). These reports mainly focused on the effects of 

the different rates of N fertilizer on the seasonal N assimilation and not on the changes 

in accumulation per production unit relative to the amounts established for older 

cultivars. Rochester and Constable (2015) reported a significant increase in lint yield 

(40%) and nutrient-use efficiencies (N by 20%, P by 23%, and K by 24%) of cotton 

cultivars released between 1976 and 2006 in Australia as a result of selective breeding 

for cultivars more adapted to specific soil type and management practices. However, 

the findings in study were based on the nutrient analysis of the whole above-ground 

biomass collected at physiological maturity and not on the specific plant part collected 

across the growing season. Because research efforts have optimized many aspects of 

crop management strategies for modern cultivars, there is a need for a re-evaluation of 

nutrient requirements to match modern cultivar characteristics. 

Yield improvements can be associated with more efficient nutrient allocation. 

Lint yields depend on proper macronutrient and micronutrient accumulation and 

partitioning over time and by location within the plant. If plant nutrient demand 

exceeds soil supply, optimal yields will only be achieved when fertilizers are applied 

to supplement plant-available nutrients in the soil (Rochester, 2011; Roy, Finck, Blair, 

& Tandon, 2006). However, misapplication of nutrients is expensive and may cause 

off-site movement of the nutrients. For this reason, it is important that we understand 

how accumulation amounts and timing of nutrients of modern cotton cultivars have 

changed over the past several decades. Typically, growth and dry matter accumulation 
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by a cotton plant follows a sigmoidal curve, with the most rapid rate of production 

occurring after flowering (Miley & Oosterhuis, 1990). Nutrient uptake follows a 

similar pattern, with uptake of most nutrients preceding dry matter production, acting 

as necessary constituents for the growth of the plant. Several other studies reported 

differences related to the timing and amounts of nutrients accumulated between 

obsolete and then-modern cultivars in the late 1980s and mid-1990s. Research 

conducted in the early to mid-1900s reported a greater percentage of nutrients 

accumulated prior to first flower (Christidis & Harrison, 1956; White, 1914), which 

was contradicted by research conducted in the last three decades of the 1900s (Bassett 

et al., 1970; Bourland, Oosterhuis, & Tugwell, 1992). The latter studies reported less 

nutrient accumulation and dry matter production prior to first flower compared to what 

was originally determined.  

Because of the changes in crop growth habit and partitioning patterns in the 

past thirty years, we hypothesize that dry matter and nutrient partitioning, uptake, and 

removal have significantly changed from previous reports by Mullins and Burmester 

(1990, 1992, 1993) due in part to physiological changes which increased the yields of 

modern cotton cultivars. To determine the extent of these changes, the current study 

had the following objectives: 

i) To compare dry matter and nutrient partitioning patterns of modern 

cotton cultivars with a popular cultivar from the 1990s.  

ii) To determine how these changes in partitioning relate to the yield, 

nutrient removal, and the nutrient uptake index of modern cultivars. 
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Materials and Methods 

Experimental site 

Field experiments were conducted in 2018 and 2019 at the Texas Tech 

University Research Farm, New Deal, TX, USA (33° 44' 13.76" N, 101° 43' 58.04" 

W, 994 m above sea level). The study location is in a semi-arid climate with an 

average annual precipitation of 483 mm for the last 7 years based on the data obtained 

from an on-site GRW weather station (Campbell Scientific). The soil is a Pullman clay 

loam (fine, mixed, superactive, thermic, Torrertic Paleustolls) (National Cooperative 

Soil Survey, 2014). The measured soil pH ranged from 7.9 to 8.1 across 0 to 60 cm 

soil depth. A summary of the cumulative precipitation, daily maximum temperatures, 

and accumulated growing degree days with a baseline of 15.6ºC (GDD15.6ºC) during 

the experiments is presented in Figure 3.1.    

Soil, crop, and irrigation management practices 

Three cotton cultivars, Paymaster HS 26 (PM HS26; PI 606814), FiberMax 

958 LL (FM 958; PI 642049), and Deltapine 1646 B2XF (DP 1646) were planted on 

21 May 2018 and 31 May 2019. During each year, there were a total of 4 replicates of 

each cultivar arranged in a randomized complete block design. The PM HS26 cultivar 

was released in 1986, FM 958 was released in 2000, and DP 1646 was released in 

2016. Plots were seeded at an average rate of 130,000 seeds ha-1. Each plot was 12.2 

m long with four 1.02 m spaced rows. During each year, plots were fertilized at a rate 

of 44 kg N ha-1 applied as urea ammonium nitrate (UAN, 32-0-0), 90 kg P2O5 ha-1, and 
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30 kg K2O ha-1. The liquid N fertilizer was split-applied using a coulter applicator. In 

2018, UAN was applied 2 days before planting (40% pre-plant) and at 51 days after 

planting (DAP) (60% side-dressed). In 2019, UAN was applied 15 days before 

planting (40% pre-plant) and at 70 DAP (60% side-dressed). Both P and K were 

applied 100% at pre-plant. Measured residual soil nitrate-N (NO3-N) from 0 to 60 cm 

soil depth was 56 kg N ha-1 (2018) and 47 kg N ha-1 (2019), which totaled 100 kg ha-1 

(2018) and 91 kg ha-1 (2019) plant available N as NO3
-. For both years, the mean total 

in-season irrigation applied was 356 mm (through subsurface drip irrigation system). 

The total seasonal rainfall in 2018 was 102 mm and 191 mm in 2019. 
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Figure 3.1. Cumulative precipitation, daily maximum temperatures (Tmax), and 
cumulative growing degree days (GDD15.6°C) by days after planting (DAP) in 2018 
and 2019 growing seasons at Texas Tech University Research Farm, New Deal, TX. 
Base temperature used was 15.6°C. 
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Sample and data collection 

Soil samples were collected 30 days before planting each year at 0-15 cm, 15-

30 cm, and 30-60 cm depth intervals. These soil samples were dried in an oven at 

60ºC for 7 days, ground to pass through a 2-mm mesh screen, and submitted for 

standard analyses (P, K, Ca, Mg, S, Na, Fe, Zn, Mn, Cu, B, pH, electrical 

conductivity) to the Texas A&M AgriLife Extension Soil, Water, and Forage Testing 

Laboratory (College Station, TX). Soil pH and electrical conductivity of a 1:2 

soil/water ratio extract was determined using the hydrogen selective electrode and 

conductivity probe, respectively (Rhoades, 1982; Schofield & Taylor, 1955). Soil 

NO3-N was determined using the cadmium reduction method followed by 

spectrophotometric measurement (Kachurina, Zhang, Raun, & Krenzer, 2000). 

Phosphorus, K, Ca, Mg, Na, and S were extracted using the Mehlich III solution based 

on the procedure outlined by Mehlich (1984) and determined using inductively 

coupled plasma (ICP) spectroscopy. Copper, Fe, Mn, and Zn were extracted using the 

diethylenetriaminepentaacetic acid (DTPA) extraction method and determined using 

ICP spectroscopy (Lindsay & Norvell, 1978). The results are summarized in Table 

3.1.  

Stand counts were measured two weeks after emergence. Destructive plant 

sampling was conducted at 30, 60, 90, and 120 DAP. Biomass samples were separated 

into leaves, stems, squares, flowers, burs (immature bolls at 90 DAP; capsule walls at 

120 DAP), lint, and seeds. The separated tissue samples were dried for 48 to 72 hours 

at 80°C, weighed, and ground prior to analyses. Dry biomass fractions were submitted 
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for total N and mineral (P, K, Ca, Mg, S) analysis except for the lint samples. Total N 

in plant tissues was determined by high temperature combustion process (McGeehan 

& Naylor, 1988; Nelson & Sommers, 1973; Sheldrick, 1986) and P, K, Ca, Mg, and S 

were determined by ICP spectroscopy analysis of a nitric acid digest (Havlin & 

Soltanpour, 1980; Isaac & Johnson, 1975).  

 
Table 3.1. Pre-season soil characterization of samples collected from New Deal, TX in 
2018 and 2019.  

 2018 2019 
Parameter 0-15 cm 15-30 cm 30-60 cm 0-15 cm 15-30 cm 30-60 cm 
pH 7.9 8.1 7.9 8.0 7.9 8.1 
Conductivity 
(µmhos cm-1) 

270 276 249 217 194 211 

NO3
--N (mg kg-1) 9.6 5.0 5.2 7.9 6.6 3.1 

P (mg kg-1) 9.9 3.3 4.0 9.8 5.7 3.7 
K (mg kg-1) 522 266 328 584 385 311 
Ca (mg kg-1) 3597 8262 4369 3945 4102 8514 
Mg (mg kg-1) 791 785 839 798 901 770 
S (mg kg-1) 10.1 11.1 6.5 12.1 10.8 10.4 
Na (mg kg-1) 42 77 56 70 101 109 
Fe (mg kg-1) 2.6 

  
6.6   

Zn (mg kg-1) 0.1 
  

0.2   
Mn (mg kg-1) 7.6 

  
7.8   

Cu (mg kg-1) 0.8 
  

0.8   
 

Total nutrient uptake (kg ha-1) was calculated as the amount of accumulated 

nutrient derived from the product of tissue mineral concentrations (kg mineral per kg 

tissue sample) and dry matter per sampling area (kg tissue sample per hectare). 

Nutrient removal (kg ha-1) was calculated as the amount of nutrient contained in the 

seed when plant samples were removed from the field at the last sampling date. The 

nutrient uptake index (kg nutrient per 100 kg lint) is the total amount of nutrient 
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uptake per production unit. Mature bolls were harvested within 25 m2 area on 10 

November 2018 and on 4 November 2019.  

Statistical analysis 

Statistical analysis was performed using the Generalized Linear Mixed Model 

(GLIMMIX) procedure in SAS 9.4 (SAS Institute, 2013). The method of determining 

statistical significance followed Fisher’s protected test: the significance of the overall 

test was determined first, and least-squares mean separation was conducted in cases 

where the overall test significance met a critical P-value of 0.05. The fixed effect 

factor was cultivar and based on recommendations by Littell, Milliken, Stroup, 

Wolfinger, and Oliver (2006), replicate and year were treated as random effect 

variables. Least-squares mean separation was based on the 95% confidence limits of 

the differences among treatments. Figures of dry matter and nutrient partitioning 

patterns were generated using the simple spline curve option with smoothed data 

points in SigmaPlot 13.0 (SigmaPlot, 2014).  
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Results and Discussion 

Growing conditions 

The total precipitation received in 2019 was greater than in 2018 (Figure 3.1). 

Of the total amount of effective precipitation in 2018, 162 mm was received within the 

late stage of the growing season. In 2019, 167 mm of precipitation was received 

within 45 DAP, and this was followed by several rainfall events during the growing 

season. The extreme rain occurrences at the start of the season was then followed by 

subsequent drought and high temperatures in the middle of the season, which stressed 

the plants at the onset of reproductive stage. The accumulated GDD15.6ºC in 2018 was 

slightly greater than in 2019.   

Dry matter production and partitioning 

The total dry matter partitioning of PM HS26, FM 958, and DP 1646 in 2018 

and 2019 are presented in Figure 3.2. Despite the cultivars having slower early-season 

dry matter production in 2018 than 2019, the overall productivity was greater in 2018 

(Table 3.2) because of more favorable weather conditions (cooler temperatures and 

more precipitation) at critical stages of cotton development. The 2019 season was 

unfavorable for cotton growth in the High Plains, due to extended rains at the start of 

the season and subsequent drought and high temperatures in the middle of the season 

(Figure 3.1), resulting in decreased yields for all cultivars. In-season dry matter 

decreased dramatically for all cultivars in 2019 compared to 2018 (Figure 3.2), and all 
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cultivars had similar decreases in harvested yield at the conclusion of the 2019 season 

compared to 2018 (Table 3.2).  
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Figure 3.2. Dry biomass production and partitioning by days after planting (DAP) of 
PM HS26, FM 958, and DP 1646 grown in 2018 and 2019 at New Deal, TX. Note that 
for each year, the scale of the dry biomass (left y-axis) differs among cultivars. 
 

 
Table 3.2. Comparison of the accumulated heat units (GDD15.6°C) at maximum 
growth rate, accumulated dry matter at maximum crop growth rate, and total dry 
matter and lint yields at harvest between cultivars developed prior to 1990 and modern 
cultivars tested in 2018 and 2019 at New Deal, TX. 

Parameters 
1990 

(Burmester) 
2018  

(Current Study) 
2019 

(Current Study) 
Accumulated heat units 
at maximum crop 
growth rate (GDD15.6°C) 

500-800 903-1106 894-1082 

Percent of total dry 
matter accumulated at 
maximum crop growth 
rate (%) 

28-38 36-44 31-36 

Total dry matter at 
harvest (kg ha-1) 

6726-7923 6858 c (PM HS26) 
8892 b (FM 958) 
10740 a (DP 1646) 

5484 a (PM HS26) 
5196 a (FM 958) 
5168 a (DP 1646) 

Lint yield at harvest 
(kg ha-1) 

839 1457 b (PM HS26) 758 b (PM HS26) 
1744 a (FM 958) 783 ab (FM 958) 
1709 a (DP 1646) 969 a (DP 1646) 

Means of total dry matter and lint yield annotated by a common letter within the same 
column for each year are not significantly different at the 0.05 level of significance. 
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In both years, the two newer cultivars (FM 958 and DP 1646) partitioned 

similar percentages of dry matter to vegetative and reproductive tissues (Figure 3.2). 

FM 958 and DP 1646 partitioned a greater percentage of dry matter and nutrients into 

the fruit compared to PM HS26. This observed increase in partitioning of resources 

toward fruit production was reflected in greater lint yield of FM 958 and DP 1646 than 

PM HS26 in both years (Table 3.2). In 2018, FM 958 outperformed PM HS26 by 

being able to partition its accumulated resources more efficiently. Meanwhile, DP 

1646 did so through efficient partitioning and a bigger resource pool due to its higher 

biomass production (Figure 3.2, Table 3.2). In 2019, the two newer cultivars 

outperformed PM HS26 through more efficient resource partitioning, as biomass 

production among the three cultivars had much smaller differences compared to 2018. 

These results showed that a longer season cultivar such as DP 1646 can produce more 

biomass in favorable conditions leading to a bigger resource pool for yield but is also 

able to efficiently partition resources towards yield under suboptimal conditions. 

The period of maximum growth for cotton cultivars tested during this study 

corresponded with 900-1100 GDD15.6ºC during both years of this study, compared to a 

reported period of 500-800 GDD15.6ºC by Mullins and Burmester (1990) (Table 3.2). In 

2018, the 900-1100 GDD15.6ºC period corresponded with 36 to 44% of the total dry 

matter production, and in 2019 corresponded with 31 to 36% of the total dry matter 

production. In comparison, Mullins and Burmester (1990) observed the maximum 

crop growth rate at about 500 to 800 GDD15.6ºC, corresponding to 28 to 38% of the 

total dry matter production. With the growth and development of cotton being 
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temperature-dependent, the differences observed between the two studies may be 

partially explained by the differences in climate between northern Alabama and West 

Texas. The Texas High Plains tend to have hotter temperatures during the summer and 

cooler temperatures in the spring and fall, whereas Alabama has more monthly 

rainfall. The accumulation of more heat units may be responsible for optimal biomass 

production and greater yield of the modern cultivars tested in this study. 

At the last third of the season, the dry matter accumulated in stems and leaves 

were fixed with no carbon movement for all cultivars (Figure 3.2). Simultaneously, 

dry matter accumulation in burs, seeds, and lint started increasing. By the end of the 

growing season, seeds and lint represented greater percentages of the total weight of 

the plant for all cultivars. The dry matter distribution of the plants tested at the last 

sampling date by Mullins and Burmester (1990) were 35% stem, 19% leaves, 14% 

burs, 19% seed, and 14% lint. In comparison, the results of the study in 2018 and 2019 

showed lower dry matter percentages in stems and leaves and higher dry matter 

percentages in seeds and lint. The results from the current study demonstrate that 

modern cultivars allocate resources for fruit development to meet the high assimilation 

requirements of reproductive tissues (Constable & Gleeson, 1977; Wells & Stewart, 

2010). A slight decline in dry matter was observed in all organs of PM HS26. This 

decline is especially noticeable in the leaves and stems, which may be attributed to 

early senescence or shedding and may have contributed to lesser yields.  
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Nutrient accumulation and partitioning 

The seasonal patterns of nutrient partitioning are presented in Figures 3.3 and 

3.4. In both years, the rate and timing of accumulation varied among nutrients and 

developmental stages. Similar to the trends observed in the rate of dry matter 

accumulation from planting to 30 DAP, the rate of nutrient accumulation in 2018 was 

slower than in 2019 for all cultivars. The slow rate of early-season dry matter 

production in 2018 restricted the plant’s ability to exploit the soil for nutrients and 

water. For the three cotton cultivars, the focus of the plant early in the season is in 

expansion of vegetative growth. This was reflected in the high nutrient accumulation 

in leaves and stems. Specifically, a massive push of N, P, and K into the leaves and 

stems was observed from 30 to 60 DAP in 2018 and 2019 (Figure 3.3 and 3.4), similar 

to reports from Vieira et al. (2018), Rochester, Constable, Oosterhuis, and Errington 

(2012), and Schwab, Mullins, and Burmester (2000), who observed greater nutrient 

accumulation in the leaves and stems during vegetative stage. As the plants entered the 

reproductive stage, there was a decrease in nutrients in the vegetative parts and a net 

nutrient movement to the immature bolls at 90 DAP and into the seeds by 120 DAP in 

both years (Figure 3.3 and 3.4). Similar trends of nutrient redistribution from 

vegetative to reproductive tissues were also observed by Rosolem and Mikkelsen 

(1989), Errington, Campbell, Rochester, and Tan (2009), and Rochester and Constable 

(2015). The patterns of nutrient partitioning for mature plants in this study closely 

resembled the report of Mullins and Burmester (1990). However, it is evident in the 
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current study that a greater percentage of nutrients were allocated to cotton boll 

development compared to previously reported. 

Total nutrient uptake, nutrient removal, and nutrient uptake index 

There were significant interaction effects between year and cultivar treatments 

on the total uptake of all nutrients, nutrient removal, and uptake index for all nutrients 

except N, P, and K (Table 3.3). Due to presence of interaction effects between year 

and cultivar treatments on majority of the nutrients, information on the total nutrient 

uptake, nutrient removal, and nutrient uptake index of the three cultivars for each year 

were presented in Table 3.4.  

 
Figure 3.3. Partitioning of nitrogen (N), phosphorus (P), and potassium (K) by days 
after planting (DAP) of PM HS26, FM 958, and DP 1646 grown in 2018 at New Deal, 
TX. 
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Total N uptake at the last sampling date ranged from 115 kg N ha-1 to 174 kg N 

ha-1 in 2018 and from 83 kg N ha-1 to 106 kg N ha-1 in 2019 (Table 3.4). Mullins and 

Burmester (1990) reported a mean uptake of 128 kg N ha-1. The difference in the total 

uptake between 1990 and the current study was probably due to difference in genetic 

characteristics and growing conditions (weather, soil, irrigation, and fertility) which 

directly affect nutrient accumulation in cotton. Under more favorable conditions for 

cotton development, it is noteworthy that the quantities of total N uptake of the newer 

cultivars were numerically greater than the values reported for the 1990s cultivars 

(Table 3.4). At the last sampling date, the mean distribution of N across the three 
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Figure 3.4. Partitioning of nitrogen (N), phosphorus (P), and potassium (K) by days 
after planting (DAP) of PM HS26, FM 958, and DP 1646 grown in 2019 at New Deal, 
TX. 
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cultivars were 21% in leaves, 7% in stems, 9% in burs, and 63% in seeds in 2018, and 

25% in leaves, 10% in stems, 12% in burs, and 53% in seeds in 2019 (Figure 3.3). In 

the Mullins and Burmester (1990) report, N was distributed as 28% in leaves, 16% in 

stems, 7% in burs, and 42% in seeds. The mean amount of N removed with seed 

ranged from 61 to 66% (2018) and from 51 to 59% (2019) of the total plant N for all 

three cultivars. In the Mullins and Burmester (1990) report, the mean amount of N 

removed with seeds was 45% of the total N uptake.  

 
Table 3.3. Statistical significance of differences in total uptake, nutrient removal, and 
nutrient uptake index due to treatment, among cultivars or interactions, by nutrient. 

Nutrient Effects Total uptake 
Nutrient 
removal 

Nutrient uptake 
index 

N Cultivar  ns† ns ns 
 Cultivar x 

Year 
** ** ns 

P Cultivar ns ns ns 
 Cultivar x 

Year 
* ** ns 

K Cultivar ns ns ns 
 Cultivar x 

Year 
*** ** ns 

Ca Cultivar ns ns * 
 Cultivar x 

Year 
** ** * 

Mg Cultivar ns ns ns 
 Cultivar x 

Year 
*** *** * 

S Cultivar ns ns * 
 Cultivar x 

Year 
** * * 

* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
† ns, not significant at the 0.05 probability level. 
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In 2018, there were no significant differences in N uptake index among 

cultivars (Table 3.4). However, these values were considerably lower than the value 

published in 1990 (Mullins and Burmester, 1990). This finding was also observed in 

2019 for the two newer cultivars (DP 1646 and FM 958) despite the unfavorable 

weather conditions, with DP 1646 having the lowest N uptake index among cultivars. 

On the other hand, the older cultivar PM HS26 showed a substantial numerical 

increase in uptake index for all nutrients from 2018 to 2019, which indicates that this 

cultivar does not exhibit efficiency similar to that of FM 958 and DP 1646 under 

unfavorable growing conditions. In general, lower nutrient uptake index value 

indicates greater efficiency in assimilating and translocating nutrients to produce more  

lint yield. Under favorable growing conditions, the increase in the amount of lint yield 

produced for every unit of N uptake between the cultivars from the 1990 report and 

DP 1646 tested in this study is 66%. The newer cultivars partitioned more N into 

reproductive parts, reinforcing the idea that uptake patterns have changed and that 

newer cultivars more aggressively partition nutrients toward fruit production, leading 

to better yield.  
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Table 3.4. Comparison of the amount of nutrient uptake, removal with seed, and uptake indexes of cultivars developed prior to 1990 
and tested in 2018 and 2019 at New Deal, TX. 

 1990† (Burmester)   2018 (Current study)  2019 (Current study) 

Nutrient Cultivar 
Total 

uptake 
Removal 

Uptake 
index 

 
Cultivar 

Total 
uptake 

Removal Uptake index 
 Total 

uptake 
Removal 

Uptake 
index 

 
 —— kg ha-1 —— 

kg per  
100 kg lint 

  
—— kg ha-1 —— 

kg per  
100 kg lint 

 
—— kg ha-1 —— 

kg per  
100 kg lint 

N DP 90 
ST 825 
CKR 315 
PM 145 

128 58.0 19.9  PM HS26   115 a‡ 
 

72.4 a 11.6 a  106 a 57.3 a 19.1 a 

     FM 958   138 a 84.4 a 11.3 a  84.7 a 49.9 a 14.5 a 

     DP 1646   174 a 114 a 12.0 a  83.3 a 41.9 a 12.6 b 

P DP 90 
ST 825 
CKR 315 
PM 145 

17.3 9.10 2.50  PM HS26   13.6 a 10.2 a 1.36 a  12.0 a 7.98 a 2.15 a 

     FM 958   15.7 a 11.6 a 1.28 a  10.3 a 7.50 a 1.77 a 

     DP 1646   19.4 a 15.0 a 1.33 a  8.87 a 5.20 a 1.38 a 

K DP 90 
ST 825 
CKR 315 
PM 145 

106 20.0 15.3  PM HS26   100 a 20.2 a 9.99 a  69.4 a 18.1 a 12.4 a 

     FM 958   124 a 23.5 a 10.1 a  65.9 a 17.9 a 11.5 a 

     DP 1646   134 a 29.6 a 9.32 a  58.3 a 11.2 b 8.98 a 

Ca DP 90 
ST 825 
CKR 315 
PM 145 

64.0 1.92 9.30  PM HS26   74.9 b 3.71 a 7.60 a  62.1 a 2.16 a 11.1 a 

     FM 958   101 a 3.56 a 8.27 a  54.4 a 1.98 a 9.52 ab 

     DP 1646   92.3 ab 6.19 a 6.46 a  44.6 a 1.88 a 6.90 b 

Mg DP 90 
ST 825 
CKR 315 
PM 145 

18.0 5.60 2.60  PM HS26   19.7 b 6.79 a 1.99 a  18.2 a 5.59 a 3.25 a 

     FM 958   26.1 a 7.83 a 2.14 a  15.2 a 5.43 a 2.65 ab 

     DP 1646   26.5 a 10.4 a 1.86 a  12.7 a 3.58 a 1.95 b 

S DP 90 
ST 825 
CKR 315 
PM 145 

15.6-
25.1 

5.00 2.70  PM HS26   22.0 a 5.89 a 2.26 a  20.7 a 6.24 a 3.69 a 

    FM 958   28.3 a 6.61 a 2.32 a  17.1 a 5.86 a 2.91 ab 

     DP 1646   30.1 a 8.77 a 2.07 a  13.0 a 3.45 a 2.00 b 

† Values presented are means of four cultivars: Deltapine (DP) 90, Stoneville (ST) 825, Coker (CKR) 315, and Paymaster (PM) 145. 
‡ For each nutrient, means annotated by a common letter within the same column for each year are not significantly different at the 0.05 level of significance.
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The values of mean total P uptake for all cultivars tested in 2018 and 2019 

were close to the mean P uptake value that was reported by Mullins and Burmester in 

1990 (Table 3.4). Similar to N partitioning patterns, there was a net movement of P 

into the reproductive tissues by the end of growing season (Figure 3.3 and 3.4). A 

greater percentage of P accumulated in the burs at early boll development around 90 

DAP, which was then later utilized by the developing seed as shown by the sharp 

increase of P in the seeds. At the last sampling date in 2018, P was distributed as 11% 

in leaves, 5% in stems, 8% in burs, and 75% in seeds. In 2019, the partitioning of P at 

maturity was distributed across plant tissues as 12% in leaves, 5% in stem, 7% in burs, 

and 76% in seeds. The distribution of P in the older cultivars were 20% in leaves, 11% 

in stems, 16% in burs, and 53% in seeds (Mullins and Burmester, 1990). The mean 

amount of P removed with seed ranged from 71% to 79% (2018) and from 56% to 

80% (2019) of the total plant P for all three cultivars (Table 3.4). These values were 

greater than the percentage of P removed with seed (53%) in Mullins and Burmester’s 

(1990) report. In the current study, there were no significant differences observed in 

the amount of P removal among cultivars. Consistent with N, the findings in this study 

showed a drastic increase in the quantities of P partitioned to the seed from the 1990s 

study to the current one, suggesting that newer cultivars have increased efficiency in 

remobilizing vegetative P to the seed. In addition, the values of P uptake indexes of all 

cultivars in 2018 and 2019, particularly FM 958 and DP 1646, were lower than the 

reported values in 1990 (Mullins and Burmester, 1990). Among the nutrients 

evaluated in this study, the greatest increase (88%) in terms of the amount of lint yield 
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produced for every unit of uptake between the cultivars from the 1990 report and DP 

1646 in the current study was observed with P, under favorable growing conditions for 

cotton. 

Potassium was accumulated in amounts second only to N by the cultivars 

evaluated in this study (Table 3.4). In young cotton plants, the stems and leaves have 

high K content. As the season progressed, the K content in the stems and leaves 

decreased or plateaued. Burs had the greatest concentration of K among the different 

tissues at the last sampling date in both years of the current study (Figure 3.3). 

According to Leffler and Tubertini (1976), the high K content in the burs was due to 

its role in osmotic regulation for fiber elongation. Therefore, increased partitioning of 

K towards the developing boll consequently leads to increased lint yield formation. On 

the other hand, the seeds have the lowest K concentration in for all cultivars tested in 

2018 and 2019 (Figure 3.3 and 3.4). These observed trends in K partitioning were also 

noted by Mullins and Burmester (1990) and Halevy (1976) under dryland and irrigated 

conditions, respectively. The mean amount of K removed with seed ranged from 19% 

to 22% (2018) and from 19% to 27% (2019) of the total plant K for all three cultivars 

(Table 3.4). In both years of the current study, the older cultivar, PM HS26, 

consistently removed approximately 19% of the total K which is similar to the value 

reported by Mullins and Burmester (1990). Between the 1990 report and the findings 

in the current study, there was an observed 20 to 40% decrease in K uptake index for 

all cultivars. This decrease in K uptake index values corresponded to 64% increase in 

the amount of lint yield produced for every unit of K use between the cultivars tested 



Texas Tech University, Irish Lorraine B. Pabuayon, May 2021 

74 
 

in 1990 and DP 1646 tested in the current study. Additionally, the mean K uptake 

index values in 2018 and 2019 were less than 13 kg K per 100 kg of lint produced, 

which is the threshold value for cotton above which indicates that the plant has 

exhibited luxury consumption (Kerby & Adams, 1985). This finding implies that 

under adequate and sustained supply of K based on soil test recommendations, newer 

cultivars may not require greater amounts of K to produce more yield due to their 

enhanced efficiency in translocating resources from source to sink. 

Among cultivars tested in 2018, FM 958 had the highest amount of total Ca 

uptake with the majority of Ca content distributed in the leaves of mature plants 

(Table 3.4 and 3.5). Calcium, in general, is immobile in the plant (Hanger, 1979). In 

2019, there was no significant difference in the total Ca uptake among cultivars (Table 

3.4). Similar to N, P, and K, the newer cultivars have higher amounts of Ca uptake 

under favorable growing conditions compared to the reports in the early 1990s. The 

total Ca uptake reported by Mullins and Burmester (1992) was 64 kg Ca ha-1 with 64% 

distributed in the cotton leaves. The mean percentage of Ca distributed to the leaves 

was 64% and 74% of the total Ca uptake, in 2018 and 2019, respectively (Table 3.5). 

In both reports, the seeds have the smallest amount of partitioned Ca within the plant 

at maturity. The mean amounts of Ca removed with seed were less than 8% of the total 

Ca uptake for both reports (Table 3.4). For both years in the current study, DP 1646 

consistently had the lower Ca uptake index relative to Mullins and Burmester (1992) 

report, corresponding to 44% increase in the amount of lint yield produced for every 

unit of Ca uptake.  
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For Mg and S, the findings in the current study closely resembled the patterns 

and percentage distribution reported in the early 1990s (Table 3.5). In 2018 and 2019, 

the greatest amount of total Mg uptake was distributed to the leaves and seeds of the 

mature cotton plant, and these values were in line with the Mullins and Burmester 

(1992) report, with Mg distributed as 38% leaves and 31% seed. The amount of Mg 

removed with seed in both years of the current study and in the early 1990s (Mullins 

and Burmester, 1992) were approximately 30% of the total Mg uptake (Table 3.4). 

Similar to Mg, the greatest amounts of S were partitioned in the leaves and seeds of 

mature plants for both the Mullins and Burmester (1993) report and the findings of the 

current study. However, there was a distinct difference in S partitioning between the 

two periods as shown by the 50% increase in S partitioned to the leaves and 50% 

decrease in S partitioned to stems and burs by the end of the growing season (Table 

3.5). Sulfur is one of the major requirements for protein and enzyme synthesis because 

it is a main component of three amino acids (cystine, cysteine, and methionine) 

(Capaldi, Gratão, Reis, Lima, & Azevedo, 2015; Thompson, 1967). It is also involved 

in the synthesis of chlorophyll because it is a component of the ferredoxin structure 

(Hu et al., 2017; Takahashi, Mitsui, Hase, & Matsubara, 1986). Due to these major 

functions of S, increased concentration in the leaves may have sustained plant growth 

and improved the yields of newer cultivars. The amount of S removed with seed in 

both 2018 and 2019 were within the ranges reported in the early 1990s (Mullins and 

Burmester, 1993). For Mg and S, the uptake indexes of all the cultivars tested in 2018 

were markedly lower than the report in 1990s (Table 3.4), suggesting an increase of 
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40% and 30% in the amount of lint yield produced for every unit of Mg and S uptake, 

respectively. In 2019, DP 1646 had significantly lower Mg and S uptake indexes than 

the older cultivar, PM HS26.  

 
Table 3.5. Percentages of the total Ca, Mg, and S that were partitioned to different 
parts of mature cotton plants tested in the early 1990s and in the current study (2018, 
2019). 

Nutrient Plant part 
1990 

(Burmester) 
2018 

(Current Study) 
2019 

(Current Study) 
Ca Leaves 64 63 74 

 Stems 19 15 15 
 Burs 14 18 6 
 Seeds 3 3 5 

Mg Leaves 38 48 37 
 Stems 17 16 19 
 Burs 14 11 10 
 Seeds 31 26 24 

S Leaves 39 58 54 
 Stems 14 8 8 
 Burs 22 11 12 
 Seeds 25 23 24 

 
 

The differences in patterns of accumulation in more modern cultivars reflect 

the differences in nutrient requirements to reach a cultivar’s yield potential. The 

noticeable increases in total nutrient uptake and nutrient removal, and decreases in 

nutrient uptake per unit of lint produced in 2018 and 2019 allude to the enhanced 

efficiency of modern cultivars in converting accumulated nutrients and resource pools 

to yield production compared to the most recent assessment that was done in the early 

1990s, especially in an ideal growing season. The cotton cultivars tested in this study 

showed greater accumulation of heat units, increased yields, and significant deviation 

in nutrient uptake dynamics compared to older cultivars, with the last point being most 
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evident during boll development. More importantly, the results also highlight the 

remarkable improvements in modern cotton cultivars during the past few decades. 

Statistically, the differences among the total nutrient uptake of the three cultivars do 

not differ. However, there is a noticeable difference in means between the oldest 

cultivar (PM HS26) and the newest cultivar (DP 1646) in terms of total uptake, 

nutrient removal, and nutrient uptake index (Table 3.4). FM 958 would seem to be a 

transition cultivar, as its values are between the other two cultivars. It may also partly 

be a reason as to why, in some instances, no statistical differences were found between 

PM HS26 and DP 1646. 

The results in Table 3.4 indicate an increasing efficiency of newer cultivars in 

the allocation and use of nutrients taken up, despite having insignificant differences in 

the actual amount of nutrients being absorbed from the soil. This would imply that 

though the resource pool gathered by the plants are essentially the same amount, the 

way they utilize it for yield is different from one another. Newer cultivars have better 

efficiency in utilizing nutrients to create more lint yield (Table 3.2). This is observed 

in the nutrient uptake indexes (Table 3.4), as DP 1646 and FM 958 have noticeably 

lower nutrient uptake indexes for N, P, K, Ca, Mg, and S compared to the cultivars 

tested in the early 1990s and in some instances, to PM HS26 in the current study. This 

indicates a lower amount of a nutrient required for lint production, which indicates its 

better efficiency. Hence, establishing an updated nutrient uptake index and fertilizer 

recommendation rates is warranted. Since the fertilizer recommendation being used in 

the current production systems seems to underestimate the accumulation expectations 
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during the middle and latter part of the growing season, our findings provide 

opportunities to optimize fertilizer rates and application timings. For example, for 

nutrients that exhibited greater accumulation during boll development, such as N, P, 

and K, sustained supply throughout the season can maximize the yield potential of a 

cultivar. In addition, for soil nutrients lost after harvest due to translocation to the 

seed, adjustments on fertilizer application must be done to maintain soil health and 

productivity. 

Conclusions 

The modern cultivars tested in this study partitioned a greater percentage of 

dry matter into the fruit than the older cultivar which resulted in concurrent changes in 

nutrient accumulation and partitioning. These changes were evident in the observed 

differences in the patterns of seasonal uptake and partitioning of N, P, K, and S 

between the cultivars from the 1990s and 2010s. Specifically, a greater proportion of 

plant N, P, and K were redistributed from vegetative tissues to fruit during boll 

formation. Additionally, there was an increase in the amount of S partitioned to the 

leaves, which may have contributed in sustaining plant growth and improving lint 

yield due to its role in the protein, enzyme, and chlorophyll synthesis. The uptake and 

partitioning patterns of Mg and Ca closely resembled the reports in the early 1990s. 

Based on the differences in lint yields, results suggest that newer cultivars have 

utilized these nutrients more efficiently in lint formation than the older cultivars. 

The quantities of nutrient uptake per unit of lint produced decreased from 1990 

to 2018 and 2019. Under a high productivity environment, the mean increases in the 
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amount of yield produced for every unit of nutrient uptake between the cultivars tested 

in the early 1990s and DP 1646 were 66% for N, 88% for P, 64% for K, 44% for Ca, 

40% for Mg, and 30% for S. These results highlight the improved efficiency of the 

modern cultivars in nutrient allocation towards yield production. Overall, the findings 

in this study highlight the remarkable improvements in the development of new cotton 

cultivars during the past few decades, especially with regards to yield. The nutrient 

accumulation dynamics observed in this study can be potentially used as a basis for 

further improving fruit production, which hopefully will further improve yields. This 

research is important for re-evaluating the optimal nutrient inputs for farmers and 

producers, especially since new cultivars are released regularly, and environmental 

conditions change continuously. 
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CHAPTER 4  
 

HIDDEN FRACTIONS: ANOTHER LOOK AT MICRONUTRIENT 
AND SODIUM PARTITIONING IN MODERN COTTON 

CULTIVARS 

Abstract 

Cotton (Gossypium hirsutum L.) productivity and nutritional status depend on 

the uptake and allocation of both macronutrients and micronutrients. Micronutrient 

deficiencies or toxicities reduce yields and must be corrected to achieve optimal 

yields. There is evidence that macronutrient uptake and partitioning have changed in 

modern cultivars, and it is therefore important to know whether a similar change has 

occurred with micronutrient uptake or partitioning. Total uptake and partitioning of 

essential micronutrients [boron (B), iron (Fe), manganese (Mn), zinc (Zn), and copper 

(Cu)] and sodium (Na) in different tissues of modern cultivars [FiberMax (FM) 958 

and Deltapine (DP) 1646] and a 1990s cultivar [Paymaster (PM) HS26] were 

determined in 2018 and 2019 at New Deal, TX. These were compared to results 

obtained in studies conducted 30 years ago. The total uptake of Cu and Zn increased 

while the total uptake of Fe and Mn decreased in modern cultivars. The rate of B 

uptake was relatively constant throughout the season, but Zn and Cu were remobilized 

from vegetative tissues to the developing bolls at maturity. Iron and Mn were mostly 

retained in the leaves throughout the crop’s life cycle. Sodium accumulated in non-

photosynthetic tissues likely as a salt-tolerance mechanism of cotton. However, when 

Na availability is far more than required for normal plant growth, Na is redistributed 

and accumulated into transpiring leaves. This study offers additional insights for 
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making effective fertilizer management decisions for newer cultivars and possible 

problems due to excess trace elements in the soil and irrigation supply. 
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Introduction 

 Adequate nutrients are essential to crop productivity and economic yields. In 

upland cotton (Gossypium hirsutum L.), greater lint yield is often associated with 

application and efficient allocation of nitrogen (N), phosphorus (P), and potassium 

(K). As a result, the majority of the nutrient management research in cotton cropping 

areas has focused mainly on these primary macronutrients (Bassett, Anderson, & 

Werkhoven, 1970; Bednarz & Oosterhuis, 1999; Gerik, Oosterhuis, & Torbert, 1998; 

Halevy, Marani, & Markovitz, 1987; Mullins & Burmester, 1990; Pabuayon, Lewis, & 

Ritchie, 2020). There are also a few other studies that have focused on cotton 

nutritional requirements of the secondary macronutrients [magnesium (Mg), sulfur (S), 

and calcium (Ca)] which are required in lesser quantities than N, P, and K (Joham, 

1955; Leffler & Tubertini, 1976; Marcus‐Wyner & Rains, 1982; Mullins & Burmester, 

1992, 1993b; Olson & Bledsoe, 1942; Pabuayon et al., 2020). Research by Pabuayon 

et al. (2020) showed that recently released cotton cultivars may require less N, P, K, 

Ca, Mg, and S per unit lint yield than cultivars grown in the 1980s and 1990s (Mullins 

& Burmester, 1990). Upon reevaluation of more modern cultivars, Pabuayon et al. 

(2020) reported an average requirement of 12.3 kg N, 1.4 kg P, 9.2 kg K, 6.7 kg Ca, 

1.9 kg Mg, and 2.0 kg S to produce 100 kg of lint. These updated values suggest the 

enhanced capacities of newer cultivars to take up and remobilize macronutrients for 

greater lint yield production. 

 However, crop growth and yield production are not only dependent on 

macronutrients, but also on micronutrient accumulation. Micronutrients such as boron 
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(B), iron (Fe), manganese (Mn), zinc (Zn), and copper (Cu) play complex roles in 

cotton nutrition and production. Boron is primarily important in maintaining structure 

integrity of plasma membrane and promoting proper fruit development development 

(Camacho‐Cristóbal, Rexach, & González‐Fontes, 2008; Rosolem & Costa, 2000). 

Iron is a constituent in complexes that are essential in electron-transfer reactions and 

chlorophyll synthesis (Marcus‐Wyner & Rains, 1982; Price 1968). Manganese is a 

vital part of photosynthesis due to its role in the water-splitting reaction in 

photosystem II (Alejandro, Höller, Meier, & Peiter, 2020). Zinc is a cofactor in protein 

synthesis and is involved in several enzymatic activities that regulate reproductive 

development in cotton (Marcus‐Wyner & Rains, 1982). Copper is involved in 

reduction-oxidation reactions in photosynthesis, respiration, and lignin synthesis and 

metabolism (Havlin, Tisdale, Nelson, & Beaton, 2016).  

Sodium is not considered an essential element for cotton growth (Arnon & 

Stout, 1939; Niu, Rodriguez, Dever, & Zhang, 2013), rather, high Na levels in soil 

(1000 – 3000 mg kg-1; Texas A&M AgriLife Extension Soil, Water, and Forage 

Laboratory) and in water can disrupt physiological and biological plant processes, 

resulting to reductions in yield and fiber quality (Ashraf, 2002; Higbie et al., 2010; 

Maas & Hoffman, 1977). Upland cotton is a moderately salt-tolerant crop. However, 

its tolerance of salinity stress is not comparable to that of a typical halophyte 

especially if grown in semiarid regions where high salinity soils and irrigation water 

are widespread (Dong, 2012; Fowler, 1986). Sodium uptake throughout the plant and 

exclusion from tissues by cotton can be influenced by other elements. Therefore, 
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understanding the dynamics of Na uptake and accumulation of newer cotton cultivars 

in response to environmental conditions will be beneficial in developing a suitable 

nutrient management strategy.   

The interaction of essential elements influences metabolic processes and 

nutrient translocation of resources to the sink organs, thus affecting plant growth and 

productivity (Constable et al., 1988; Ohki, 1975). For example, Ohki (1975) reported a 

reciprocal relationship of Mn and B with Fe in leaf tissues of upland cotton. de 

Oliveira Araújo, Ferreira Dos Santos, and Camacho (2018) reported that the 

interaction between B and Zn affected the transport efficiency of Fe and Mn in upland 

cotton. Though required in small quantities, the supply of these trace elements may 

enhance or hinder the effects of another element and may induce deficiencies or 

toxicities altering growth response (Robson & Pitman, 1983). Since the 1990s, there 

has been no published research on micronutrient uptake in cotton with the exception of 

B (Zhao & Oosterhuis, 2002), because most micronutrients are usually not applied in 

production systems. However, recent research by Pabuayon et al. (2020) has shown 

that modern cotton cultivars have greater macronutrient partitioning into fruit and it is 

important to verify whether this is also true of micronutrients. In this study, modern 

cultivar accumulation and partitioning of micronutrients to different organs were 

compared with that of a 1990s cultivar in 2018 and 2019 and with the previous report 

by Mullins and Burmester (1993b). Updated information on the accumulation and 

interaction dynamics of these elements can help optimize fertilizer management 

schemes by creating more effective fertilizer combinations. 
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 The objectives of this study are the following: 

1. Evaluate differences in micronutrient uptake and partitioning patterns of three 

cotton cultivars grown under production conditions in the current study. 

2. Determine the extent of change in micronutrient uptake, removal, and uptake 

indexes between cultivars tested in the 1990s and in the current study. 

3. Determine Na accumulation responses of newer cultivars grown under 

environments with contrasting Na levels in soil and irrigation. 

Materials and Methods 

Experimental site 

Studies were conducted in 2018 and 2019 at the Texas Tech University 

Research Farm in New Deal, TX (33° 44' 13.76" N, 101° 43' 58.04" W, 994 m above 

sea level). The location is in a semi-arid climate with a mean annual precipitation of 

483 mm for the last 7 years based on the data obtained from an on-site weather station 

(Campbell Scientific). The soil is a Pullman clay loam (fine, mixed, superactive, 

thermic, Torrertic Paleustolls) (National Cooperative Soil Survey, 2014) with pH 

ranging from 7.9 to 8.1 across 0 to 60 cm depth. A summary of the daily minimum 

and maximum temperatures, accumulated growing degree days with a baseline of 

15.6ºC (GDD15.6ºC), and cumulative precipitation during 2018 and 2019 is presented in 

Figure 4.1.    
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Soil, crop, and irrigation management practices 

Cotton cultivars Paymaster HS 26 (PM HS26; PI 606814), FiberMax 958 LL 

(FM 958; PI 642049), and Deltapine 1646 B2XF (DP 1646) were planted on 21 May 

2018 and 31 May 2019 in rows spaced 1.07 m apart at an average density of 13.0 

plants ha-1. These cultivars were selected to represent high yield, high quality, and 

commonly planted cultivars within a decade. The PM HS26 cultivar was released in 

1986, FM 958 was released in 2000, and DP 1646 was released in 2016. During each 

year, there were 4 replicates of each cultivar arranged in a randomized complete block 

design. Plots were fertilized at a rate of 44 kg N ha-1 applied as urea ammonium nitrate 

(UAN, 32-0-0), 90 kg P2O5 ha-1, and 30 kg K2O ha-1. In 2018, UAN was applied 2 

days before planting (40% pre-plant) and at 51 days after planting (DAP) (60% side-

dressed). In 2019, UAN was applied 15 days before planting (40% pre-plant) and at 70 

DAP (60% side-dressed). Residual soil nitrate-N (NO3-N) measured from 0 to 60 cm 

soil depth were 56 kg N ha-1 in 2018 and 47 kg N ha-1 in 2019, resulting to a total of 

100 kg ha-1 and 91 kg ha-1 plant available N as NO3
- in 2018 and 2019, respectively. 

For both years, P and K were applied 100% at pre-plant. For each year, mean total 

irrigation amount of 356 mm was applied through subsurface drip irrigation system. 

The total rainfall amounts were 102 mm and 191 mm in 2018 and 2019, respectively. 

Sample and data collection 

Soil samples were collected each year in early April at 0 to 15 cm, 15 to 30 cm, 

and 30 to 60 cm depth intervals. These soil samples were dried in an oven at 60ºC for 

7 days, ground to pass through a 2-mm mesh screen, and submitted for standard 
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analyses (P, K, Ca, Mg, S, Na, Fe, Zn, Mn, Cu, B, pH, electrical conductivity) to the 

Texas A&M AgriLife Extension Soil, Water, and Forage Testing Laboratory (College 

Station, TX). Soil pH and electrical conductivity of a 1:2 soil/water ratio extract was 

determined using the hydrogen selective electrode and conductivity probe, 

respectively (Rhoades, 1982; Schofield & Taylor 1955). Soil NO3-N was determined 

using the cadmium reduction method followed by spectrophotometric measurement 

(Kachurina, Zhang, Raun, & Krenzer, 2000). Phosphorus, K, Ca, Mg, Na, and S were 

extracted using the Mehlich III solution based on the procedure outlined by Mehlich 

(1984) and determined using inductively coupled plasma (ICP) spectroscopy. Copper, 

Fe, Mn, and Zn were extracted using the diethylenetriaminepentaacetic acid (DTPA) 

extraction method and determined using ICP spectroscopy (Lindsay & Norvell, 1978). 

The results of soil analysis are presented in Table 4.1.  
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Figure 4.1. (A) Daily maximum and minimum temperatures (ºC), (B) cumulative 
growing degree days (GDD15.6°C) by days after planting (DAP), and (C) cumulative 
precipitation (mm) in 2018 and 2019 growing seasons at Texas Tech University 
Research Farm, New Deal, TX. Base temperature used was 15.6°C.   
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Table 4.1. Pre-season soil mineral composition of samples collected from New Deal, 
TX in 2018 and 2019.  

2018 2019 
Parameters 0-15 cm 15-30 cm 30-60 cm 0-15 cm 15-30 cm 30-60 cm 

pH 7.9 8.1 7.9 8.0 7.9 8.1 
Conductivity 
(µmhos cm-1) 

270 276 249 217 194 211 

NO3
--N (mg kg-1) 9.6 5.0 5.2 7.9 6.6 3.1 

P (mg kg-1) 9.9 3.3 4.0 9.8 5.7 3.7 
K (mg kg-1) 522 266 328 584 385 311 
Ca (mg kg-1) 3597 8262 4369 3945 4102 8514 
Mg (mg kg-1) 791 785 839 798 901 770 
S (mg kg-1) 10.1 11.1 6.5 12.1 10.8 10.4 
Na (mg kg-1) 42 77 56 70 101 109 
Fe (mg kg-1) 2.6 

  
6.6   

Zn (mg kg-1) 0.1 
  

0.2   
Mn (mg kg-1) 7.6 

  
7.8   

Cu (mg kg-1) 0.8 
  

0.8   

 
Plant samples were collected at 30, 60, 90, and 120 DAP and at each sampling 

date, plants were separated into vegetative parts (leaves, stems) and reproductive parts 

(squares, flowers, immature bolls, burs, seeds, and lint). The separated tissue samples 

were dried for 48 to 72 hours at 80°C, weighed, and ground prior to analyses except 

for the lint. Ground biomass samples were submitted for mineral (B, Fe, Mn, Zn, Cu, 

and Na) analysis using ICP spectroscopy analysis of a nitric acid digest (Havlin & 

Soltanpour, 1980; Isaac & Johnson, 1975).  

Irrigation water samples were collected at New Deal, TX and submitted for Na 

content analysis at A&L Plains Agricultural Laboratories (Lubbock, TX). According 

to the irrigation water quality guidelines released by A&L Plain Agricultural 

Laboratories, Inc., Na content less than 70 mg L-1 in irrigation water is an acceptable 

level for plant growth and Na content between 70 to 180 mg L-1 can interfere with 
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plant growth. The Na content in the irrigation water at New Deal, TX was 38 mg L-1. 

To determine the effect of different Na content from soil and irrigation water on Na 

uptake dynamics, a similar experiment was done in 2019 at Brownfield, TX 

(33°134.80 N, 102°1438.4 W). The Na content of the soil in this location ranged 

from 7.2 to 43.5 mg kg-1 across 0 to 60 cm soil depth profile. The Na content in the 

irrigation water at Brownfield, TX was 126 mg L-1.  

Micronutrient uptake was calculated as the product of tissue mineral 

concentration (g mineral per kg tissue sample) and dry biomass (kg tissue per hectare). 

Micronutrient removal (g ha-1) was calculated as the amount of micronutrient 

contained in the seed when plant samples were harvested from the field at 

physiological maturity. Micronutrient uptake index (g nutrient per 100 kg lint) was 

calculated as the amount of micronutrient taken up per production unit. Mature cotton 

bolls were harvested within 25 m2 area on 10 November 2018 and on 4 November 

2019.  

Statistical analysis 

Statistical analyses were performed using the Generalized Linear Mixed Model 

(GLIMMIX) and Principal Component Analysis (PRINCOMP) procedures in SAS 9.4 

(SAS Institute 2013). For the GLIMMIX procedure, the method of determining 

statistical significance followed Fisher’s protected test: the significance of the overall 

test was determined first, and least-squares mean separation was conducted in cases 

where the overall test significance met a critical P-value of 0.05. Cultivar was 

considered as a fixed effect factor and based on recommendations by Littell et al. 
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(2006), replicate and year were treated as random effect variables. Least-squares mean 

separation was based on the 95% confidence limits of the differences among 

treatments. Where appropriate, interactions between cultivar and year were tested for 

significant interaction effects to determine whether to pool information by year. For 

the principal component (PC) analysis, the correlation matrix derived from the 

PRINCOMP procedure was used to calculate eigenvalues (the scale of effect 

associated with each micronutrient) and eigenvectors (the direction of change 

associated with each micronutrient). Micronutrients in each retained PC were analyzed 

and selected based on their loading coefficients. The higher the loadings, the greater 

the influence of the micronutrients in a given PC and the greater the effect of those 

micronutrients on the variability of total uptake and concentrations. In the loading 

plots, an angle less than 90º indicates positive correlation, an angle greater than 90º 

indicates negative correlation, and an angle equal to 90º means no correlation between 

micronutrient vectors. All figures were generated using SigmaPlot 13.0 (SigmaPlot 

2014). 

Results and Discussion 

Weather conditions 

 The mean daily temperatures (minimum and maximum) between 2018 and 

2019 were closely similar at the first half of the growing season (Figure 4.1A). At the 

second half, mean daily maximum temperatures from 70 to 90 DAP in 2019 were 

higher than in 2018 and mean daily minimum temperatures from 100 to 140 DAP in 

2019 were lower than in 2018. The accumulated GDD15.6ºC in 2019 was slightly lower 
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than in 2018 (Figure 4.1B). The total seasonal precipitation received in 2019 was 

greater than in 2018 predominantly due to excessive precipitation received from 

planting to 45 DAP (Figure 4.1C).    

Micronutrient partitioning patterns of cultivars grown under current production 

settings 

There were significant interaction effects between year and cultivar treatments 

on the total uptake of B, Fe, and Cu, on the removal of B, Fe, Mn, and Cu by the seed, 

and on the uptake index of Cu (Table 4.2). As a result, differences among cultivars for 

these particular parameters were analyzed for each year and significant difference 

among cultivars was only observed for the total uptake of B in 2018 (Table 4.2). There 

was a substantial decrease in the total uptake of all micronutrients by FM 958 and DP 

1646 from 2018 to 2019 except for Zn by FM 958 and for Mn by DP 1646 while the 

total uptake of all micronutrients by PM HS26 did not differ between years (Figure 

4.2). Differences in total uptake of essential micronutrients between 2018 and 2019 

indicate the cultivar differences in plasticity in terms of maintaining micronutrient 

uptake in response to different growing environments (Figure 4.2). In 2018, the mid-

season temperatures were cooler followed by mild temperatures late in the season, and 

precipitation amounts were adequate for cotton growth (Figure 4.1). In 2019, there 

were excessive precipitation early in the season, high temperatures during the 

reproductive stage, and an early frost (Figure 4.1). PM HS26, an older cultivar, 

showed greater micronutrient uptake plasticity and responded to the 2019 growing 

season by taking up amounts of micronutrients similar to that of in 2018. This 
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plasticity exhibited by PM HS26 may be a hold over trait from its pedigree of older 

genotypes (Acala SJ4 and 5B9-184) (Calhoun, Bowman, & May, 1997). In contrast, 

more modern cultivars such as FM 958 and DP 1646 may have been bred for more 

ideal environments, with stronger responses to better environmental inputs. The 

transport of micronutrients throughout the plant is mainly governed by mass flow, the 

movement of soluble nutrients into the plant associated with movement of water due 

to evaporation and transpiration (Barberon & Geldner 2014; Havlin et al., 2016). The 

unfavorable growing conditions in 2019 may have restricted the water and nutrient 

transport at the reproductive stage of FM 958 and DP 1646, resulting in a noticeable 

decrease of total uptake for the majority of micronutrients (Figure 4.2).  
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Table 4.2. Statistical significance of differences in total uptake, removal with the seed, 
and uptake index due to treatment, among cultivars or interactions, by micronutrient. 

Nutrient Effects Total uptake 
Nutrient 
removal 

Nutrient uptake 
index 

Zn Cultivar† ns‡ ns ns 
 Cultivar x Year ns ns ns 

Cu Cultivar ns ns ns 
 Cultivar x Year ** ** * 
 Cultivar (2018) ns ns ns 
 Cultivar (2019) ns ns ns 

Fe Cultivar ns ns ns 
 Cultivar x Year ** * ns 
 Cultivar (2018) ns ns ns 
 Cultivar (2019) ns ns ns 

Mn Cultivar ns ns ns 
 Cultivar x Year ns ** ns 

B Cultivar ns ns ns 
 Cultivar x Year *** ** ns 
 Cultivar (2018) * ns ns 
 Cultivar (2019) ns ns ns 

* Significant at the 0.05 probability level. 
** Significant at the 0.01 probability level. 
*** Significant at the 0.001 probability level. 
† Cultivars analyzed over years 
‡ns, not significant at the 0.05 probability level. 
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Figure 4.2. Comparison of the total uptake of each essential micronutrient between 
growing seasons, by cultivar. For each micronutrient, an asterisk (*) indicates that 
there was a significant difference between years at 0.05 probability level. 
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An examination of the loading plots using first principal component (PC1) 

versus second principal component (PC2) for the concentration and total uptake 

showed a positive correlation between Cu and Zn (r = 0.83 for concentration; r = 0.85 

for uptake; Figures 4.3A and 4.3C), and the group formed by the seeds based on the 

score plots presents higher uptake and concentration of Cu and Zn (Figures 4.3B and 

4D). At physiological maturity, a greater percentage of both Zn and Cu were 

partitioned to the bolls by all three cultivars with values ranging from 69% to 88% of 

the total Zn uptake and from 52% to 66% of the total Cu uptake, for both years 

(Figures 4.4 and 4.5). This result was similar to the findings of Rochester et al. (2012) 

for high-yielding cotton cultivars grown under irrigated conditions in Narrabri, 

Australia. For the three cultivars tested in 2018 and 2019, Zn was partitioned to the 

seeds in greatest quantity while Cu was taken up by the seed in the smallest quantity 

among other micronutrients tested in this study (Table 4.3). For the three cultivars 

tested in 2018 and 2019, Zn was partitioned to the seeds in greatest quantity among 

micronutrients (Table 4.3). The advantage of increased Zn uptake into the seed may be 

associated with Zn being a cofactor required for the synthesis of proteins, 

carbohydrates (starch, oligosaccharides, and sucrose), and oil in cotton seeds 

(Bellaloui, Stetina, & Turley, 2015; Marcus‐Wyner & Rains, 1982). These reserve 

materials act as major sources of nourishment supporting the function of cotton seeds 

in producing more fibers and maintaining good germination characteristics for 

continuity of generation (Doman, Walker, Trelease, & Moore, 1982; He, Olk, 

Tewolde, Zhang, & Shankle, 2020). 
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Copper is essential in protein metabolism as it is used as the center atom of 

plastocyanin, a protein that acts as an electron carrier from cytochrome-f to P700 in 

Photosystem I (Gross, 1993; (Gross, 1993; Redinbo, Yeates, & Merchant, 1994). 

Churchman, Manns, and Manns (1937) reported that soil Cu treatments improved the 

overall growth of cotton by increasing the size and the number of bolls produced per 

plant. Copper was taken up in the smallest quantity among other micronutrients tested 

in this study (Tables 4.3 and 4.4). Excessive accumulation in plant tissues may induce 

production of reactive oxygen species (Drążkiewicz, Skórzyńska-Polit, & Krupa, 

2004). Therefore, it can be inferred from the results that the accumulation of Cu in the 

bolls at maturity may be in part due to partitioning from the pool of Cu taken up by 

cotton in the leaves and stems to the developing seeds as a compartmentalization 

mechanism to avoid toxic levels. 

Similarly, Fe and Mn were positively correlated to each other with r = 0.88 for 

uptake and r = 0.85 for concentration (Figures 4.3A and 3C). The group formed by the 

leaves based on the score plots in Figure 4.3B presents greater total uptake of Fe and 

Mn. In both years of the current study, Fe and Mn appeared to be mostly taken up in 

leaf tissues throughout the growing season with peak accumulation in the leaves 

corresponding to 67% to 79% and 62% to 81% of the total Fe and Mn uptake, 

respectively, across three cultivars (Figures 4.4 and 4.5). Similar to the results of this 

study, the positive correlation of Fe and Mn was also observed by Bellaloui et al. 

(2015) in delinted and fuzzy near-isogenic lines of upland cotton. High uptake of Fe 

and Mn in the vegetative tissues of cotton may have promoted increased  
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Figure 4.3. Principal component (PC) analysis for six elements with the loading and 
score plots of (A and B) total uptake and (C and D) concentration. 

 

photosynthetic activity. Iron has been reported to be an important component in 

aminolevulinic acid synthesis, a precursor reaction in chlorophyll synthesis (Miller, 

Denney, Pushnik, & Yu, 1982; Miller, Huang, Welkie, & Pushnik, 1995). Manganese 

is an important component of Mn4O5Ca complex which is responsible for the splitting 

of water molecules in Photosystem II (Bricker, Roose, Fagerlund, Frankel, & Eaton-

Rye, 2012). Even though there was a slight remobilization of Fe and Mn from  



Texas Tech University, Irish Lorraine B. Pabuayon, May 2021 

98 
 

 
Table 4.3. Comparison of the micronutrient total uptake, removal with seed, and uptake index by cultivars grown in 2018 and 2019 at 
New Deal, TX. 

  Total Uptake Removal with Seed Uptake Index 
Year Element PM HS26 FM 958 DP 1646 PM HS26 FM 958 DP 1646 PM HS26 FM 958 DP 1646 

  —— g ha-1 —— —— g ha-1 ——  —— g per 100 kg lint —— 

2018 Zn 114 134 151 84.5 94.2 119 11.3 11 10.3 
 Cu 34.9 48.4 57.7 19.4 24.2 30.8 3.51 3.95 3.9 
 Fe 245 284 316 46.2 43.6 63.3 24.7 23.1 22.2 
 Mn 134 171 167 25.8 27.4 38.7 13.8 14 11.6 
 B 249 b† 312 ab 375 a 34.5 36.5 55.0 25.1 25.5 26.3 

LSD0.05  32.7 30.0 72.5 50.9 7.5 36.4 8.86 2.09 2.44 
           

2019 Zn 137 141 76.7 95.6 119 48.3 22.6 19.1 13.7 
 Cu 32.5 29.6 22.1 18.2  15.7  9.55 5.31 4.16 3.97 
 Fe 224 182 133 46.6 45.1 26.8 36.8 25.4 24.2 
 Mn 143 115 110 21.0 19.2 14.6 23.5 16.8 19.8 
 B 197 167 158 25.1 24.3 18.7 32.3 24.3 28.2 

LSD0.05  50.2 68.8 87.2 16.6 46.5 14.0 9.61 5.42 13.8 
† For each year and element, means annotated by a common letter within the same row are not significantly different at the 0.05 level 
of significance. 
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Table 4.4. Comparison of the mean micronutrient uptake, removal with seed, and uptake indexes between Mullins and Burmester 
(1993b) report and the current study (2018 and 2019 at New Deal, TX). 

 1993 report  2018 (current report)  2019 (current report) 

Element Uptake Removal 
Uptake 
Index 

 Uptake Removal 
Uptake 
Index 

 Uptake Removal 
Uptake 
Index 

 —— g ha-1 —— 
g per  

100 kg lint 
 —— g ha-1 —— 

g per  
100 kg lint

 —— g ha-1 —— 
g per  

100 kg lint
Zn 103 49 15  133 99 11  118 88 18 
Cu 28 5 4  47 25 4  28 14 4 
Fe 626 88 90  282 51 23  180 40 29 
Mn 388 26 15  157 31 13  123 18 20 
B --- --- ---  312 42 26  174 23 28 

Na --- --- ---  2472 1368 202  1125 203 185 
---  No value reported  
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vegetative to reproductive tissues as the season progressed, a high percentage of Fe 

and Mn remained in the leaves for both years (Figures 4.4 and 4.5) due to their 

immobility within the plant (Jones & Jacobsen, 2005; McCauley, Jones, & Jacobsen, 

2009). 

For both years, B was primarily concentrated in the leaves throughout the 

season (Figures 4.3, 4.4, and 4.5) due to the restricted mobility of B within the plant. 

However, under the favorable growing conditions in 2018, concurrent increases in B 

uptake were observed both in the vegetative and reproductive tissues of FM 958 and 

DP 1646. Boron is considered the most deficient micronutrient in cotton and is 

typically required in the greatest quantities among micronutrients (de Oliveira, Dias 

Milanez, Moraes-Dallaqua, & Rosolem, 2006; Rosolem & Bogiani, 2011; Zhao & 

Oosterhuis, 2002). The rate of uptake and the partitioning pattern of B in this study are 

consistent with the reports by Camacho‐Cristóbal et al. (2008), Goldbach and Wimmer 

(2007), Iwai et al. (2006), and Rosolem and Costa (2000), indicating that modern 

cultivars have continuous and relatively high requirements for B as it is shown to be 

taken up both in the vegetative and reproductive tissues throughout the growing 

season. 
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Figure 4.4. Partitioning of zinc (Zn), copper (Cu), iron (Fe), manganese (Mn), and 
boron (B) to different tissues by days after planting (DAP) of PM HS26, FM 958, and 
DP 1646 grown in 2018 at New Deal, TX. 
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Changes in essential micronutrient uptake and partitioning patterns after 30 years 

There were no significant differences observed in total uptake, removal with 

seed, and uptake index among cultivars for all micronutrients (p>0.05) except for B in 

2018 (Tables 4.2 and 4.3). As a result, reported values of the parameters in the current 

study were pooled across three cultivars (Table 4.4). The Mullins and Burmester 

(1993b) study has formed a basis for much of the micronutrient uptake estimates of 

cotton. Compared to the 1993 report by Mullins and Burmester, the total uptake and 

removal of Fe and Mn with seed of the cultivars tested in the current study were 

decreased by more than half, while uptake and removal of Cu and Zn were greater 

than in the original study (Table 4.4). The differences in total uptake between the two 

studies may be in part due to different climatic conditions, soil textures, and soil pH 

between the two locations. The Mullins and Burmester (1993b) study was conducted 

on an acidic silt and sandy loam soil in Alabama, while the current study was 

conducted on a slightly alkaline clay loam soil (Table 4.1). In addition, Alabama has 

greater monthly precipitation, whereas the Texas High Plains tend to have higher 

temperatures during the summer. The concentration of plant available forms of Fe and 

Mn (Fe3+, Fe2+, and Mn2+) decreases with increasing soil pH (Barber 1995; Haynes & 

Swift, 1985). Increased uptake of Cu may be observed in fine-textured soil and 

increased uptake of Zn may be observed in growing conditions with higher solar  

radiation and temperature, and less rainfall (Havlin et al., 2016), all of which would 

support the relative differences among the studies. 
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Figure 4.5. Partitioning of zinc (Zn), copper (Cu), iron (Fe), manganese (Mn), and 
boron (B) to different tissues by days after planting (DAP) of PM HS26, FM 958, and 
DP 1646 grown in 2019 at New Deal, TX. 
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The mean micronutrient uptake index reported in this study closely resembled 

the Mullins and Burmester (1993b) report, except for Fe which had the greatest 

decrease in the amount required to produce 100 kg of lint compared from the early 

1990s report (Table 4.4). In Alabama (Mullins & Burmester 1993b), Zn was 

distributed as 23% in leaves, 18% in stems, 4% in burs, and 48% in seeds of mature 

cotton. In the current study, the mean distribution of Zn were 14% in leaves, 6% in 

stems, 6% in burs, and 74% in seed in 2018, and 14% in leaves, 7% in stems, 7% in 

burs, and 72% in seed in 2019 (Figures 4.4 and 4.5). The fraction of Zn removed with 

the seed in both 2018 and 2019 was 74%, which is comparatively greater than 48% as 

reported by Mullins and Burmester (1993b). 

In the Mullins and Burmester (1993b) report, accumulated Cu in mature cotton 

was distributed as 26% in leaves, 29% in stems, 17% in burs, and 28% in seed. In the 

current study, Cu was distributed as 15% in leaves, 21% in stems, 11% in burs, and 

53% in seed in 2018, and 18% in leaves, 21% in stems, 10% in burs, and 51% in seed 

in 2019 (Figures 4.4 and 4.5). The mean percentages of Cu removed with seed in the 

current study were numerically greater (53% in 2018, 50% in 2019) than the Mullins 

and Burmester (1993b) report (18%).  

The distribution of Fe in mature cotton plants based on Mullins and Burmester 

(1993b) were 43% in leaves, 20% in stems, 23% burs, and 14% in seed. At the last 

sampling date in the current study, Fe was distributed as 33% in leaves, 14% in stems, 

6% burs, and 12% in seed in 2018, and 29% in leaves, 10% in stems, 17% burs, and 

16% in seed in 2019 (Figures 4.4 and 4.5). The reduction in Fe uptake, especially in 
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the leaves, may be attributed to a combination of decrease in concentration in the 

tissues and to shedding of leaves as the plants senesced. There was no appreciable loss 

of Fe in seeds between the Mullins and Burmester (1993b) report and the current 

study. 

The distribution of Mn in the older cultivars were 56% in leaves, 20% in 

stems, 18% in burs, and 6% in seed (Mullins & Burmester, 1993b). At the last 

sampling date in 2018, Mn was distributed as 51% in leaves, 11% in stems, 11% in 

burs, and 18% in seeds (Figure 4.4). In 2019, the partitioning of Mn at maturity was 

distributed across plant tissues as 38% in leaves, 13% in stem, 11% in burs, and 11% 

in seeds (Figure 4.5). The percentages of Mn removed with seed in the current study 

(20% in 2018, 15% in 2019) were greater by more than twice compared to previous 

report (7%) by Mullins and Burmester (1993b). 

There were similarities and differences in the patterns of partitioning to 

different organs between the Mullins and Burmester (1993b) report and the present 

study. For example, Mn was observed to be mostly retained in the leaves and stems 

throughout the growing season in both reports. Gheesling and Perkins (1970) reported 

that Mn content in leaves, petioles, and stems of cotton remained relatively constant 

throughout the growth period. Similarly, total Fe content was consistently high in the 

leaves for both reports. However, the range of total Fe uptake in the current study was 

lower than the value reported by Mullins and Burmester (1993b) and the ranges 

reported by Constable et al. (1988) and McHargue (1926), which was approximately 

600 to 814 g ha-1 for mature cotton. These results indicate the retention of partitioning 
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patterns in high productivity cultivars. However, there are wide differences in the 

nutrient amounts that these cultivars acquire and partition, which may be a main 

reason for the perceived improvement in yield (Pabuayon et al. 2020). 

The notable differences between the Mullins and Burmester (1993b) report and 

the present study primarily resulted from the decrease in Zn and Cu uptake by 

vegetative tissues and subsequent increases in uptake by reproductive tissues. For both 

years, partitioning patterns clearly showed the transport of Zn and Cu from the burs to 

the seeds at physiological maturity (Figures 4.4 and 4.5). This remobilization of Zn 

and Cu from the leaves and stems to the squares, flowers, and bolls at critical growth 

stages may have played a significant role in supporting the reproductive development 

of newer cultivars. The differences in micronutrient uptake and partitioning patterns 

between the original and current studies can be associated with differences in yield 

potentials coupled with the interactions among genotypes, environment, and 

management practices. 

Possible Na accumulation hotspots in cotton  

Sodium is not essential to cotton and at high levels, it is detrimental to plant 

health. A substantial body of research has focused on tolerance mechanisms of cotton 

to excessive levels of Na (Ashraf & Ahmad, 2000; Cushman, Pabuayon, Hinze, 

Sweeney, & De los Reyes, 2019; Leidi & Saiz, 1997). Excessive Na levels in plant 

occur due to increasing soil salinity primarily from poor irrigation water quality in 

semi-arid regions (Choudhary, Josan, & Bajwa, 2001; Cushman et al., 2019; Niu et al., 

2013). High concentrations of Na can cause osmotic stress, toxicity, and alterations of 
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the functions of K and Ca in plants (Munns & Tester, 2008; Zhu, 2003). Toxic Na 

concentration levels in cotton have been reported to cause leaf necrosis, restrict root 

growth, inhibit nutrient uptake of K and Ca ions, and cause boll abortion (Chen, Hou, 

Wu, Liang, & Wei, 2010; Dai, Duan, & Dong, 2014; Longenecker, 1974; Martinez & 

Lächli, 1991). 

In both years of the current study, the mean total uptake of Na was 

substantially high relative to that of essential micronutrients (Table 4.4). Similarly, 

Rochester (2007) reported that Na was taken up in greater quantities than Fe, Mn, B, 

Zn, and Cu by cotton cultivars grown under alkaline soil and irrigated conditions in 

Australia. Sodium was highly concentrated in non-photosynthetic tissues such as burs 

and stems (Figures 3C and 3D). This highlights the Na ion compartmentalization 

mechanism in the stems of salt-tolerant upland cotton varieties as described by Peng et 

al. (2016) and Gouia, Ghorbal, and Touraine (1994). Furthermore, results from the 

study of Liu, Constable, and Stiller (2020) showed that Na ion exclusion in upland 

cotton did not reduce the overall Na accumulation at whole plant levels. This may 

have serious implications on the overall growth of cotton as increased concentration of 

Na in the stem resulting from the compartmentalization mechanism may force the 

movement of water into these non-photosynthetic organs rather than in the leaves. In 

addition, the active movement of water into the stem in order to maintain homeostasis 

may be expensive in terms of energy use. 

The impact of exposure to high levels of Na content to crop development 

depends on a number of factors including the Na content in irrigation water and the 
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type of irrigation method. Results from the New Deal study were compared to a 

location with a lower level of Na in the soil (7.2 to 43.5 mg kg-1 across 0 to 60 cm soil 

depth profile) but relatively higher Na content in the irrigation water (126 mg L-1) 

applied via center pivot system (Brownfield, TX). All three cultivars grown at 

Brownfield in 2019 accumulated total amounts of Na per unit of dry tissue that were 

three times greater than that of the same cultivars planted at New Deal in 2018 and 

2019 (Figures 4.6 and 4.7). In the New Deal study, the process of Na ion 

compartmentalization in the stems was not observed in 2018 and was only observed 

around 100 DAP in 2019 (Figure 4.6). This may indicate that the Na contents in the 

soil and water at this location were tolerable and did not interfere with the plant’s 

normal metabolic processes. In addition, it is also possible that the gradual application 

of water through sub-surface drip irrigation system at New Deal may have prevented 

accumulation of Na salts around the vicinity of the plant root zone. On the other hand, 

extremely high levels of Na in the irrigation water at Brownfield caused an early 

exclusion of Na ions from the leaves to the stem, until a critical upper limit based on 

concentration gradient was reached after 60 DAP, beyond which the plant can no 

longer maintain Na translocation into the stem (Figure 4.7). As a result, Na ions 

accumulated in the transpiring leaves as the season progressed. The use of center pivot 

irrigation system in Brownfield may have promoted direct adsorption of Na into the 

leaves and increased Na accumulation in the root zone due to high evaporation during 

hot, dry, and windy weather conditions. The accumulation of Na ions in the 

transpiring leaves from mid-season through maturity may consequently replace K  
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Figure 4.6. Sodium (Na) accumulation in leaves and stem expressed as amount of Na 
per unit of dry tissue of PM HS26, FM 958, and DP 1646 grown at New Deal, TX in 
2018 and 2019. Error bars represent standard error of means. 
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Figure 4.7. Patterns of sodium (Na) uptake in leaves and stem expressed as amount of 
Na per unit of dry tissue of PM HS26, FM 958, and DP 1646 grown at Brownfield, 
TX in 2019. Error bars represent standard error of means. 
 
 

ions, thus, reducing the amount of K and affecting the metabolic processes that are 

carried out by K and other related nutrients (Liu & Zhu, 1998; Wakeel, 2013). Liu et 

al. (2020) reported that increased concentration of Na ions in the leaves decreases K 

and P use efficiency. Results from this study highlight the thresholds for Na before 

accumulation in important tissues occur. Thus, it is important to find ways of 
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mitigating the increase in water Na content, otherwise future crop nutritional problems 

will not be avoided, and gains in crop production will be impeded. 

Overall, the observed differences in the total uptake values and patterns of 

partitioning between the two reports indicate the greater capacity of newer cultivars 

tested in the current study to accumulate and remobilize micronutrients to organs 

associated with reproductive development. Similar to the increased partitioning of 

macronutrients towards boll development reported by Pabuayon et al. (2020), mature 

cotton plants grown in the current study partitioned higher percentages of Zn and Cu 

into the developing boll. Among micronutrients, Zn was partitioned in greatest amount 

into the seed by PM HS26, FM 958, and DP 1646 tested in the current study. 

Immobile micronutrients such as Fe and Mn were mostly retained in the leaf tissues 

throughout the growing cycle as these micronutrients are known to have major roles in 

photosynthesis and other metabolic activities. Even though these micronutrients are 

taken up in smaller quantities compared to macronutrients, the uptake and partitioning 

dynamics of each micronutrient can aid researchers and growers to make informed 

fertilizer management decisions when updated requirements are known for each 

micronutrient at a particular growth stage. However, even with improved nutrient 

uptake efficiencies, growth and development could easily be hindered by minor 

differences in the availability of possible toxic elements such as Na. Therefore, it is 

also important to understand how cotton plants change their accumulation dynamics 

depending on the composition of soil and water, irrigation method, and nutrient input 

in different growing environments. In addition, even though the oldest cultivar (PM 
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HS26) tested in this study produced lower yields (Pabuayon et al. 2020) compared to 

the two newer ones (FM 958 and DP 1646), our results showed that some older cotton 

cultivars possess traits that still allow them to efficiently take up micronutrients from 

the soil even under drastic environmental conditions. Breeding efforts in the past years 

have led to narrow genetic diversity because several species that cannot be bred for 

high and stable yields were eliminated along the course of selection. The results of this 

study provide some avenue for plant breeders to re-visit old cotton cultivars and study 

the possibility of incorporating traits that render improved micronutrient uptake and 

partitioning efficiencies to develop new varieties without yield penalty. 

Conclusions 

This study provides insights on the changes in micronutrient uptake and 

partitioning alongside with the remarkable improvements in modern cotton cultivars 

during the past few decades. Modern cotton cultivars tested in this study showed 

higher uptake of Zn and Cu and lower uptake of Fe and Mn compared to older 

cultivars tested in the early 1990s. The increased total uptake of Zn and Cu in newer 

cultivars is attributed to the remobilization of these micronutrients from vegetative 

tissues to reproductive tissues at peak squaring and flowering stages, followed by 

continued accumulation into developing bolls at physiological maturity. Consistent 

with other reports on micronutrient uptake and partitioning, modern cultivars have 

relatively high requirements for B as it is reported to be taken up both in the vegetative 

and reproductive tissues throughout the growing season.  
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Sodium, although considered a non-essential micronutrient, can impact cotton 

growth and development. If the Na content in irrigation water is within the tolerable 

level for normal plant growth, cotton can compartmentalize these Na ions in non-

photosynthetic tissues as key mechanism regulating salt tolerance. However, when Na 

levels in irrigation supply are near or within the critical concentration range, cotton 

redistributes and accumulates Na into transpiring leaves. Accumulation of Na ions in 

the leaves can alter the normal metabolic processes occurring in leaves and shorten the 

lifetime of individual leaf, leading to yield loss. 

The development of effective fertilizer management decisions for newer cotton 

cultivars require updated information on the micronutrient uptake dynamics. The 

results of this study suggest that processes involving the uptake, redistribution, and 

management of essential micronutrients and toxic ion movement within the plant are 

just as critical as those for macronutrients. 
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CHAPTER 5  
 

YIELD AND ECONOMIC EFFICIENCY RESPONSE OF COTTON 
TO APPLIED AND RESIDUAL NITROGEN 

Abstract 

Overapplication of nitrogen (N) fertilizer in cotton (Gossypium hirsutum L.) 

production systems often results from a producer’s uncertainty in predicting the 

optimum N rate that matches maximum economic return. Establishing in-season 

fertilizer management decisions based on updated accumulation rates and based on 

credits for residual soil nitrate (NO3–N) can increase profit, minimize production 

costs, and maintain soil health and productivity. Lint yield, N uptake rate, and 

profitability of two cotton cultivars [FiberMax (FM) 958 and Deltapine (DP) 1646] 

were compared across five N fertilizer treatments (N0: 0 kg ha-1, N45: 45 kg ha-1, N90: 

90 kg ha-1, N135: 135 kg ha-1, N180: 180 kg ha-1) from 2018 to 2020. For both cultivars, 

there were no observed differences in N uptake among different levels of N fertilizer 

applied and the additional N fertilizer on top of 45 kg ha-1 did not increase the yield 

nor the accumulation rate of cotton. From 2018 to 2020, both N0 and N45 resulted in 

the greatest revenue above variable costs (RAVC) values for all cultivars. The 

improved uptake capacity of the cultivars and the high levels of residual soil NO3-N 

allowed sustained plant growth and yield even with reduced N application. Overall, 

the results show the advantage of reducing N inputs in residual nitrogen-rich soils to 

increase profits, maintain yields, and reduce N losses. Both of these findings are 

important points for working towards more sustainable agriculture through reduced 

chemical inputs and maintained soil health.  
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Introduction 

Changes in genetics, environment, and management practices are the key 

drivers which have contributed to increased cotton yields. Plant breeding has resulted 

in new cotton cultivars with improved traits such as increased production of the 

number of fibers per ovule (Gialvalis & Seagull, 2001; Seagull & Giavalis, 2004), 

number of seeds per boll (Ragsdale & Smith, 2007), number of bolls per plant, and 

boll weight (Tang, Jenkins, McCarty, & Watson, 1993). In addition, selective breeding 

for reduced seed size and increasing seed numbers per boll has also increased yields 

for the last 30 years (Bednarz, Nichols, & Brown, 2007). In addition to the genotypic 

improvements, yield increases from 1990s to 2010s were also highly influenced by 

environmental factors (temperature, rainfall, soil type) and management strategies. 

The adoption of new technologies and optimized management strategies including the 

implementation of stage-based timing of deficit irrigation applications through 

subsurface drip irrigation and the 4R fertilizer stewardship (application of right 

fertilizer source at the right rate, right time, and right place) resulted in increased 

yields over the past years (Bednarz, Nichols, & Brown, 2006; Boquet, 2005; Brecke, 

Banks, & Cothren, 2001; Bronson; Cathey & Meredith Jr, 1988; Loka, Oosterhuis, & 

Ritchie, 2011; Ritchie, Whitaker, Bednarz, & Hook, 2009; Schaefer, Ritchie, 

Bordovsky, Lewis, & Kelly, 2018). With these changes, it is possible that the 

improved yield potential may be associated with increased efficiency of nutrient 

accumulation and use, particularly for nitrogen (N), by newer cotton cultivars 

(Pabuayon, Lewis, & Ritchie, 2020). 
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The existing recommended N fertilizer rates that are being used in cotton 

production are currently based on nutrient uptake information from Mullins and 

Burmester study (1990). Mullins and Burmester (1990) reported that a cotton crop 

requires an average of 19.9 kg N to produce 100 kg of lint. A more recent study re-

evaluating the nutrient requirements of cotton grown in the Southern High Plains 

conducted by Pabuayon et al. (2020) reported that newer cotton cultivars require an 

average of 12.3 kg N to produce 100 kg of lint. This updated value suggests the 

enhanced capacities of newer cultivars to take up and remobilize N more efficiently 

for greater lint yield production. However, the performance of these new cultivars in 

terms of partitioning N vary depending on the genetics, environment, or management 

practices, primarily due to cotton’s indeterminate growth habit (Pabuayon, Kelly, 

McCallister, Coldren, & Ritchie, 2020). Typically, cotton yield increases with the 

application rate of nitrogen fertilizer until it reaches a plateau, beyond which 

additional nitrogen fertilizer does not affect yield. If N is applied at a greater than 

optimal rate, excessive production of vegetative tissues may be favored over 

reproductive tissues (Boquet, Moser, & Breitenbeck, 1994; Main et al., 2013). 

Egelkraut, Kissel, Cabrera, Gascho, and Adkins (2004) reported that superoptimal 

application of N in cotton may decrease lint turnout at maturity. Boquet and 

Breitenbeck (2000) reported that in addition to the residual soil NO3-N, a fertilizer rate 

of 84 kg N ha-1 was optimal for sustained cotton growth and development, and 

additional N fertilizer application did not significantly improve the yield. Dong, Li, 

Eneji, and Zhang (2012) reported that excessive nitrogen fertilizer in combination with 
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high planting density reduced boll load. These studies indicate that N from fertilizer 

sources is often not efficiently used by cotton especially when residual soil NO3-N 

levels are high (Hunt, Bauer, Camp, & Matheny, 1998; Hutmacher et al., 2004). For 

example, alfalfa grown in soil with 250 kg ha-1 of residual N required 0 to 28 kg N ha-1 

from fertilizer in order to optimize economic return (Morris, 1993). Halvorson, 

Schweissing, Bartolo, and Reule (2005) reported no substantial increase in maize 

nitrogen use efficiency due to the effect of high levels of residual N. As a result, crop 

N management practices involving assessment of residual N through soil testing may 

help in the decision making on whether little to no N is needed for the production 

without yield penalty. Availability of information about the soil residual N before the 

start of growing season may also avoid overestimating the recommended fertilizer 

rates. 

Comparing the existing recommended rates and the new information on uptake 

and nutrient use data from the current study, it is possible that fertilizers are being 

applied in amounts greater than are required by newer cotton cultivars. This may result 

in wasting growers’ money as well as negatively impacting soil health (Boquet & 

Breitenbeck, 2000). Based on the recent report by Pabuayon, Lewis, and Ritchie 

(2020), the cotton seed is a large N sink, and optimized yield can be achieved with 

lower rates of N than the existing recommendations for cotton production due in part 

to the physiological changes affecting N distribution and partitioning. As a result, it is 

important to determine regional economically optimal nitrogen rates to maximize 

profits in accordance to changes in uptake and partitioning dynamics of new cultivars. 
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The goal of this study is to help growers optimize fertilizer application and cost 

efficiency for modern cotton cultivars in the Southern High Plains. This study has the 

following objectives: 

1. Compare the yield response of two cotton cultivars to five rates of N fertilizer 

in a high residual soil N environment. 

2. Determine the differences in total N uptake of these cultivars when grown 

under different levels of N fertilizer. 

3. Identify the optimal N fertilizer rate that will maximize profitability based on 

market value projections for cotton. 

 

Materials and Methods 

Experiment site and design 

Studies were conducted in 2018, 2019, and 2020 at the Texas Tech University 

Research Farm in New Deal, TX (33° 44' 13.76" N, 101° 43' 58.04" W, 994 m above 

sea level). The location is in a semi-arid climate with a mean annual precipitation of 

483 mm for the last 7 years based on the data obtained from an on-site GRW weather 

station (Campbell Scientific). The soil is a Pullman clay loam (fine, mixed, 

superactive, thermic, Torrertic Paleustolls) (National Cooperative Soil Survey, 2014) 

with pH ranging from 7.9 to 8.1 across 0 to 60 cm depth. 

Cotton cultivars FiberMax 958 LL (FM 958; PI 642049) and Deltapine 1646 

B2XF (DP 1646) were planted on 21 May 2018, 31 May 2019, and 29 May 2020, in 

rows spaced 1.07 m apart at an average density of 13.0 plants ha-1. During each year, 
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there were 4 replicates of each cultivar arranged in a randomized complete block 

design. For both years, five rates of N fertilizer were applied at 0 kg ha-1 (N0), 45 kg 

ha-1 (N45), 90 kg ha-1 (N90), 135 kg ha-1 (N135), and 180 kg ha-1 (N180). The liquid N 

fertilizer was split-applied as urea-ammonium nitrate (UAN, 32-0-0) at 40% pre-plant 

and 60% side-dressed, using a coulter applicator.  

Sample and data collection 

Soil samples were collected 30 days before planting each year at 0-15 cm, 15-

30 cm, and 30-60 cm depth intervals. These soil samples were dried in an oven at 

60ºC for 7 days, ground to pass through a 2-mm mesh screen, and submitted for pH 

and NO3-N analyses to the Texas A&M AgriLife Extension Soil, Water, and Forage 

Testing Laboratory (College Station, TX). Soil pH of a 1:2 soil/water ratio extract was 

determined using the hydrogen selective electrode (Schofield & Taylor, 1955). Soil 

NO3-N was determined using the cadmium reduction method followed by 

spectrophotometric measurement (Kachurina, Zhang, Raun, & Krenzer, 2000). Results 

of analysis are shown in Table 5.1. 

Plant samples were collected at 30, 60, 90, and 120 days after planting (DAP). 

Biomass samples were dried, weighed, and ground prior to analyses. Dry biomass 

fractions were submitted for total N analysis except for the lint samples. Total N in 

plant tissues was determined by high temperature combustion process (McGeehan & 

Naylor, 1988; Nelson & Sommers, 1973; Sheldrick, 1986). Mature cotton bolls were 

harvested within 25 m2 area on 10 November 2018 and on 4 November in 2019 and 

2020. 



Texas Tech University, Irish Lorraine B. Pabuayon, May 2021 

119 
 

 
Table 5.1. Residual soil NO3-N across soil depths from 2018 to 2020 and the crops 
planted of each previous year. 

 
Residual soil NO3-N (kg N ha-1) 

2018 2019 2020 
Soil Depth    

0-15 cm 21.5 17.7 31.6 
15-30 cm 11.2 14.8 20.0 
30-60 cm 23.3 13.9 33.2 

Total (0-60 cm) 56.0 46.4 84.7 

Previous crop 
Cotton 

Maize, 
Sorghum, 

Millet Cotton 
 

Economic analysis 

 Partial budgets were created using management data collected from the 

experiments. All input and output prices used in the economic analysis were based on 

the average of the three study years (Table 5.2). Total revenue was calculated as the 

product of lint yield (kg ha-1) and average lint price for 2018-2020 ($1.40 kg-1). It was 

assumed that the seed was used as payment for ginning costs. Fixed costs were not 

considered, based on the assumption that they did not change among treatments. 

Prices of the management practices are based on the 2018-2020 Texas Agricultural 

Custom Rates Survey compiled by Department of Agricultural Economics, Texas 

A&M AgriLife Extension Service. Variable costs comprised of costs of land 

preparation, seeds, planting, chemical applications, irrigation, maintenance, and 

harvest-related operations. Revenue above variable costs (RAVC) was calculated as 

the difference between total revenue and variable costs. 
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Statistical analysis 

Statistical analyses were performed using the Generalized Linear Mixed Model 

(GLIMMIX) procedure in SAS 9.4 (SAS Institute, 2013). The significance of the 

overall test was determined first and in cases where the overall test significance met a 

critical P-value of 0.05, least-squares mean separation was performed. Cultivar and N 

rates were considered as fixed effect factors and based on recommendations by Littell, 

Milliken, Stroup, Wolfinger, and Oliver (2006), replicate and year were treated as 

random effect variables. Least-squares mean separation was based on the 95% 

confidence limits of the differences among treatments. Where appropriate, interactions 

between cultivar and year and between N rates and year were tested for significant 

interaction effects to determine whether to pool information by year. 
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Table 5.2. Management and input costs of cotton production under five rates of N 
fertilizer from 2018-2020 at New Deal, TX. 

  2018 2019 2020 
Management Cultivar FM 958 FM 958 FM 958 
  DP 1646 DP 1646 DP 1646 
 Seeding rate 

(seeds ha-1) 
130,000 130,000 130,000 

 Planting date May 21 May 31 May 29 
 Harvest date Nov 10 Nov 4 Nov 4 
Input Costs Offset disc  ------------------ $10.00 ---------------   
 Listing beds  ------------------ $13.20 ---------------  

Rotary hoe  -------------------- $9.33 ---------------  
Planting  ------------------ $10.00 ---------------  
Irrigation energy  ----------------- $140.00 ---------------  
Seed  

DP 1646  ------------------ $94.24 ---------------  
FM 958  ------------------ $39.72 ---------------  

Herbicide   
Trifluralin  -------------------- $6.95 ---------------  
Promethryn  ------------------ $12.50 ---------------  

Harvest Aid   ------------------ $71.94 ---------------  
Carfentrazone-ethyl and 
Ethepon  

N Fertilizer  
N0  -------------------- $0.00 ---------------  
N45  ------------------ $37.56 ---------------  
N90  ------------------ $75.12 ---------------  
N135  ----------------- $112.68 ---------------  
N180  ----------------- $150.24 ---------------  

P Fertilizer  ------------------ $25.60 ---------------  
Stripping cotton/ module 
building 

 ----------------- $167.46 ---------------  
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Results and Discussion 

Differences in yield among cultivars and N fertilizer rates 

There were significant interaction effects between year and cultivar treatments 

on lint yield (Table 5.3; p<0.05). As a result, differences among cultivars for lint yield 

were analyzed separately for each year. The lint yield of FM 958 and DP 1646 for 

2018-2020 growing seasons are presented in Figure 5.1. In 2018, lint yields of FM 958 

and DP 1646 were not significantly different (p > 0.05). For each cultivar, significant 

differences were not observed among different levels of N, except between N0 and 

N180 in FM 958. The effect of different N rates was observed to be cultivar-dependent, 

implying that optimal N rates may be necessary for a given cultivar. The 2019 

growing season was challenging for cotton production in southern High Plains of 

Texas, due to extended rains at the start of the season and subsequent drought and high 

temperatures in the middle of the season, which stressed the plants at the 

blooming/boll production stage. Hence, it is not surprising to observe a substantially 

lower lint yield in 2019 compared to 2018. In 2019, lint yield ranged from 641 kg ha-1 

to 968 kg ha-1 (Figure 5.1). This corresponded to 35 to 50% decreases in final yield 

relative to 2018. Between cultivars, the lint yield of DP 1646 was significantly greater 

than that of FM 958 (p < 0.05). Similar to the 2018 growing season, there were no 

significant differences observed among different rates of N in both cultivars. In 2020, 

lint yield of FM 958 was greater than DP 1646 (Figure 5.1; p < 0.05). However, in 

both cultivars, the lint yield among N rates were not different (p > 0.05). The 2020 

growing season had an early first cold snap in early September which coincided with 
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the final stages of development before preparation for harvest. This early freeze may 

have prevented immature bolls from completely maturing and may have contributed to 

yield reductions. 

Table 5.3. Statistical significance of differences in lint yield due to treatments, among 
cultivars and N rates, and interactions by year. 

Year Effect F value P value 

 Year x N rate 1.05 0.41 

 Year x Cultivar 23.87 <.0001 
2018 N rate 0.20 0.94 

 Cultivar 0.04 0.84 

 N rate x Cultivar 1.00 0.42 
2019 N rate 1.57 0.23 

 Cultivar 12.06 0.00 

 N rate x Cultivar 0.51 0.73 
2020 N rate 1.22 0.33 

 Cultivar 52.87 <.0001 

 N rate x Cultivar 0.82 0.52 
 

Differences in N uptake among cultivars and N fertilizer rates 

 For all N fertilizer rates, the patterns of N uptake varied between years (Figure 

5.2). In 2018, there was a steady increase in total N uptake across growing season for 

both cultivars (Figures 5.2A and 5.2C). In 2019, total N uptake increased from 0 to 60 

DAP then plateaued from 60 DAP towards the end of the growing season (Figures 

5.2B and 5.2D). Under favorable growing condition for cotton production such as in 

2018, both cultivars showed two peaks of maximum uptake: at peak squaring and 

flowering stage (30-60 DAP) and at boll formation stage (90-120 DAP) (Figures 5.3A 

and 5.3C). Daily uptake rates were higher at 90 to 120 DAP compared to the period 

between 30 to 60 DAP. At the boll formation stage in 2018, the highest uptake rates  
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Figure 5.1. Lint yield of cotton cultivars grown under five rates of N at New Deal, TX 
in 2018 and 2019. Error bars represent standard error of the mean. Differences are 
denoted by different letters, with significance of p < 0.05. 
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Figure 5.2. Total N uptake cotton cultivars grown under five rates of N fertilizer in 
2018-2020 at New Deal, TX. 
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Figure 5.3. Daily N uptake rate of cotton cultivars grown under five rates of N 
fertilizer in 2018-2020 at New Deal, TX. 
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for both cultivars were observed under the N45, N90, and N135 treatments. Both the 

lowest and highest rates of N fertilizer applied showed consistently lower uptake in 

both cultivars (Figures 5.3A and 5.3C). In 2019, both cultivars showed one peak of 

uptake at squaring and flowering stage (30 to 60 DAP) and the daily uptake rates at 

boll formation stage (90 to 120 DAP) was noticeably lower than the daily uptake rates 

around 30 to 60 DAP, for all N levels (Figures 5.3B and 5.3D). Environmental factors 

such as temperature and rainfall influence the transport of nutrients into the plant 

(Barberon & Geldner, 2014; Havlin, Tisdale, Nelson, & Beaton, 2016). The transport 

of water and N at the reproductive stage of cotton plants grown in 2019 may have 

been limited due to extremely high temperatures during 60 to 100 DAP (Figure 4.1) 

which may have reduced plant photosynthetic and transpiration efficiencies and 

reduced the capacity of the root system to extract water, resulting to noticeable 

decrease in the uptake for N. 

For both cultivars tested in this study, there were no observed differences in N 

uptake among different levels of N fertilizer applied (Figure 5.2) and the additional N 

fertilizer on top of 45 kg ha-1 did not increase the yield of cotton (Figure 5.1). As an 

indeterminate crop, increasing the amounts of N fertilizer applied in the production 

system results in promoting greater vegetative growth and fewer reproductive 

structures, resulting the lack of positive effects in terms of increasing yield.  

Economic efficiency of N fertilization in cotton 

The revenue, variable cost, and revenue above variable cost (RAVC) for each 

year, cultivar, and N fertilizer treatment are presented in Table 5.4. The yield 
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reductions between 2018 and 2019 and between 2018 and 2020 resulted in a 

substantial decrease of 78-103% and 49-94% in RAVC, respectively (Table 5.4). 

From 2018 to 2020, the highest value of RAVC was consistently observed under N0 

and N45, and as the amount of fertilizer applied increased, the RAVC decreased for 

both cultivars (Table 5.4). Based on the analysis from 2018 to 2020, the RAVC was 

optimized at a total (residual soil NO3-N + fertilizer added) level of 56-101 kg N ha-1 

in 2018, 46-91 kg N ha-1 in 2019, and 85-130 kg N ha-1 in 2020, for both cultivars.  

The lack of yield response to increasing rates of N can be attributed to several 

factors, such as the enhanced N use efficiency of newer cultivars which indicates that 

N input does not always translate to yield output, primarily due to cultivar dependence 

of response and to the differences in upper limit of uptake. The average residual soil 

NO3-N levels for the three growing seasons were consistently high across 0 to 60 cm 

soil depth (Table 5.1). As a result, the residual soil NO3-N were relatively high enough 

to sustain plant growth and maintain yield. Nitrogen is the macronutrient applied in 

greatest quantity for cotton. Nitrogen applied as fertilizer to the soil is often not used 

efficiently by the crop. In addition to losses brought about by runoff, volatilization, 

and leaching, losses due to application of N more than what is required by the plant 

represent unrecovered input costs for growers and potentially detrimental effects to the 

environment. In recent years, prices of N fertilizers have increased and have been 

more unpredictable. Lemon et al. (2009) reported a 211% increase in urea ammonium 

nitrate (32-0-0) from 2003 ($180 ton-1) to 2008 ($560 ton-1). Therefore, the N uptake 
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index or yield return per unit of N applied will only be as good as the overall 

efficiency of the production system. 

Conclusions 

The improved efficiency of newer cultivars due to genetic improvement and 

crop management optimization has likely changed the N requirement rates of these 

cultivars over the past years. In this study, the amount of lint yield and total N uptake 

did not increase with N fertilizer applied on top of 45 kg ha-1. These results indicate 

that N fertilizer rates applied to cotton could be reduced without yield penalty. The 

return per unit of N fertilizer applied decreased with increase in fertilizer after 45 kg 

ha-1. This lack of response to increasing rates of N input can be attributed to the 

improved N use efficiency of newer cultivars and high levels of readily available N in 

the form of soil nitrate. 

Overall, this study provides researchers and producers with information about 

the potential losses when application of N is greater than the crop requirements. 

Reducing N application based on credits for residual soil NO3–N highlights the 

importance of soil testing particularly at pre-planting. If information from soil testing 

for residual N are available, farmers can optimize the management of N fertilizer split 

applications within the season. Optimal rates of fertilizer supply can reduce production 

costs, maximize yield and net return profits, and reduce losses to the environment. and 

achieve greater profit for farmers.
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Table 5.4. Summary of revenue, total variable costs, and revenue above variable costs (RAVC) of cotton cultivars grown under five 
rates of N fertilizer in 2018-2020 at New Deal, TX. 

Cultivar N 
Fertilizer 

Treatment 

2018  2019  2020 

Revenue 
($ ha-1) 

Total 
Variable 
Costs ($ 

ha-1) 

RAVC 
 ($ ha-1) 

 
Revenue 
($ ha-1) 

Total 
Variable 
Costs ($ 

ha-1) 

RAVC 
($ ha-1) 

 
Revenue 
($ ha-1) 

Total 
Variable 
Costs ($ 

ha-1) 

RAVC 
($ ha-1) 

DP 1646 N0 2445.21 1282.63 1162.57  1356.18 1098.34 257.85  1267.77 1083.38 184.40 

 N45 2448.61 1320.77 1127.84  1388.44 1141.36 247.09  1271.97 1121.65 150.32 

 N90 2473.87 1362.61 1111.27  1329.14 1168.88 160.26  1232.09 1152.46 79.63 

 N135 2406.59 1388.78 1017.82  1246.66 1192.48 54.18  1265.67 1195.70 69.97 

 N180 2506.00 1443.16 1062.84  1182.80 1219.24 (-36.44)  1297.16 1238.59 58.57 

FM 958 N0 2435.06 1146.20 1288.87  1165.16 931.29 233.87  1630.89 1010.10 620.79 

 N45 2498.63 1194.51 1304.12  1121.43 961.45 159.98  1567.92 1037.01 530.92 

 N90 2427.28 1220.00 1207.28  1208.20 1013.69 194.51  1582.62 1077.06 505.56 

 N135 2548.88 1278.14 1270.74  1167.86 1044.43 123.44  1441.99 1090.82 351.17 

 N180 2314.53 1276.04 1038.49  1047.99 1061.70 (-13.71)  1704.36 1172.78 531.58 
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CHAPTER 6  

PERSPECTIVES FOR THE FUTURE 

Yield improvement in cotton is associated to the tight coordination between 

cellular carbon and nutrient metabolism and partitioning. Measurements and analysis 

of the cotton fruiting dynamics through boll distribution mapping, when combined 

with increased throughput capacity, is invaluable to understanding the carbon source-

sink relationship while preserving the intrinsic variability of boll properties even at 

production scale level.  

The altered nutrient uptake, removal, and partitioning patterns in newer 

cultivars can be a basis for researchers to further investigate how each of these 

processes could be fine-tuned to be more favorable towards reproductive organ 

development and consequently, improved yields under rapidly changing climate and 

management practices. The ultimate goal of this research is to develop an optimized 

fertilizer management plan based on updated recommendation rates and timings that 

match the crop’s nutrient demand across the growing season. This can lead to an 

increase in yield output as well as nutrient use and cost efficiencies. Future directions 

can focus on expanding the reach of this study to other locations outside the region 

and to crops other than cotton. Information about the actual fertilizer rates and timings 

that are being adopted by producers throughout the state can be collected and can be 

used by researchers and extension specialists to tailor the updated recommendation as 

site-specific as possible.  
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