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Abstract

Limited water resources and insufficiently developed infrastructure provide challenges to
sustainable production of cotton (Gossypium hirsutum L.) in Western Kansas. This study aimed to
(1) assess the effect of irrigation technology and plant density on cotton growth, yield, and yield
components, and (ii) determine the actual evapotranspiration, water use efficiency, and grass-
reference crop coefficients of cotton under different irrigation technologies and rainfed conditions.
Four irrigation technologies, which were Low Energy Precision Application (LEPA), Low
Elevation Spray Application (LESA), Mobile Drip Irrigation 1 (MDI1 with 3.79 L/hour), Mobile
Drip Irrigation 2 (MDI2 with 7.57 L/hour), and rainfed treatments were evaluated under two crop
densities (135,908 and 160,618 plants/ha) in a split plot design with three replications using cotton
variety PHY 205 W3FE in 2021. The results indicated that the MDI2 had the highest growth
characteristics, such as plant height, leaf area index (LAI), and canopy cover, while the rainfed
treatment registered the lowest growth performance. There is a significant positive relationship
(p<0.05) between the canopy cover and LAI with coefficient of determination (R?) of 0.98,
between NDV1 and LAI (R? of 0.92), and between the plant height and LAI (R? of 0.87). Likewise,
the R? of the yield and the maximum growth characteristics were high (0.59-0.72) indicating that
the variability of the yield could be explained by the variability of the crop growth parameters at
flowering and early boll development stage. The cotton lint yield varied and was statistically
significant (p<0.05) between the irrigation technologies and rainfed condition with the LEPA
having the highest cotton lint yield (950.3 kg ha). The low-density provided the optimum cotton
lint yield. The soil water balance analysis showed that, of all irrigation technologies, cotton under

MDI1 had the highest actual evapotranspiration (ETa) of 490.3 mm, while the rainfed treatments



had the lowest ETa of 287.1 mm. In terms of the impact of crop density, high-density plots
registered a higher ETa of 447.1 mm compared to 441.3 mm of low-density plots. The LEPA
irrigation technologies resulted in the highest crop water use efficiency (CWUE), actual
evapotranspiration water use efficiency (ETWUE), and irrigation water use efficiency (IWUE),
and the values were 0.30 kg m, 21 kg m=3, and 0.44 kg m™3, respectively. Irrigated cotton crop
coefficients were estimated at 0.35, 0.92 to 1.04, and 0.39 to 0.48 for initial, mid, and late season
stages, respectively. Under rainfed conditions, the crop coefficients were 0.18, 0.46 to 0.48, and
0.10 to 0.28 for the respective growth stages. These results indicate that the irrigated initial Kc is
similar to the Food and Agriculture Organization of the United Nations (FAO) initial Kc, while
mid and late season Kc are lower than the FAO values by 15% and 4%, respectively. On average,
the two-step approach (ETa = ETo x Kc.ad].) overestimated cotton ETa by approximately 30% for
irrigated fields and 118% for the rainfed condition compared to the water balance approach. This
study shows that the development of a site-specific, local cotton Kc is important for better
understanding of irrigation management strategies and crop water use in Western Kansas.

Keywords: Actual evapotranspiration, crop coefficient, cotton, irrigation
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Chapter 1 - Introduction

1.1 Background

Cotton (Gossypium sp.) is one of the most important crops across the United States and its
production was estimated to be 3.26 million tons on about 3.52 million hectares in 2020 (USDA,
2021). The United States of America (U.S.A) is the world's leading cotton exporter, supplying
about 35% of global cotton exports in recent years (OECD/FAOQ, 2019). Cotton is a valuable,
natural textile fiber and the purest source of cellulose (Hsieh, 2007). Aside from the fibers, cotton
is also produced as a source of a seeds that provide edible oil and seed by-products, and other
products to industries. Cottonseed oil contains a high number of antioxidants, which are essential
for good health, and the seed by-products are used in animal feeding. However, cotton production
is affected by different biotic and abiotic factors that limit the expression of crop potential yield.
Water stress and plant density are the important target factors for high yield achievement.

Studies have reported that water stress and drought resulted in the growth of shorter cotton
plants with a smaller number of nodes on the stem compared to cotton grown under normal water
requirements, which, on average, grew taller with a high number of nodes (Moore, 2020; Azhar
and Rehman, 2018). Water stress is caused by a poor distribution of irrigation water due to
irrigation technology or a state of dry weather that causes hydrological shortage in a specific
region. Different irrigations technologies have been used for cotton production for various results.
For instance, in Western Kansas, Oker et al. (2020) found that LEPA, LESA, MDI1, and MDI2
applicators have an efficiency of 98.4%, 51.2%, 76.1%, 96.8%, respectively. Haag et al. (2013)
also reported on irrigation strategies for corn and cotton cropping systems in Southwest Kansas.
In Turkey, Cetin and Bilgel (2012) compared cotton yield performance under furrow, sprinkler,

and drip irrigation and found that drip irrigation produced 21% more seed-cotton than the furrow



method and 30% more than the sprinkler method. The authors further reported that the shedding
ratio was significantly higher under sprinkler irrigation than furrow or drip irrigation, resulting in
lower seed-cotton yield for sprinkler irrigation. In southwestern Georgia, Sorensen et al. (2020)
found sprinkler and shallow subsurface drip (S3DI) irrigation methods had a better lint yield than
the subsurface drip (SSDI) system at full irrigation and the lint yield was the lowest in the rainfed
treatment. Nilesh et al. (2005), in India, compared drip with sprinkler irrigation on cotton
production and found that drip irrigation at a low level of irrigation (75%) had higher yield than
sprinkler irrigation at a high irrigation level (100%). Therefore, drip irrigation is found to
contribute to better yield with less water. However, in Southeast U.S., Whitaker et al. (2008) found
no cotton yield difference between overhead sprinkler, SSDI, and rainfed plots. Across the United
States, diverse results for cotton production have been obtained with various irrigation techniques.
Furthermore, irrigation water redistribution is an important factor to consider when selecting
irrigation technologies. A poor distribution of water in the soil profile contributes to cotton plant
water stress. Oker et al. (2021) reported that soil water redistribution uniformity under mobile drip
irrigation (MDI) was less than under Low Elevation Spray Application (LESA) and Low Energy
Precision Application (LEPA) in Kansas. Chastain et al. (2014) reported stomatal conductance,
transpiration rate, and net photosynthesis decreased under water stressed conditions. Pettigrew
(2004) found a reduction of 25% in lint yield due to water stress.

Another critical factor determining cotton yield is the planting density (Bednarz et al.
2000), and its effect has been reported by various studies across the world (Bednarz et al. 2006,
2007; Feng et al. 2010; Xiao-yu et al. 2016). Plant density influences light interception, moisture
content, and wind movement, and further impacts plant height, crop maturity, and yield. Zhi et al.

(2016) found that an optimal plant density not only improves the cotton yield and its components



but also contributes to resource use efficiency. In the US, plant densities vary among the states to
optimize the yield and its components. For instance, the plant density of cotton is reported to be
126000 plants ha™ in Georgia (Bednarz et al. 2005), 153000 plants ha™* in Louisiana (Siebert et al.
2006), 66000 plants ha* in Mississippi (Read et al. 2006), and 100000 plants ha? in Arizona
(Kawakami et al. 2012). Xiao-yu et al. (2016) revealed that, with plant densities of 51000 and
87000 plants ha't, an increase of lint yield by 61.3 and 65.3% in 2012 and 17.8 and 15.5% in 2013,
respectively, compared to the low plant density (15000 plants ha™) was obtained. They further
mentioned that between 51000 and 87000 plants ha*, there was no significant difference in lint
yield. Moreover, Khan et al. (2019) reported that the highest seed cotton yield (4546 kg ha) and
lint yield (1682 kg ha*) were obtained with 87000 plants ha. In sum, an optimum plant density
offered a good canopy micro-environment for better yield.

In Kansas, U.S.A, where, in 2020, cotton yield and production area were each 2.1 % of that
in U.S.A (USDA, 2021), an increasing interest has given to cotton production by farmers. The
above research results indicate that cotton yield and its components are affected by irrigation
technology and plant density. The response is also function of soil type, management practices,
climatic conditions, and cotton variety. Hence, it is important to investigate the best irrigation

technology and the optimum plant density for high yield and resource use efficiency.
1.2 Objectives

Cotton is a new crop in the High Plains region of Kansas and with the decrease of the
Ogallala aquifer, there is need to identify the best irrigation technology and optimum plant density
for effective cotton production. The objectives of this study are to: (1) determine the effect of
different irrigation technologies and plant densities on cotton growth, yield, and yield components,

(2) estimate cotton actual evapotranspiration, total water use efficiency (CWUE), seasonal



irrigation water use efficiency (IWUE), evapotranspiration water use efficiency (ETWUE), and
estimate the grass-reference crop coefficients of cotton under different irrigation technologies and

rainfed conditions.



Chapter 2 - Literature Review

2.1 Generality of cotton crop

Cotton (Gossypium Sp.) is from the family of Malvaceae. Cotton is native to tropical and
subtropical zones. According to Wendel et al. (2009), there are nearly 50 Gossypium species,
making it the largest genus in the tribe of Gossypieae, and new species of cotton crop continue to
be discovered. Grown cottons are perennial shrubs, however they are often cultivated as annuals.
The perennial nature of the cotton crop permits farmers to manage its growth and development to
optimize seed and lint yield.

Three stages characterize the growth of cotton. They are (i) initial development, (ii) mid-
development, and (iii) late-season development stages (Figure 2.1). During the initial
development, the seed germinated and emerged, followed by the seedling establishment. The mid-
development is characterized by the leaf area and canopy development, followed by the flowering
and boll development. The late stage of cotton growth encompases boll maturation and plant
defoliation. Below are three images illustrating the cotton plant during the three development

phases.

Figure 2.1 Pictures of cotton at initial, mid-season, and late-season stages at K-State
Southwest Research and Extension Center (SWREC), Garden City, Kansas, USA



2.2 Cotton yield and yield components under different irrigation techniques

Cotton can be cultivated under rainfed conditions only in a limited number of regions, and
usually an optimum yield cannot be achieved without irrigation (Cetin and Bidgel, 2001).
Therefore, irrigation is necessary for cotton production. For instance, Pinnamaneni et al. (2021)
reported that irrigation is a crucial factor in achieving high fiber yield and seed quality in the
Mississippi Delta region and Sui et al. (2017) found that, in the Mississippi Delta, irrigation
augmented cotton yield and improved fiber length. However, different irrigation technologies,
such as low energy precision application (LEPA), low elevation spray application (LESA), mid-
elevation spray application (MESA), mobile drip irrigation (MDI), surface irrigation, subsurface
drip irrigation, and furrow irrigation, are used to produce cotton, and various results have been
obtained depending on local climates, soil conditions, genotypes, and management practices. In
northern Texas and southwestern Kansas, Colaizzi et al. (2005) carried out a study on cotton
production with surface drip irrigation (SDI), LEPA, and spray irrigation and found that the highest
lint yield and water use efficiency were achieved with SDI at low irrigation rates in 2003. Similar
results were found by Colaizzi et al. (2004) and Segarra et al. (1999), who reported that SDI
performed better than any other irrigation system such as MESA, LESA, and LEPA. Moreover, in
2004, lint yield and gross returns were improved with SDI at any irrigation rate in 2004. Bordovsky
(2019) found that, under irrigation treatments less than 50% of full irrigation, LEPA induced a
16% vyield increase over sprinkler irrigation, but SDI resulted in a 14% higher yield over LEPA.
At irrigation levels greater than 50% full irrigation, yield was slightly smaller in sprinkler
compared to LEPA, and SDI was found to provide 7% greater yield than LEPA. However,

Bordovsky et al. (1984) carried out a study where soil matric potential was used to schedule



irrigations and found that LEPA and drip irrigation provided the same yield for cotton, corn, and
soybeans.

In Turkey, Cetin and Bidgel (2002) carried out a study on the three different irrigation
methods (furrow, sprinkler, and drip irrigation) on seed cotton yield and yield components.
Maximum seed yields were 4380, 3630, 3380 kg ha™* under drip, furrow, and sprinkler irrigation,
respectively. Drip irrigation generated 21% more yield than furrow irrigation and 30% more yield
than sprinkler irrigation. In southeastern Turkey, Cetin et al. (1994) did a similar study and
compared different irrigation methods for effective water use on cotton. The highest seed cotton
yield was found in drip irrigated plots, and it was 4650 kg ha™*. It was followed by furrow irrigation,
which had a yield of 3120 kg ha™. In terms of lint yield, lint quality, and water use efficiency, SDI
has been found to slightly surpass LEPA and spray irrigation (Segarra et al., 1999; Bordovsky and
Porter, 2003). In India, Choudhary et al. (2016) found that drip irrigation increased plant height,
number of bolls per plant, boll weight, and number of monopods and sympods per plant. Further,
water use efficiency (WUE) was greatest under drip irrigation as compared to other irrigation
systems in all four cotton cultivars that Choudhary et al. (2016) studied. According to Sezan et al.
(2008), for cotton production drip irrigation was more advantageous compared to conventional
practices of irrigation. In China, Wang et al. (2020) compared traditional flood irrigation and
mulched drip irrigation and found that mulched drip irrigation promoted root growth of cotton and
improved production of fine roots after the full-boll stage. Boll number per plant and yield were
increased with mulched drip irrigation.

Drip irrigation has been found to be the most effective water-saving system. It can conserve
the soil, aggregate structure, successfully prevent deep water loss and surface water loss, and,

therefore, decrease exposure of the soil to degradation and salinization (Wang et al., 2011; Ayars



et al., 1999; Batchelor et al.,1996; Karlberg and Frits, 2004). Fereres et al. (1985) reported that an
early and increased cotton yield is achieved by drip irrigation. Mateos et al. (1991) stated that drip
irrigation was more beneficial than furrow irrigation. In the same line, lbragimov et al. (2007) in
Uzbekistan reported that, with drip irrigation used for cotton production, 18 - 42% of the irrigation
water was saved in contrast to furrow irrigation. According to Ward and Pulido-Velazquez (2008),
compared to flood irrigation, drip irrigation increased cotton yields by about 25% and helped to
save water by 40-50%. In the Harran Plain in Turkey, Cetin and Bilgel (2002) found that drip
irrigation improved by 21 and 30% seed cotton yield over furrow and sprinkler irrigation,
respectively. Similarly, in the Texas High Plains, Colaizzi et al. (2008) showed that subsurface
drip irrigation (SSDI) had the best cotton productivity and gross returns followed by LEPA and
spray irrigation. However, Cetin and Kara (2019) reported that the use of SSDI is limited, because
it has adverse effects on cotton seed germination, if during sowing there is no moisture in the soil.
For this reason, an alternative irrigation technology, such as sprinkler irrigation, is advised for
better cotton germination.

Many studies have shown the importance of other irrigation methods, aside from drip
irrigation, to achieve the best cotton yield. For instance, Yavuz et al. (1993) found no statistically
significant difference among yields of cotton grown with drip, sprinkler, or furrow methods.
Moreover, Howell et al. (1989) tested drip and furrow methods for cotton irrigation and found no
yield differences between the two methods. In the southeastern part of the U.S.A., Whitaker et al.
(2008) compared overhead sprinkler, SSDI, and rainfed conditions and found no differences in
cotton yield. Further, Yazar et al. (2002) compared LEPA and trickle irrigation of cotton in
southeast Anatolia and reported that both LEPA and trickle-irrigated plots enhanced yield of

cotton. According to the authors, both trickle and LEPA irrigation technologies could successfully



be used to produce cotton under arid climatic environments. Similarly, Lyle and Bordovsky (1983)
found that LEPA performed better than furrow and sprinkler delivery systems. With LEPA, there
was better water distribution and water use efficiency and energy was saved. Yuksek and Taskin
(1974) found no differences in yield of cotton grown under sprinkler and furrow irrigation systems.

Based on the above studies, it is seen that irrigation technologies have diverse results under
different climatic conditions. Field-based studies are critical to identify a technology that can
provide an optimum yield and quality lint cotton, and, at the same time, maximize water used
efficiency.

2.3 Response of cotton physiological traits, yield, and yield components to
irrigation regimes

Among biotic and abiotic stresses, drought is the most harmful for plant growth and
productivity. Across the globe, different irrigation regimes have various effects on cotton
physiological traits, yield, and yield components. Various studies have been done under different
irrigation regimes to measure stomatal conductance, the assimilation level of carbon dioxide, and
canopy temperature. A significant decline in stomatal conductance occurs due to water stress
(Azhar and Rehman, 2018). Compared to soybean, Inamullah and Isoda (2005) found that under
water stress, the flow rate of stem sap, stomatal conductance, transpiration rate decreased more in
soybean than in cotton and, therefore, cotton adapted better to limited water by maintaining higher
transpiration compared to soybean. Azhar and Rehman (2018) measured photosynthetic rates of
cotton under normal and water-stressed circumstances and showed that water stress adversely
affected the photosynthetic rate. Water-limited conditions affect the transpiration and the
photosynthetic rates of cotton, which then limit the yields. Water stress decreases leaf area of

cotton. For instance, Rehman et al. (2017) studied parents and F1 hybrids grown under three



different irrigation regimes (none, deficit, and normal irrigation) and observed a reduction in leaf
area under water-limited conditions. Moreover, cotton grown under drought has a lower relative
water content (RWC). In the same line, Mu-XiuLing and Bao-Xiao (2003) carried out a study
concerning the effect of various water stress levels (control, light, medium, and heavy drought) on
cotton RWC. The authors reported that the RWC of cotton leaves declined as drought conditions
increased. Furthermore, Siddiqui et al. (2007) conducted a study on three cotton cultivars under
three irrigation conditions (3-, 5-, and 7-time irrigation events) and found that the highest plant
height (105.6 cm) was obtained when the cotton was irrigated seven times. Moreover, the authors
found that cotton irrigated 5-times during the growing season gave the highest seed cotton yield
of 3323.52 kg ha* compared to 3- and 7- irrigation events.

The effect of water stress on cotton seed yield and yield components has been examined
by various researchers and has shown a decrease of yield due to water stress. Water stress reduces
the transpiration rate, leaf area, and photosynthetic activities in the cotton plant and indirectly
reduces yield and its components. For instance, in California, Howell et al. (1984) measured the
average lint yield of cotton planted in narrow rows and irrigated under full, limited, and no post-
plant irrigation and found that it was 1583, 1423, and 601 kg ha, respectively. Regarding the dry
matter, the authors further stated that the full irrigation regime produced roughly 16 t ha™* of dry
matter while the limited and no-post-plant irrigation regimes provided, respectively, 11 t ha* and
7 t ha't of dry matter. In addition, Pettigrew (2004a,b) reported a decrease of 25% in lint yield due
to water stress by analyzing cotton genotypes under drought stress and normal water conditions.
Also, Bellaloui et al. (2015) revealed that, under limited irrigation in the Mississippi Delta, the
growth of cotton plants slowed to some extent, and this impacted the fiber and seed composition.

More bolls were found in controlled environments than the stressed environments, and this
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indicated the negative effects of water stress on the number of bolls (Shamim et al. 2013). The
flowering stage of cotton is found to be more sensitive to water stress than the vegetative one. For
instance, under field conditions, Kar et al. (2005) examined cotton response to limited water and
found that water stress at the flowering stage reduced the yields.

Fiber quality is a key element in the profitability of cotton, and many researchers have
studied the effect of water stress on the quality of cotton fiber. For instance, Mert (2005) examined
different genotypes of cotton to evaluate the impacts of water stress on the length, fineness, and
strength of the fiber under normal and water-limited circumstances. The results revealed that
water-limited conditions induced the production of fibers that were shorter and weaker with small
micronaire values. Similarly, Lokhande and Reddy (2014) explored the impact of drought on
cotton during its developmental stages and discovered that, during the period of boll formation,
the fineness of the fiber was negatively affected by drought.

Germination is also affected by the irrigation regime. Burke and O’Mahony (2001)
indicated that water-limited conditions adversely affected the shoots of cotton varieties more than
their roots. Likewise, all measures of shoot growth, comprising height, leaf area, nodes, and dry
weights of stem and leaves, were less in a cotton crop under drought stress compared to the
controlled conditions (Azhar and Rehman, 2018). Alcidu et al. (2013) revealed that water stress
during vegetative growth of cowpea led to a lower leaf water potential that negatively influenced
the yield. With alternating periods of water stress during the vegetative period, Mohamed et al.
(2015) found that Roselle (Hibiscus sabdariffa) exhibited higher tolerance to water stress than with
constant water stress; therefore, alternating wet and dry periods is an appropriate water

management for Roselle production.
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However, some other studies have demonstrated that cotton has drought resistance. In fact,
Mitchell-McCallister et al. (2020) revealed that deficit or reduced irrigation (RI) is an adaptive
management practice that can increase water productivity and result in water conservation. In
Turkey, Onder et al. (2009) carried out a study concerning the effects of different water levels on
yield and yield components using drip irrigated cotton and observed an increase of boll weight and
opened boll numbers under 25, 50, and 75% of full irrigation. The increase of boll numbers per
plant under water-limited conditions indicated that cotton had a great potential in adapting to water
stress. In addition, in west-central Oklahoma, Masasi et al. (2020) found that lint and seed yields
under full and reduced irrigation did not differ significantly. The authors moreover reported that
differences in fiber quality were observed among the irrigation treatments, such as full irrigation,
reduced irrigation (75%), and no irrigation. Zhan et al. (2015) stipulated that limited irrigation can
contribute to the adjustment of the shape of the canopy and the distribution of the light in the
canopy. Chen et al. (2019) concluded that in arid areas deficit-irrigated cotton, given 425-mm
water and grown under a plant density of 36 plants per m?, had advantages in terms of saving water
and energy without yield penalties.

In sum, studies have found mixed results concerning the response of physiological traits of
cotton and its yields and yield components to different irrigation regimes. This is in line with Feng
et al. (2014) who reported an influence of location on the response of cotton yield and fiber quality
to irrigation, which indicates the need to conduct local field studies. Similarly, many reports have
emphasized the need to conduct field studies to evaluate crop response to different levels of water
stress (Unlu et al. 2011; Geerts and Raes 2009). The findings of the effects of deficit irrigation on

cotton performance can assist producers to make better decisions on the suitable levels of deficit
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irrigation that will produce their yield objectives (Chen et al. 2020). There is a critical need to

identify and test approaches that optimize water use for cotton production systems.
2.4 Cotton yield and yield components in response to plant density

Plant density is an important abiotic factor affecting cotton production (Bednarz et al.
2000) and has been evaluated in many studies (Guzman et al. 2019; Venugopalan et al. 2013;
Bednarz et al. 2006; Kerby et al. 1990). According to Ajayakumar et al. (2018), an appropriate
spacing between plants is an essential agronomic factor that influences optimal use of resources
for increased crop productivity. In Venezuela, Guzman et al. (2019) assessed four sowing densities
(62500; 83333; 100000; and 142857 plants per ha) on yield and its components of two cotton
varieties and discovered that high lint yield was in ‘SN-2900" (4216.2 kg ha™*) at 100000 plants
per ha; and in ‘Delta Pine 160° (3917.3 kg ha') at 83333 plant per ha. The highest sowing density
(142,857 plants per ha) reduced lint yield and yield components for both varieties. Furthermore,
the authors showed that optimum lint yields could be achieved with sowing densities between
83,333 and 100,000 plants per ha in the tropical dry climate of Venezuela. Similarly, various
studies of cotton production have indicated an increase in yield and variation of the quality of the
fiber resulting from changes in plant densities (Bednarz et al. 2006; Zhi et al. 2016; Venugopalan
et al. 2013). Many studies have reported the adverse effect of using high planting densities in
cotton production systems. The use of high planting densities enhances the emergence of diseases,
the appearance of smaller bolls, the shading of immature flowers, lateness in maturation, and a
decline in plant size (Yang et al. 2014; Bednarz et al. 2006). Similarly, Kerby et al. (1990) reported
that the increase in plant density from 10 to 15 plants per m? delayed cotton boll maturity. Further,
Zhang et al. (2016) stated that increasing planting density above 22 plants per m? induced shade

and vyield reduction in the middle and lower parts of the cotton plant. In the U.S.A., the plant
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arrangement used differs considerably among regions in order to maximize yields. For instance,
the plant density is 12.6 plants per m? in Georgia (Bednarz et al. 2005), 15.3 plants per m? in
Louisiana (Siebert et al. 2006), 6.6 plants per m? in Mississippi (Read et al. 2006), and 10.0 plants
per m? in Arizona (Kawakami et al. 2012). In China, Khan et al. (2020) carried out a study using
6 different densities and stated that taller plants and a higher number of leaves per plant were
obtained with cotton cultivated at a lower plant density, while, under a high plant density, a higher
number of branches and fruiting nodes and a greater number of bolls per unit of soil area were
observed. The authors further revealed that the highest seed cotton yield (4546 kg ha') and lint
yield (1682 kg hal) were produced by ‘D5’ (87,000 plant ha't).

Globally, the use of high planting density has become popular in cotton production
systems, but it has created problems. Khan et al. (2020) stipulated that a high plant density
produces more leaf shedding late in the season, alongside with lower boll weight, and,
consequently, a high plant density negatively affects the yield resulting in lower productivity.
Similarly, Yang et al. (2014) and Bednarz et al. (2006) reported that a high plant density (>10
plants per m?) and the resulting shading may lead to an increase of disease infestation, fruit
shedding, lowered boll size, delayed maturity, and reduced individual plant growth and light
interception. In the same line, Khan et al. (2017) stated that high cotton plant density resulted in
fruit shedding, poor boll filling, late maturity, and disease propagation, which induced a decrease
in cotton yield. Increasing plant density is found to lower plant height, reduce the number of the
main-stem nodes per plant, number of bolls per plant, and the weight of individual cotton bolls
(Gwathmey and Clement 2010; Clawson et al. 2006). Moreover, Ali et al. (2016) mentioned that
cotton yield rises with plant density to certain density, called the optimum density, while low yield

is obtained with very high and very low plant populations. Yang et al. (2010) concluded that a
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dense population makes shade and increases the moisture of the canopy, making the canopy
environment appropriate for pest damage. It is desirable not to use applications of insecticides or
pesticides, which dense vegetation may require. Similarly, Yang et al. (2014) found that a too high
and a too low plant density reduced biomass accumulation of the reproductive organs. Khan et al.
(2020) reported that too high or too low plant densities led to a drop in cotton yields. Siebert et al.
(2006) also stipulated that a low plant density reduced yields with needless vegetative growth that
resulted in fruit shedding and boll rotting.

Several studies have found the importance of high cotton plant densities. Khan et al. (2019)
revealed that dense plants enhanced plant total biomass, but the individual biomass of a cotton
plant was reduced. Still, high plant density expands the cotton population size and stimulates
canopy apparent photosynthetic rate (CAP) before the appearance of flowers (Antonietta et al.,
2014). Studies also have reported that dense plant populations can cut off water loss from
evaporation and increase crop water use (Kaggwa-Asiimwe et al. 2013; Antonietta et al. 2014;
Yao et al. 2015). Moreover, a normal, but high population, can induce early maturation and a
maximum use of optimal temperatures by cotton plants (Li 2002; Bai et al. 2017). According to
Chen et al. (2019), a high planting density could be a way for a better combination of temperature,
light, and water for optimum vyield.

Based on the above research results, plant density has a direct relationship with cotton yield
and yield components. Optimum yield, through better management practices, is the goal of cotton
agronomists. Optimum plant density is found to vary with various conditions, such as the climate,
the genotype and irrigation method used, and soil characteristics. Therefore, it is important to carry

out studies in each geographic area to identify the optimal sowing density for maximum yields.
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2.5 Cotton crop coefficients

The crop coefficient (Kc) is the ratio of actual crop evapotranspiration to the reference crop
evapotranspiration. The Food and Agricultural Organization (FAO) of the United Nations has
established a crop coefficient (Kc) for cotton at different stages of growth that can be applied
across the globe and presented it in the FAO-56 paper (Allen et al. 1998) (Table 2.1). Nonetheless,
various studies determining local Kc values obtained for various developmental stages have been
different from those listed in the FAO-56 paper (Hunsaker 1999; Grismer 2002; Farahani et al.
2008; Bezerra et al. 2012). Therefore, the use of the FAO Kc values has resulted in an important
difference between estimated and actual evapotranspiration (ETa) (Hunsaker et al. 2003; Farahani
et al. 2008).

According to FAO, the crop coefficients of cotton are 0.35 for the initial stage, 1.15-1.20
for the mid-season stage, and 0.70-0.50 for the late season stage (Allen et al. 1998). Similar trends
have been found by Kumar et al. (2005), who reported a gradual increase in Kc from the initial
stage, peaking at mid-season, which was approximately 60 to 105 days after planting, and steadily
decreasing toward the end of the season. The authors reported 1.44 as the mid-season daily Kc in
2010 and 1.06 in 2011. They further pointed out that the difference in Kc values was due to
excessive precipitation obtained in 2010. Consequently, cotton water use was affected by
precipitation, which resulted in an increase in Kc values. In Louisiana, Kumar et al. (2005) reported
the average Kc in 2010 and 2011 of 0.42, 1.25, and 0.70 for initial, mid-season, and late season
stages, respectively. When compared to the FAO adjusted Kc, the authors found that the local
initial Kc value was 26% lower, the Kc at mid-season was 6% higher, and the end season Kc was
11% higher. In the same line, Ko et al. (2009) reported that cotton Kc at Uvalde, Texas, increased

from 0.40 at the initial stage to 1.25, where it peaked at mid-season. It decreased later to 0.60 at
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the late season stage. Similar results were found in other semiarid areas in the USA (Grismer 2002;
Hunsaker 1999) and in India (Mohan and Arumugam 1994). In the Sacramento and San Joaquin
valleys, California, the local Kc values of cotton were found to be 0.35 from 0 to 30 days after
planting; 1.15 from 90 to 150 days; and 0.87 from 150 to 180 days (Grismer 2002). The initial and
mid-season stage values in California were lower than the cotton Kc values in Texas. However,
the end season Kc found in California was different from the coefficient reported in Texas. These
differences can be explained by the length of the cotton growing season.

Apart from rainfall, cotton Kc is also influenced by the crop duration. In Syria, Farahani et
al. (2008) carried out a study on crop coefficients for drip-irrigated cotton and reported that the
locally developed Kc curves differed in the 3 years of study, as well as the adjusted FAO Kc values.
The difference between the adjusted FAO and the locally developed Kc values ranged from -47 to
103%. The initial season stage (ranging from -47 to 1%) and the late season stage (ranging from -
25 to 103%) had the largest variations. The locally developed Kc for the mid-season stage were
similar (1.05 in 2004 and 2005 and 1.04 in 2006), However, they were about 24% smaller than the
adjusted FAO Kc-mid-season value of 1.30. Cotton water use is overestimated when using
adjusted FAO Kc values higher than the locally developed Kc values, and irrigation scheduling
built on the high adjusted Kc values augments the cost of production. Also, over-irrigation
contributes to yield losses, because, with more water, the plant roots lack oxygen for respiration
to take place. In semiarid lands of Brazil, Bezerra et al. (2012) reported that average, local Kc
values were 0.75, 1.09, and 0.80 for the initial, middle, and end of growing season, respectively.
They pointed that these locally developed Kc values were smaller than the FAO-adjusted Kc
values. Therefore, the water use computed from FAO adjusted Kc values was overrated by 12%.

The initial and end stage Kc values obtained by Bazerra et al. (2012) were greater than those
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reported by Ko et al. (2009) in Texas. However, the Kc values reported by Ko et al. (2009) in
Texas were higher than the results reported by Hribal (2009). These differences are attributed to
the sensitivity of Kc values to irrigation management and systems.

The mid-season, local Kc value of 1.09 found by Bezerra et al. (2012) was similar to the
results reported by Farahani et al. (2008). Various studies (Hunsaker 1999; Grismer 2002;
Hunsaker et al. 2003; Ko et al. 2009; Hribal 2009) have reported higher mid-season Kc values,
ranging from 10-24% higher, in other cotton-production areas such as Texas, California, Arizona,
and Louisiana, than the one reported by Bezerra et al. (2012). The difference in Kc among the
regions may be explained by the change in environmental conditions induced by higher insolation,
lower humidity, and higher temperatures, as well as different cultivars studied and irrigation
management. The end-season Kc value of 0.80 (Bezerra et al. 2012) was 10% higher than the FAO
end-season Kc value. A similar end-stage Kc value was found by Kumar et al. (2005) in Louisiana.
However, Ko et al. (2009) reported a lower coefficient of 0.6 for the Uvalde region, Texas, USA.
Hunsaker (1999) developed Kc values for short-season cotton in Arizona and found higher Kc
values than those reported by FAQO. The above review highlights the spatio-temporal variation of
the crop-coefficient values. Therefore, for efficient irrigation planning, it is important to develop
a local Kc experimentally that characterizes the local climate, the water requirement, and cotton

management practices.
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Table 2.1 Cotton crop coefficient values in different parts of the world

Location Kc Climate Soil type  Year Initial Mid- End- References
stage season season
U.S.A
FAO Kc Subhumid climates 0.35 1.15-1.20 0.70-0.50 Allenetal. 1998
2010 0.42 1.44 0.62
Kc Local*
. . Sharkey 2011 0.42 1.06 0.78 Kumar et al.
Louisiana Humid
_ clay 2010 0.55 1.18 0.64 (2005)
FAO Adj. Kc?
2011 0.58 1.18 0.62
Bushland, Subtropical climate  ~U0Man 5600 008 1.10 0.15
Texas clay loam Howell et al.
2004
Bushland, FAO Adj. Ka*  Subtropical climate  ~uiman 5500 015 1.23 0.20
Texas clay loam
Uvalde, Texas Kc Local Humid subtropical  Silty clay  2006- 5 4 o5 06-01 Ko etal. (2009)
climate soil 2007
California Kc Local 0.35 1.15 0.87 Grismer, 2002
Louisiana Kc Local ?ﬁmgt?p'ca' Baresoil 2007  0.15 0.64-1.39 Hribal (2009)
. Humid subtropical 1.12- Suleiman et al.,

Georgia Kc Local environment 2005 0.99 1.15-1.2 0.7-5 2007

locally developed Kc

2 FAO adjusted Kc

3 basal crop coefficient

4 FAO adjusted basal crop coefficient
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1993- Hunsaker,
1994 0.23 1.30 0.4 1999
. Sandy Hunsaker et al.,
Arizona Keb loam soil 2002 0.15 1.2 0.52 2005
Trix Clay 1991 0.15 1.1-1.3 0.7-0.6 Hunsaker et al_’
loam 1990 0.2 1113 07-05 2003
Other countries
. Kc Local Mediterranean . 2004-  0.29 1.05 0.66 Farahani et al.
Syria ) . Fine clay
FAO Adj. K¢ climate 2006 0.20 1.30 0.71 (2008)
Brazil Kc Local Semiarid Sandy- 2008-  0.75 1.09 0.80 Bezerra et al.
FAO Adj. Kc clay—loam 2009 0.84 1.20 0.70 (2012)
Mohan and
India 0.46 0.7-1.01 0.23 Arumugam,
1994
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2.6 Cotton water use and evapotranspiration

Knowledge of water use and crop evapotranspiration (ETc) is crucial to know when
building a reliable irrigation schedule. Many studies have examined the water requirement of
cotton in different parts of the world (Kumar et al. 2015; Ayars and Hutmacher 1994; Farahani et
al. 2008; Hunsaker 1999) (Table 2.2.). Results have shown that water requirements vary widely
depending on growing season length, climate, cultivar, irrigation method, and production goals,
but the water requirement may range from 700 to 1200 mm in the growing season (Evett et al.
2012). Cotton water use increases gradually from the initial stage and reaches a maximum at the
mid-season stage and steadily declines until the end of the season. According to Bezzera et al.
(2010), water use by cotton differed according to its phenological growth. They found that cotton
used 3.8 mm of water per day at emergence; 5 mm of water per day during vegetative growth; 5.9
mm of water per day during the reproductive stage, and 5.4 mm of water per day at maturation.
The maximum water use corresponds, therefore, with a full canopy and maximum boll load of the
cotton plant. In the mid-south of the United Stated, Kumar et al. (2015) found the daily average
evapotranspiration values of cotton during mid-season were approximately 7.1 mm d* in 2010,
and 5.9 mm d in 2011. In Brazil’s semiarid climate, Bezerra et al. (2012) found daily cotton ETc
values varied from 3.7 to 9.3 mm d* in 2008 and from 3.7 to 9.6 mm d* in 2009. They further
reported that, in both years, the minimum ETc were observed in the initial stage, while the
maximum values were obtained in mid-season.

However, the water use of cotton differs around the globe. It depends on the local climate,
soil characteristics, genotypes, and irrigation methods and regimes. Evett et al. (2012) reported
water use ranged from 410 to 780 mm per season depending on irrigation methods. Cotton water

use is found to be less for drip and low energy precision application (LEPA) than furrow irrigation.
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Furthermore, water use varies with deficit-irrigation strategies, but similar ranges have been
observed for different climates. Under deficit irrigation, cotton water use varied from 432 to 739
mm in Uzbekistan (Ibragimov et al. 2007), from 594 to 778 mm in the California (Howell et al.,
1987), from 397 to 775 in 2000, from 386 to 739 in 2001 in Bushland, Texas (Howell et al. 2004),
and from 437 to 739 mm in Texas (Colaizzi et al. 2005). Under fully irrigated furrow plots, Rajak
et al. (2006) stated that cotton water consumption varied from 735 to 915 mm in India, while Anac
et al. (1999) found it varied from 659 to 899 mm in the coastal part of Aegean region of Turkey.

In Turkey, Dagdelen et al. (2006) found that variations in water use, from 272 to 882 mm
in 2003 and from 242 to 855 mm in 2004 were related to changes in climatic factors. In California,
Howell et al. (1984) measured cotton evapotranspiration using a water balance model and reported
that it varied with irrigation regimes. The authors further stipulated that evapotranspiration of
narrow row cotton was 778 and 594 mm under full irrigation and limited irrigation, respectively.
In Texas, Ko et al. (2009) reported smaller cotton water use values than those obtained by Kumar
et al. (2015). At Lubbock in Texas, Baker et al. (2015) found cotton seasonal water use varied
from 353 to 625 mm. Bezerra et al. (2012) carried out a study on cotton crop evapotranspiration
under sprinkler irrigation in the Apodi Plateau semiarid lands of Brazil and found that accumulated
cotton ETc was 716 and 754 mm in 2008 and 2009, respectively. They further mentioned that the
higher value in 2009 was due to the length of crop growing season that was 7 days longer.

Many studies on cotton water use carried out in western Turkey (Allen 2000), in central
Arizona, USA (Hunsaker et al., 2003), and in northern Syria (Farahani et al. 2008) found higher
accumulated water use of cotton than those reported by Bezerra et al. (2012). The higher values in
those areas can be explained by the length of the growing season. However, Liu et al. (2013)

reported lower annual cotton water requirements compared to Bezerra et al. (2012). Liu et al.
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(2013) found 619.1, 673.6, and 651.4 mm of cotton seasonal water requirement for the Eastern
Hebei Plain, the Heilonggang region, and the Piedmont Plain of Taihangshan, respectively.
Moreover, in the northern High Plains of Texas, measured total water use was found to be 622 mm
and 397 mm under deficit irrigation and dry land in 2000, respectively (Howell et al. 2004). In
Uvalde, Texas, Ko et al. (2009) reported a maximum daily ETc of 13 mm per day in 2006, and 10
mm per day in 2007 for a total cumulative evapotranspiration of 830 mm and 689 mm in the two
respective years. According to the authors, the variation of the ETc in both years was caused by
lower air temperatures and recurrent precipitation events in 2007. Similar results were reported by
Grismer (2002), who found ETc values of 710 mm in 1998 and 845 mm in 1999 using the Parlier
lysimeters at San Joaquin valley, California. In the Mediterranean environment of Syria, Farahani
et al. (2008) reported cotton mean seasonal ETc values of 895, 927, and 813 mm in 2004, 2005,
and 2006, respectively. These values were higher than the water use reported by Howell et al.
(2004) in the northern High Plains of Texas.

In sum, cotton water use depends on local climate, the agronomic characteristic of the

cotton varieties, crop management practices, and irrigation methods and regimes.
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Table 2.2 Cotton water requirement and evapotranspiration under different irrigation methods and rainfed conditions in
different locations

Locations Year Seasonal Irrigation Seasonal Irrigation  Seasonal Cotton References
Precipitation Amount Water Use Method ETc variety
(mm) (mm) (mm) (mm)
US.A.
] 1304 1362 Upland Gri
Arizona 1998-1999 ) 2002
1304 1362 Pimacotton
Northern 2000 470 201 775 SP 770 Howell et
Texas al. (2004)
Texas 2009 581 114 SI 689 DP555 2009
710 DI® Soppe
845 DI (2000),
California 1998 Ayars and
561 Sl Soppe
561 Sl (2001)
Other countries
1993 834 FI’ Preito and
Turkey Angueira
1994 899 FI (1999)

® sprinkler irrigation

® drip irrigation
" furrow irrigation
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Syria

Northeastern
Brazil

2004
2005
2006
2008

2009

800
810
760
892

884

895
927
813
716

754

Dl
Dl
Dl
Sl

Sl

CNPA 187
8H

CNPA 187
8H

Farahani et
al. (2008)

Bezerra et
al. (2012)
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2.7 Cotton water use efficiency

The concept of water use efficiency (WUE) was introduced more than 100 years ago by
Briggs and Shantz (1913) indicating a relationship between plant productivity and water use.
Cotton lint yield is found to rise with increasing crop water use (Baker et al. 2015). Hatfield and
Dold (2019) defined WUE as the quantity of assimilated carbon in terms of biomass or grain per
unit of water used by the crop. In plant breeding, it has been proposed to use WUE to select water-
use-efficient genotypes under changing environments, heat and water stress, and interactions
between them. Research results have revealed variation among genotypes for WUE in upland
cotton and pima cotton (Quisenberry and McMichael 1991; Fish and Earl 2009; Saranga et al.
2004). Snowden et al. (2013) carried out a study on WUE and irrigation response of cotton
cultivars under subsurface drip irrigation in West Texas. They reported that WUE differed among
the six cultivars and the deficit strategies used. In 2010, cotton variety FM9160 had the greatest
WUE of 0.20 kg m™ under severe deficit irrigation; DP1044 had the greatest WUE of 0.32 kg m™
under mild deficit irrigation; and DP0912 had the greatest WUE of 0.33 kg m3 under full irrigation
(Table 2.3). Among the irrigation regimes, full irrigation provided the highest WUE while severe
deficit gave the lowest WUE in 2010. Moreover, a study conducted in Australia found that the
water use efficiency increased by 40% over a ten-year period along with developments in plant
breeding, the utilization of genetically modified varieties, and improved water management
practices, and they resulted in yield increases (Roth et al. 2013). These results are in line with the
findings of Hatfield and Dold (2019) who reported that WUE is dependent upon genotype and
management practices. Evett et al. (2012) reported that evapotranspiration water use efficiency
(ETWUE) ranged from 0.15 kg m™ to 0.33 kg m®. Improvement in ETWUE is most probably

attributable to increased yield as well as to reduced soil evaporation and transpiration. It is deduced
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that management practices that lessen soil water evaporation and move the water for crop water
use (more transpiration) reduce crop exposure to water stress and maintain water use efficiency at
the maximum level possible. For instance, Hatfield and Dold (2019) reported that adoption of drip
irrigation reduced by 23% wheat water use, but, at the same time, it improved yield by 37%. In
cotton, this practice reduced water use by 37% and diminished yield by 21%. Therefore, the use
by farmers of micro-irrigation systems, such as drip-irrigation, lessens not only the soil water
evaporation from between plant rows early in the season but also prevents almost all the
evaporation component from the canopy. These management practices have a positive effect on
WUE in areas where crops are micro-irrigated and shows that WUE can be improved by water
management practices.

Similarly, Evett et al. (2012) revealed in several experimental studies at different locations
of Texas and California that water productivity (lint/evapotranspiration) and lint yield were
improved by adopting drip irrigation systems instead of furrow irrigation. In the same line, Fan et
al. (2016) found from a metadata analysis the highest cotton evapotranspiration water use
efficiency of 0.88 kg m™, and this can be achieved by lessening by 5.5% the crop water use.
Moreover, subsurface drip irrigation at the 40 cm depth induced maximum cotton irrigation water
productivity (WPirr) of 0.84 kg m™. Increasing the irrigation amount decreased the WPirr (Cetin
and Kara, 2019).

In recent years, water use efficiencies of cotton have been studied by many researchers to
obtain optimum cotton yield by using less water. For example, Grismer (2002) conducted a study
on crop water productivity (CWP) for irrigated cotton in Arizona and California. He found that, in
Arizona counties, upland cotton actual evapotranspiration (ETc) water use efficiency varied from

1.27 to 1.38 kg/ha-mm while, for pima cotton, it varied from 0.9 to 1.09 kg/ha-mm. In California
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counties, ETc water use efficiency varied from 1.34 to 2.10 kg/ha-mm and 1.51-1.77 kg/ha-mm
for upland and pima varieties, respectively. In western Turkey, Dagdelen et al. (2006) reported
WUE values varied from 1.59 to 2.30 kg m™ for corn and from 0.61 to 0.72 kg m™ for cotton in
two years. WUE values of 0.38-0.46 kg m™ were obtained by Anac et al. (1999) in the coastal part
of Aegean region.

It is important to highlight that WUE varies also according to the irrigation technology
used. Some irrigation devices are found to limit water to the root zone, while others provide water
to all the soil surface. Hodgson et al. (1992) compared furrow and drip irrigation methods for
cotton and found that water use efficiencies (WUE) were 2.23 and 1.89 kg m™ for drip and furrow
irrigation methods, respectively. Under drip, furrow, and sprinkler irrigation, Cetin and Bidgel
(2002) found water use efficiencies of 4.87, 3.87, and 2.36 kg/ha-mm, respectively, proving that
drip irrigation provides a greater yield per unit drop. Yazar et al. (2002) reported that WUE values
of cotton irrigated by low energy precision application (LEPA) and the drip method were,
respectively, 0.55-0.67 kg m™ and 0.50-0.74 kg m™ in the Harran Plain in Turkey. Moreover,
Kanber et al. (1996) determined WUE values of 1.9-5.9 kg/ha-mm under furrow irrigation in the
Cukurova Plain in southern Turkey. According to Anac et al. (1999), irrigation water use efficiency
(IWUE) values were 0.48-0.65 kg m=. In addition, IWUE values for LEPA and drip irrigated
cotton were 0.58-0.77 kg m™ and 0.60-0.81 kg m=, respectively, in the Harran Plain of Turkey
(YYazar et al., 2002). Ertek and Kanber (2001) determined IWUE values for drip irrigated cotton of
0.75-0.94 kg m® in the Cukurova Plain in Turkey. In Queensland, Australia, furrow irrigation has
been optimized and tested in the field for cotton. Results showed an increase in WUE and a decline

in labor requirement (Koech et al. 2014). Water use efficiency fluctuates among farming fields
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and across regions due to many factors. Therefore, site-specific measurements are crucial for

decision making and improvements in WUE.
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Table 2.3 Irrigation regimes, yield, and water use efficiency (WUE) (SE-severe deficit, MD-mild deficit, F.irr-full irrigation, DI-
drip irrigation, SDI-subsurface drip irrigation, CEF-closed-end furrow).

Locations Year  Watering Yield (Kg/ha) Water Use Efficiency (kg  Cotton variety  References
Regime m™)
Lint Seed WUE IWUE ETWUE
SE 712 0.20 FM9160
2010 MD 1436 0.32 DP1044
F.irr 1743 0.33 DP0912 Snowden et
West Texas
SE 596 0.15 DP0935 al. (2013)
2011 MD 1268 0.23 DP1044
F.irr 1537 0.22 DP0935
Texas, DI 0.15- Evett et al.
California, and 0.33 (2012)
Uzbekistan
Turkey 2016- SDI 4082 0.83 0.84 Cetin and
2017 Kara 2019
1280- 0.127-  upland cotton
- 1420 0.138
Arizona 1988- /a8 _
1999 910- 0.09- pima cotton
1110- 0.134-  upland cotton  (2002)
- 1440 0.210
California 1988 N/A ]
1999 1170- 0.151-  pima cotton
1340 0.177

8 Non available
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MESA 100% 1229 0.164  0.492

MESA75% 1001 0142  0.491
MESA50% 536 0.089  0.288
MESA25% 213 0.045 0.024
LESA100% 1208 0.160  0.482
LESA 75% 984 0.143  0.480
LESA 50% 575 0.098  0.321
Bushland, 2003 LESA 25% 288 0.058  0.130 Paymaster2280 Colaizzi et al.
Texas LEPA 100% 1153 0.158  0.456 BGRR (2005)
LEPA 75% 1149 0.164 0581
LEPA 50% 685 0109  0.415
LEPA 25% 362 0072 0.234
SDI 100% 1150 0159  0.454
SDI 75% 1082 0152  0.540
SDI 50% 844 0135  0.549
SDI 25% 491 0.092  0.416
CEF 100% 5640 0.64  0.81
CEF 70% 4460 063  0.91
2013  CEF 50% 3720 0.64  1.06
Turkey CEF 30% 3210 071 152 Nazilli-84 za%ggg%r; et
CEF 0% 1820 067 -
CEF 100% 5340 0.62 074
2014
CEF 70% 3990 062  0.79
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CEF 50% 3590 0.73 0.99
CEF 30% 2800 0.74 1.29
CEF 0% 1740 0.72 -
Bornova-lzmir  1992-  Furrow 0.38-  0.48- NS4 Anac et al.
1994 0.46 0.65 (1999)
Australi Drip 2.23 Hodgson et
ustralia
Furrow 1.89 al. (1992)
Drip 0.487
Anatolia, 1991- Cetin and
Turkey 1994 ~ FUrrow 0.387 Sayar-314 Bidgel (2002)
Sprinkler 0.236
LEPA 0.55-  0.58-
Harran plain, 067  0.77 Yazar et al.
Turkey Drip 0.50-  0.60- (2002)
0.74 0.81
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Chapter 3 - Effect of Irrigation Technology and Plant Density on

Cotton Growth, Yield, and Yield components

3.1 Materials and methods

3.1.1 Site description
This study was conducted at the Southwest Research and Extension Center (SWREC) of
Kansas State University (KSU) (latitude 32.024°, longitude -100.826°, elevation of 885 m above

mean sea level), Garden City, Kansas, for the 2021 growing season (Figure 3.1).
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Figure 3.1: Map of the study location, SWREC, Garden City
Minimum temperature (Tmin), maximum temperature (Tmax), average temperature

(Tmean), minimum relative humidity (RHmin), maximum relative humidity (RHmax), average
relative humidity (RHmean), wind speed (U2), and solar radiation (Rs) were collected daily from

Kansas Mesonet weather station of Garden City. The daily precipitation was collected from the
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weather station in the experimental location at Finnup, Garden City. The soil at the location is

classified as Ulysses silt loam (Stone et al. 2011). The weather conditions for the 2021 growing

season are summarized in Table 3.1 and the long-term (2003-2020) average weather conditions

are presented in Table 3.2,

Table 3.1 Monthly average weather conditions during the 2021 growing season (from May
to November) at the Southwest Research and Extension Center

Morith Tmin Tmax Tmean Precipitation RHmean Solar radiation Wind speed
(°C) (°C) (°C) (mm/month) (%) (MJ m?) (ms?)
May 10.2 234 16.8 144.1 735 20.2 3.8
June 16,5 320 24.3 28.6 63.3 24.0 2.9
July 18.0 337 25.8 27 62.1 22.4 2.8
August 182 35.1 26.6 12.1 55.6 21.8 3.1
September 144  31.8 23.1 454 94.5 18.7 3.0
October 54 235 14.4 27.9 57.4 14.0 2.7
November -0.8 17.5 8.3 5.1 50.4 10.0 2.5

Table 3.2 Long-term (2003-2020) monthly average of the growing season weather conditions
in Garden City

Month Tmin Tmax Tmean Precipitation RHmean
(°C) (°C) (°C) (mm/month) (%)
May 9.3 25.4 17.3 49.8 65.7
June 15.7 317 23.7 67.3 63.7
July 18.2 335 25.9 77.4 64.4
August 17.0 31.8 24.4 49.7 67.5
September 12.0 27.9 19.9 28.7 64.3
October 4.2 20.5 12.3 36.3 65.3
November -2.9 13.9 5.2 7.2 65.5
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3.1.2 Experimental design and crop management

The experiment was performed at the Southwest Research and Extension Center, Garden
City, Kansas in 2021. Two plant densities (135,908 and 160,618 plants per ha) were evaluated
under four irrigation technologies (LEPA, LESA, MDI1, and MDI2) and rainfed settings (Figure
3.2). All irrigation technologies provide the same amount of water to the ground. MDI1 has a flow
rate of 3.79 L per hour, while MDI2 has 7.57 L per hour. PHY 205 W3FE was the testing cotton
variety. Before the planting, the soil was disked and harrowed. The experiment was set up under a
split plot design with three replications. The main plots were attributed to the planting densities
and the subplots were attributed to the irrigation technologies (Photo 3.1) under center pivot
system. The rainfed condition was set up at the corner of the center pivot system. The experimental
plot size was 6 m over 12 m. A John Deere 7200 six-row planter with 80-cm row spacing was used
for planting on May 24, 2021. Early in the season, all treatments without rainfed received the same
depth of water from sprinkler bringing the soil water content to near field capacity for providing

adequate and uniform soil moisture for seed germination.

2 LEGEND
Rainfed
LESA
LEPA

MDI1

MDI2

Replication 1

Replication 2 % .'.{ ]

L]
A -
J

e Tt

Replication 3

Figure 3.2: Plots of the experiment, Southwest Research and Extension Center (SWREC),
Garden City
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The irrigation scheduling was later based on neutron probe soil moisture readings. Water
to the center pivot was supplied by means of a 74.6 kW three-phase electrical pump, North
American Electric Inc, model NAE-VHS-100-4 (North American Electric Inc, 2328, 350 Vaiden
Dr, Hernando, Mississippi 38632). Dry fertilizer of urea 46-0-0 was applied on March 10, 2021,
at the rate of 67.25 kg per ha. Liquid phosphorus 10-34-0 of N-P-K was also applied on planting
date May 24, 2021, at the rate of 93.54 liters per ha. Plots were kept weed-free by herbicide

application at the rate of 0.29 liter per ha on June 09, 2021, and at the rate of 5.56 liters per ha on

June 30, 2021.

(b) /

(d)

Photo 3-1 Pictures of cotton crop under different irrigation technologies (a) LEPA, (b) LESA,
(c) MDI1, (d) MDI2.
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3.1.3 Data collected and instruments used

Cotton height was measured on a weekly basis on five plants per unit plot and reported in
centimeters. Plant height was measured from the ground level to its top. The leaf stomatal
conductance was measured with a porometer (METER Group, Pullman, WA) in each unit plot
once a week and reported in mmol/(mz2-s) (Photo 3.2 b). Also, the leaf area index (Photo 3.2 a) was
measured using LAI-2200C plant canopy analyzer (LI-COR Inc., Lincoln, NE, USA) once a week
in each plot. The Unmanned Aerial VVehicle (UAV) (GJI, Shenzhen, China, 518057) (Photo 3.2 ¢)
was flown weekly, and the images were processed using Agisoft Metashape Professional to derive
the Normalized Difference Vegetation Index (NDVI) values. The digital Elevation Model and the
Orthomosaic were built and the NDVI value were calculated using equation 3.1. Moreover,
ArcGIS (version 10.8) was used to retrieve the NDVI data representing each plot.

NIR — Red

NDVI = m Equatlon 3.1

Where: NDVI= Normalized Difference Vegetation Index, NIR= Near Infrared.

Further, the cotton canopy cover was measured on weekly basis using Canopeo
(www.canopeoapp.com) developed by Oklahoma State University. The Canopeo tool was
developed using Matlab and is based on color ratios of red to green (R/G) and blue to green (B/G)
and an excess green index (2G—-R-B) (Patrignani and Ochsner, 2015). At crop maturity, cotton in
each plot was machine harvested to determine the fiber yield reported in kg ha*. The mean number
of bolls per plant was obtained by averaging 10 plant bolls in each plot. The average number of
seeds per boll was obtained using 10 random bolls per plot. Also, 5 plants were randomly selected,
cut, and oven dried to get the above ground biomass in kg ha. Moreover, a sample of 100

randomly bolls was collected from each plot to determine the boll weight in kg.
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(@) (b) ()

Photo 3-2 Pictures of devices used to collect data (a) LAI-2200C, (b) Porometer, (c) UAV
3.1.4 Standardized Penman-Monteith reference evapotranspiration model

Daily grass-reference evapotranspiration was computed using the standardized American
Society of Civil Engineers (ASCE) form of the Penman—Monteith (PM-ETo) (Equation 3.2):

_ 0.408A(Rn — G) + (yCnU, /(T + 273))(es — ea)
B A+y(1+CdUy)

ETo Equation 3.2

where: ETo is the reference evapotranspiration (mm/day), A is the slope of saturation vapor
pressure versus air temperature curve (kPa °C1), Rn = net radiation at the crop surface (MJ m2d-
1y is the difference between the net shortwave radiation (Rns) and the net longwave radiation (Rnl),
G = soil heat flux density at the soil surface (MJ m? d?) is ignored for daily estimates as the
magnitude of the flux is relatively small, T = mean daily air temperature at 1.5-2.5 m height (°C),
Uz = mean daily wind speed at 2 m height (m s1), es = the saturation vapor pressure at 1.5-2.5 m
height (kPa), ea = the actual vapor pressure at 1.5-2.5 m height (kPa), es-ea= saturation vapor
pressure deficit (kPa), y = psychrometric constant (kPa °C), Cn = 900 °C mm s® Mg* d, Cd=
0.34 s m™. All parameters necessary for computing ETo were computed according to the procedure

developed in FAO-56 by Allen et al. (1998).
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3.1.5 Thermal Unit (TU)

To produce a high-yield and quality cotton crop, a proper understanding of cotton plant
growth and development is necessary. Thermal Unit (TU), also known as accumulation of the
Growing Degree Day (GDD) factor, is one of the most essential indicators in understanding cotton
plant phenology (Equation 3.3). GDDs are used as a phenological and climatic measurement to
signify the difference in temperature change related to a cotton crop (Anandhi, 2016) (Equation
3.3). Thermal unit is a cumulative air temperature that contributes to plant growth during the

growing season (Equation 3.4).

* *

T, + T
GDD = M — Tpase Equation 3.3
TU = Z w — Thase Equation 3.4
i=1
Tmax if Tbase < Tmax < Topt
Tmax* = { Thase Thmax < Thase
Topt Tmax = Topt
Tmin if Tbase < Tmin < Topt
Tmin* =1 Thase Tmin < Tpase
Topt Tmin > Topt

where Tmax = maximum air temperature, Tmin = minimum air temperature, Thase = base
temperature threshold for cotton (15.6 °C), Topt = optimum temperature (32.2 °C), and n = number
of days. The base temperature for calculating growing degree days is the minimum threshold air
temperature at which plant growth starts (Wright et al. 2005). The optimum temperature is the
upper threshold temperature, because at a temperature greater than the optimum temperature, plant
roots have difficulty taking in water for growth and development (Wright et al. 2005).

All temperature values exceeding the threshold should be reduced to 32.2 °C, and values

below 15.6 °C were taken as 15.6 °C because no growth occurs above or below the threshold air
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temperature values. If the average daily air temperature was below the base temperature, the TU
value was assumed to be zero.
3.1.6 Statistical analysis

The analysis of variance (ANOVA) was performed to analyze cotton lint yield, yield
components (above ground biomass, number of bolls per plant, number of open bolls per plant,
number of seeds per boll, boll weight, lint weight per boll, and seed weight per boll) under different
irrigation technologies and plant densities using CoStat statistical software (Cardinali and Nason,
2013). The data were checked for variance homogeneity before the ANOVA processing. Means
were cross-paired and compared using Least Significant Difference (LSD) at 5% significance
level. Significant differences were determined among irrigation technologies and plant densities
for cotton yield and yield components using the LSD.

Regression analysis was also performed to develop the relationships between weather and
cotton growth parameters, and between the cotton lint yield and cotton growth parameters. The

coefficient of determination R? was used to quantify the fitness of the relationships.

3.2. Results and discussions

3.2.1 Weather conditions and thermal unit during the growing season

Daily weather conditions during the experiment period in 2021 are presented in Figure 3.3.
The maximum, minimum, and mean temperature increased from the planting date to the highest
value in late August and decreased thereafter to a minimum value at the end of the season in
November. Daily average temperature varied from 18.4 °C (May 27) to 31.2 °C (August 24) and
decreased to the lowest value 2.8 °C (November 2). The average maximum, minimum, and mean

temperatures during the growing season were 30.1, 13.7, 21.9 °C, respectively.
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The average relative humidity increased from 79.4% at planting date to a highest value of
93.9 % on May 30 and decreased till the end of the season. During the growing season, the average
relative humidity was 60%. The solar radiation decreased from the planting date to the end of the
growing season. The highest value of 27.9 MJ m2 was obtained on June 2, while the lowest value
of 2.6 MJ m was received on November 2. The average solar radiation during the growing season
was 19.6 MJ m. The wind speed varied during the growing season with the maximum value of
6.9 m s obtained on October 27 and the lowest value 0.9 m s obtained on October 2. The average
wind speed during the growing season was 2.9 m s, The total precipitation obtained during the
growing season was 171.704 mm and the highest daily precipitation of 20.64 mm was obtained on
October 12, 2021.

The growing degree days (GDD) and the thermal unit (TU) during the growing season are
presented in Figure 3.4. The growing degree days is related to crop performance and starts with
crop emergence until freezing. Baumhardt et al. (2021) reported that it varied with climate as well
as elevation and latitude. In the experimental conditions, the thermal unit was found to be 1239.65
°C day. 2021 TU is higher than the average 2003-2020 TU by 113 °C day. Similarly, Baumhardt
et al. (2021) simulated the TU for Garden City from 1961 to 2000 and revealed that the TU varied
from a minimum of 753 °C day to a maximum of 1288 °C day. Gowda et al. (2007) reported crop
failures when growing season GDD did not exceed 800 °C day. Our results indicate that Garden
City weather meets the temperature requirement for cotton growth and development. Thorp et al.
(2014) mentioned that many crop models used a GDD concept as function of air temperature to
simulate crop growth, and this makes the cumulative GDD an essential factor to crop yield. In the
same way, Wanjura et al. (2002) found stronger relationships between maximum lint yields and

GDD than total water application. Our study confirmed the work of Baumhardt et al. (2021) who
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reported that the risk of producing cotton is significantly less in Garden City in southwest Kansas
compared with the central western or northwestern Kansas. During the 2000 and 2001 seasons, at
the USDA-ARS Laboratory in Bushland, Texas, Howell et al. (2004) reported that the cumulative
GDD did not exceed 1130 °C days in either season. However, Peng et al. (1989) noted that in the
Southern Texas High Plains, the accumulated GDD approximated 1450°C days. Wanjura et al.
(2002) revealed that it varied from 1092 to 1576°C days in Lubbock, Texas.

The variation in the daily grass reference evapotranspiration during 2021 growing season
at the experiment station is presented in Figure 3.5. The reference evapotranspiration increased to
a maximum value of 10.29 mm on June 17 and decreased thereafter to a minimum of 0.67 mm on

November 2. The seasonal total evapotranspiration was 953.4 mm.
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Figure 3.3 Weather conditions during the growing period at Southwest Research and
Extension Center: (a) air temperatures, (b) air relative humidity, (c) wind speed and solar
radiation, (d) precipitation.
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Figure 3.4 Variation in the Growing Degree Days (GDD) and Thermal Unit (TU) during
the growing season at the experiment station
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Figure 3.5 Variation in the daily grass reference evapotranspiration during 2021 growing
season at the experiment station

3.2.2 Variation of cotton growth parameters under different treatments
3.2.2.1 Variation of plant height under different treatments as function of thermal unit
during the growing season

Figure 3.6 presents the variation of the plant height under different irrigation technologies
and plant densities as function of thermal unit. Plant height increased in different treatments with
the thermal unit. Plant growth depends on temperature and demands a specific amount of heat to
develop from seeding to the harvest stage. Parthasarathi et al. (2013) reported that temperature is
an important element for the timing of biological processes, growth, and development of plants,
as was confirmed by our results. For all the treatments, the maximum cotton height was obtained
at 123 days after planting (DAP). Results indicated that at 123 DAP, the plant height varied
significantly (p<0.05) as function of irrigation technology and rainfed conditions with the MDI2
having the maximum plant height of 86.4 cm followed by LEPA (80.9 cm), while the rainfed
registered the lowest cotton height (58 cm). Among the plant densities, there was no statistical
significance (p<0.05), and the lowest density had the maximum cotton height (77.2 cm) at 123

DAP. The same results have been found by Zhang et al. (2019) who reported that the surface drip
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irrigation increased cotton plant height by 19% and 8% compared with border irrigation and micro-
sprinkling hose irrigation, respectively. Similarly, Spivey et al. (2019) showed that in North
Carolina, plant height responded positively to subsurface drip irrigation. The authors reported that
in 2015, the maximum plant heights were attained at 86, 76, and 65 DAP for the early-, mid-, and
late-planted cotton, respectively. In sum, drip irrigation is found to positively influence the height

of the cotton crop.
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Figure 3.6 Plant growth under different treatments as function of Thermal Unit (TU) during
the growing season (HD = high density, LD = low density)

3.2.2.2 Variation of canopy cover under different treatments as function of days after
planting

Cotton canopy cover varied with irrigation technologies and plant densities (Figure 3.7).
Canopy cover increased after emergence and reached the maximum values at 80 DAP, and it
decreased thereafter to the lowest value. Among the irrigation technologies, MDI2 had the highest
canopy covers throughout the season, while the dryland registered the lowest value. At 80 DAP,
MDI2 registered 77.66%, while the dryland recorded 38.50%. Among the plant densities, the low
density and high density provided the highest and lowest canopy cover, respectively, throughout

the growing season. At 80 DAP, the low density registered 68.5 %, while the high density indicated
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65.2% of canopy cover. Our results confirmed the findings by Shao et al. (2008), who showed that
water stress conditions result in a decrease in ground cover fraction. Similarly, Sharma and Ritchie
(2015) reported that the highest irrigation treatment using subsurface drip system reached a
maximum of ground cover fraction of 80% and decreased thereafter due to decrease in growth

induced by dry weather.
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Figure 3.7 Canopy cover under different treatments as function of days after planting
3.2.2.3 Variation of leaf area index under different treatments as function of days after

planting

The leaf area index (LAI) is an essential growth characteristic in plant ecology. The LAI
indicates how much foliage there is. It is a measure of the photosynthetic active area, and, at the
same time, the area subjected to transpiration. The variation of leaf area index of cotton under
different treatments is presented in Figure 3.8. The leaf area index followed the same trend of
canopy cover. It increased from emergence to a maximum value at 80 days after planting and
decreased thereafter to a minimum value at the late stage of cotton growth. Throughout the growing
season, MDI2 recorded the highest leaf area index, while the dryland indicated the lowest value.

The lowest density recorded the maximum values, while the high density indicated the minimum
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values. At 80 DAP, the leaf area index of MDI2 was 4.02, while the dryland recorded 2.2. At the
same date, the leaf area index of the lowest density was 3.73, while the high density recorded 3.28.
The four irrigation technologies under study provided the same amount of water to the ground but
not necessarily the same amount of irrigation water to the plant due to different distributions of
water on the ground. Gao et al. (2019) found that decreasing the level of drip irrigation induced a
decrease in LAI. The different LAIs under different irrigation technologies could confirm that
different irrigation water was available to the plant with the MDI2 providing important irrigation
water to the cotton plant compared to other irrigation technologies. Similarly, Zhang et al. (2019)
discovered that a surface drip irrigation treatment had the highest increase in leaf area index (LAI).
Hick and Lascano (1995) reported that leaf area index (LAI) is an important index for
understanding cotton growth and water use. Our LAI pattern was similar to the finding of Ashley
et al. (1965) who revealed that cotton LAI reached 1.0 approximately 6 to 8 weeks after emergence
and increased rapidly to 5.0 during the following 6-week period. In conclusion, LAl is a useful

cotton growth index that is very sensitive to soil moisture stress (Ennahli and Earl 2005).
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Figure 3.8 Leaf Area Index (LAI) under different treatments as function of days after
planting
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3.2.2.4 Variation of Normalized Difference Vegetation Index under different treatments as
function of days after planting

NDVI is a measure of the state of plant health based on how the plant reflects light at
certain frequencies (some waves are absorbed, and others are reflected). Chlorophyll, which is a
health indicator, strongly absorbs visible light, and the cellular structures of the leaves strongly
reflect near-infrared light. When the plant becomes dehydrated, sick, or affected by biotic or
abiotic factors, the spongy layer deteriorates, and the plant absorbs more of the near-infrared light,
rather than reflecting it. Thus, observing how NIR changes compared to red light provides an
accurate indication of the presence of chlorophyll, which correlates with plant health. The value
of the NDVI will always fall between -1 and +1. Values between -1 and 0 indicate dead plants, or
inorganic objects such as stones, roads, and houses. NDVI values for live plants range between 0
to 1, with 1 being the healthiest and 0 being the least healthy.

The figure below shows the variation of the NDVI under different irrigation technologies,
dryland, and plant density. The results indicated that for all treatments, the NDVI increased from
emergence to a maximum value at 88 days after planting and decreased thereafter towards the end
of the season. All the irrigated fields showed a high and similar NDV1 while the rainfed condition
registered the lowest NDVI. Irrigated cotton appeared, therefore, to be healthier than the dryland
cotton. At 88 DAP, the average NDVI for irrigated fields was 0.83, while the dryland recorded
0.36. At the same date, the low and the high density recorded similar data of 0.67 and 0.68
respectively. There is no important difference of NDVI between the irrigation technologies.
However, the results showed a large difference of NDVI between the irrigated and non-irrigated
fields, as also reported by Ozdogan et al. (2012), Shahriar Pervez et al. (2014), and Biggs et al.

(2016). The same results have been found by Ambika et al. (2016), who reported that irrigated and
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non-irrigated crops show considerable differences in NDVI. Pervez and Brown (2010) and
Aparicio et al. (2000) found similar results showing that irrigated crops exhibit higher NDVI
especially for corn and wheat. Irrigation water application helps the plant to attain high NDVI. In

conclusion, irrigated fields in the study area appeared to be healthy compared to the dryland.
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Figure 3.9 NDVI under different treatments as function of days after planting
3.2.2.5 Mean leaf stomatal conductance under different treatments during the growing

season

Stomatal conductance (mmol m s') measured by a leaf porometer is the rate of CO>
entering, or water vapor exiting, through stomata (Jeanguenin et al. 2017) and is an indicator of
plant water status (Gimenez et al. 2005). Urban et al. (2017) reported that increase in canopy
stomatal conductance with rise of temperature increases the transpiration rate. Similarly, Devi and
Reddy (2018) revealed that cotton genotypes OL220 and LKT 57 with limited transpiration at high
vapor pressure deficit are associated with reduced stomatal conductance. Figure 3.10 shows the
mean leaf stomatal conductance of cotton under different irrigation technologies and dryland. The
results indicated that cotton grown under the MDI2 had the highest stomatal conductance of 411.3
mmol m? s, while the cotton on the dryland registered the lowest value of 359.9 mmol m2 s™.

Results indicated that the water distribution from MDI2 applicator did not put cotton crop under
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stress while the rainfed did. This result is in line with Azhar and Rehman (2018), who found that
a decline in stomatal conductance occurs due to water stress. From the results, we deduced that
plants under MDI2 might have a higher transpiration rate compared to other irrigation technologies
and rainfed conditions. Ko and Piccinni (2009) found that stomatal conductance had a strong

correlation with the transpiration rate.
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3.2.3 Relationship between the weather conditions and cotton growth parameters

An accurate approach to assessing crop development relies on the daily temperatures
during the season to monitor progress. Figure 3.11 presents the relationship between the plant
height and the thermal unit. The results showed a strong third-degree polynomial relationship
between the two parameters with the coefficient of determination (R?) of 0.95. The cotton height
can then be predicted using the thermal unit and the equation developed in the study site. Similar
trend has been found by Hamed at al. (2011) who reported that an increase of heat units induced
an increase of cotton plant height. Skaggs and Irmat (2012) reported that the correlation between
plant height and cumulative GDD had a R? of 0.99.

The relation between leaf area index (LAI) and canopy cover and between LAI and NDVI

are presented in Figures 3.12 and 3.13, respectively. A strong linear relationship was found
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between the LAI and canopy cover and a polynomial second order relationship was found between
the LAl and NDVI with coefficient of determination of 0.98 and 0.92, respectively. The result
indicated a significant positive relationship between LAI and canopy cover and between LAI and
NDVI (p<0.05). The strong relationship indicates that the cotton LAl and NDVI data can be
estimated using the equations developed. The LAI and NDV1 are important characteristics related
to the biomass and plant health, respectively. High value of these indices is an indicator of best
yields. There is also a significant positive correlation between the plant height and the LAI at 95
confidence level (Figure 3.14). In Texas, Ko et al. (2005) found a power relationship between the
LAI and ground cover (GC) with LAI=2.94(GC)**? with a strong coefficient of determination of
0.95. Moreover, the authors revealed that while the LAI can be collected via remote sensing data,
the LAI estimation from plant sampling represents better crop growth characteristics. In this study,
the LAI was collected on plant sampling rather than remote sensing. Ramirez-Garcia et al. (2018)
found that a quadratic model fitted the relationship between the GC and LAl for a grass, a legume,
and a crucifer crop. Colombo et al. (2003) showed that leaf area index has a positive correlation
with NDVI1 of different crops. In China, Fan et al. (2009) developed general linear and a general
exponential relationship (LAI = —0.0897 + 1.424 * NDVI, R = 0.79; LAl = 0.128 *
exp(NDV1/0.311), R = 0.77) between LAI and NDVI. The authors further stated that these
equations for estimating LAI are appropriate for the natural range of vegetation in this region

during the growing season.
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To conclude, the equations developed in this study can be used to estimate the LAI and

NDVI for better cotton crop monitoring at different stages.
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Figure 3.11 Relationship between plant height and thermal unit
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Figure 3.14: Relationship between plant height and LAI
3.2.4 Relationship between the maximum growth parameters and the yield

The figures below present the relationship between the cotton lint yield and the growth
parameters such as maximum NDVI, maximum canopy cover, and maximum height. The
maximum growing characteristics were obtained during the flowering and early boll formation

stage. A linear relationship was fitted between the growth characteristics and the lint yield. The
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coefficients of determination (R?) between the yield and the growth characteristics were 0.72 with
the maximum NDVI, 0.62 with the maximum canopy cover, and 0.59 with the maximum height.
The coefficients of determination of the yield and the maximum growth characteristics were high
(0.59-0.72) indicating that the crop growth parameters at flowering and early boll development
stage could help to predict the cotton lint yield. Furthermore, the results indicated that there is an
optimum growth characteristic ranges for optimum yield. Growth characteristics out of this range
leads to low lint yield. After the flowering and early boll development stage, a higher growth
characteristic decreased the cotton lint yield. At this stage, the plant needs to concentrate its energy
on the boll development instead of production of new leaves or flowers.

In conclusion, if cotton growers can assess the vegetation indices during the flowering and
early boll development stages of cotton, they can make field management choices related to

irrigation and application of nutrients and plant growth regulators to maximize the yield.
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3.2.5 Variation in cotton yield and yield components under different irrigation
technologies, rainfed conditions, and plant densities

Tables 3.3 and 3.4 present the variation in cotton yield and yield components as function
of irrigation technologies (including rainfed conditions) and plant density, respectively. Variation
in cotton lint yield between the irrigation technologies and rainfed conditions was statistically
significant at the 5% confidence level (Table 3.2). The LEPA irrigation technology had the highest

numerical yield (950.3 kg ha') followed by MDI1 (907.7 kg ha) and LESA (818.7 kg ha™).
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Among the irrigation technologies, MDI2, which had the highest growth characteristics, recorded
the lowest yield (791.2 kg ha) and was not statistically significant compared (p>0.05) to LEPA.
The rainfed conditions provided the lowest yield (384.5 kg ha). In the experiment conditions,
irrigated cotton lint yield increased by 106%, 113%, 136%, and 147% compared with the rainfed
conditions for MDI2, LESA, MDI1, and LEPA, respectively. Similar results have been found in
the United States and around the world. Lyle and Bordovsky (1983) reported LEPA as the best
irrigation technology compared to furrow and sprinkler systems because it better distributes water
and had a higher water use efficiency. Likewise, Yazar et al. (2002) reported LEPA in southeast
Anatolia to enhance cotton yield. As found under the experimental conditions in this study, yield
with LEPA and MDI did not differ significantly (p>0.05). Other studies identified drip irrigation
as the best irrigation technology, especially with the lowest flow rate (Colaizzi 2005, Cetin et al.
1994). Bordovsky et al. (1984) scheduled irrigation based on soil matric potential and discovered
that drip irrigation provided the highest yields for cotton, corn, and soybeans. However, other
studies found that, while the drip irrigation with the lowest flow rate contributes to higher yield, it
might negatively affect seed germination, if the soil has less soil moisture at the beginning of the
season. Between the plant densities, there was no significant variation of the yield.

The mean weight per boll and the weight of seeds per boll varied significantly (p<0.05)
among the irrigation technologies and the rainfed treatments. LEPA had the highest weight per
boll (8.3 g), but it did not vary significantly among the irrigation technologies. The rainfed
condition had the lowest weight per boll (7.4 g). LEPA and MDI1 recorded the maximum weight
of seed per boll (3.2 g), and, compared to other irrigation technologies, it did not vary significantly
at the 5% significance level. The rainfed treatment had the lowest seed weight per boll (2.8 g). The

biomass, the number of bolls per plant, and the number of open bolls per plant in the experiment
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conditions varied significantly at the 5% confidence level. The MDI2, which recorded the highest
growth characteristics such as plant height, LAI, canopy cover, NDVI, had the highest biomass of
19313.7 kg ha while the rainfed recorded the lowest value of 5896 kg ha™. However, LESA
recorded the maximum number of bolls per plant and the number of open bolls per plant with
average values of 27.6 and 7.8, respectively. The number of seeds and lint weight per boll varied
non significantly between the irrigation technologies and rainfed conditions. The results indicated
that the cotton lint yield and yield components did not significantly vary between the plant
densities (p>0.05). Koudahe et al. (2021) reported planting density to affect cotton yield and yield
components, and its optimum value is, therefore, crucial under each climatic condition. In the
experimental conditions, the lowest density of 135,908 plants per ha was, therefore, found as the
optimum plant density. Guzman et al. (2019) reported reduction in yield and yield components at
the highest density in an experiment with four planting densities. The authors further suggested
83,333 and 100,000 plants per ha as an optimum planting rate in a Venezuelan tropical dry climate.
Late boll maturity was found by Kerby et al. (1990) due to an increase in seedling density from 10
to 15 plants per m?. In Georgia (Bednarz et al. 2005) and Arizona (Kawakami et al. 2012), optimum

plant density was found to be 12.6 and 10 plants per m?, respectively.

58



Table 3.3: Variation in cotton yield and yield components as function of irrigation technologies *

Irrigation Lint yield Biomass Number of Number of Seeds Weight Weight lint Weight
technology (kg/ha) (kg/ha) bolls per open bolls per boll | boll (g) per boll (g) seeds per
Plant per Plant boll (g)
MDI2 791.2Db 19313.7 a 185D 75a 33.1ab |[82a 2.9ab 3.0ab
LESA 818.7 ab 17800.8 a 27.6a 7.8a 31.2b 8.la 2.9ab 3.1la
MDI1 907.7 ab 14186.7ab | 148D 51b 34.1la 8.2a 3.0a 32a
LEPA 950.3 a 10720.2bc | 13.8b 6.6 ab 325ab |83a 3.0a 32a
Rainfed 3845¢ 5896 ¢ 15.8b 2.8¢ 3l5ab |7.4b 2.7ab 2.8b
Table 3.4: Variation in cotton yield and yield components as function of plant densities *
Plant density Lint yield Biomass Number of Number of | Seeds Weight Weight lint | Weight
(kg/ha) (kg/ha) bolls per open bolls per boll | boll (g) per boll (g) | seeds per
Plant per Plant boll (g)
D1 7715a 14683.3 a 16.0 a 55a 33.0a 79a 30a 31la
D2 769.4 a 12483.7 a 20.3a 6.4a 319a 8.1la 2.8a 30a
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3.3 Conclusions

Under the climatic conditions of the High Plains of Kansas, a field experiment was carried
out to assess the effect of different irrigation technologies and plant densities on cotton growth,
yield, and yield components. The results indicated that the Mobile Drip Irrigation 2 (MDI2) had
the highest growth characteristics such as plant height, leaf area index, canopy cover, and NDVI,
while the rainfed treatment registered the lowest growth performance. Likewise, MDI2 had the
highest mean leaf stomatal conductance. Results also showed a good correlation between the
weather conditions and the growing parameters. The coefficient of determination was 0.95
between the plant height and thermal unit, 0.98 between the canopy cover and LAI, and 0.92
between the NDVI and LAI. Likewise, the coefficients of determination of the yield and the
maximum growth characteristics were high (0.59-0.72) indicating that the crop growth parameters
at flowering and boll development stage could help to predict cotton lint yield. Cotton lint yield
between the irrigation technologies and rainfed conditions was statistically significantly different
(p<0.05). LEPA had the highest cotton lint yield (950.3 kg ha). Irrigated cotton lint yield
increased by 106%, 113%, 136%, and 147% compared with the rainfed for MDI2, LESA, MDI1,
and LEPA, respectively. Under the experimental conditions, the lowest density of 135,908 plants

per ha was found as the optimum plant density.
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Chapter 4 - Actual Evapotranspiration, Water Use Efficiency and
Grass-reference Crop Coefficients of Cotton under different

Irrigation Technologies and Rainfed Conditions

4.1 Materials and methods

4.1.1 Measurement of soil water status

Soil water status was monitored using CPN 503 Depth Moisture Gauge soil moisture meter
(InstroTek Company, 4495, 44th St. SE Suite A, Grand Rapids, Michigan 49512) (Photo 4.1) at
the 0.31-, 0.61-, 0.91-, 1.22-, 1.52-, 1.83-, 2.13-, and 2.44 m soil depths once a week throughout
the growing season. Neutron probe access tubes were installed in the middle of two plants on the

row of representative experimental units.

| p—— P T

Photo 4-1 Picture of Neutron probe
4.1.2 Cotton actual evapotranspiration

Soil water data obtained using a neutron probe soil moisture meter was used in the soil
water balance calculation for actual evapotranspiration ETa. Seasonal ETa (mm) was calculated

using a general soil water balance equation:
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P+1+U=R+D+AW + ETa Equation 4.1
where P = effective rainfall (mm), it was collected from the weather station in the
experiment site; | = irrigation water applied (mm); U = upward vertical soil moisture flux from
below the crop root zone (mm); R = surface runoff (mm); AW = change in soil moisture storage
in the crop root zone (mm); and D = water lost through deep percolation, vertically downward
from the root zone (mm). The change below the root zone represents deep percolation. The runoff
and the deep percolation were assumed to be zero in the study fields as all rainfall was consumed
within the field and irrigation water was well managed. Assuming that the upward flux was
negligible because the water table was more than 30 m below soil surface, equation (3) can be
reduced to the following form for calculating ETa:
ETa=P+1—-—D—-R-AW Equation 4.2
4.1.3 Water use efficiency
Crop water use efficiency related to total water supply (CWUE), seasonal irrigation water

(IWUE), and evapotranspiration water (ETWUE), and were estimated by the following equations:

Yieldl-rr .
CWUE = Equation 4.3
Seasonal water supply
Yieldl-rr .
ETWUE = Equation 4.4

Seasonal ETa irrigated

IWUE = Yieldirr — Yieldrainfed

— Equation 4.5
Seasonal irrigation amount

where CWUE, ETWUE, and IWUE are in kg m=, yield in kg ha’l, cotton seasonal ETa is
the seasonal cumulative ETa (mm), the seasonal irrigation amount is the sum of the irrigation
amounts throughout the season (mm), and seasonal water supply is the sum of seasonal
precipitation and seasonal irrigation amount (mm). The season in the experimental conditions

refers to the period from planting to the harvest.
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4.1.4 Calculation of crop coefficients under different irrigation technologies and
rainfed conditions

Crop coefficient (Kc) was calculated using the two-step approach of estimating ETa and

ETo independently first and then dividing them, such as:

_ ETa
€ ETo

Equation 4.6

The estimated Kc values for all irrigation technologies and rainfed treatments were
expressed as a function of days after planting.

Further the actual evapotranspiration of cotton during the growing season was also
calculated as a sum of daily ETa. Allen et al. (1998) established a standard crop coefficient of
cotton under a standard climatic condition as 0.35, 1.15-1.2, and 0.70-0.50 for the initial, mid-
season and late-season, respectively, and they were used to assess cotton ETa for the growing
period. The crop coefficient Kc was linearly estimated between two typical Kc values during the
mid-development and late season stage. During the initial stage, the ETa estimated consists mainly
of evaporation. Thus, adjustment of Kc for this stage mainly depends on climatic factors. With the
FAO-56 method, many factors affected the crop coefficient, among which is the plant height

(Djaman et al. 2018). The FAO typical mid- and late-season stage Kc values were adjusted

according to the climatic conditions and cotton plant height using the equation below.

PICE
KcStage,qj = KcStager,o + [0.04(U, — 2) — 0.004(RHmin — 45)] (5) Equation 4.7

where KcStageag; is the adjusted FAO crop coefficients, KcStagerao is the standard value
according to FAO-56 approach (Allen et al. 1998), U is the daily wind speed at 2 m height over
grass during the growth stage (m s™), RHmin is the daily minimum relative humidity during the

growth stage (%), and h is the cotton plant height for each growth stage (m).
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The ETa estimated using the water balance approach and the FAO adjusted recommended

Kc were compared.

4.2 Results and discussion

4.2.1 Soil water dynamics under different irrigation technologies and rainfed
treatments

Initial soil water contents were similar among the irrigated treatments at the beginning of
the growing seasons, indicating uniform soil water distributions in the field under the center pivot
system from winter and spring precipitation (Figure 4-1). The difference in initial soil water
content appeared from the irrigated to the rainfed. In the previous growing season, corn was grown
under the center pivot system, while on the dryland sorghum was grown without irrigation. This
could explain the difference in initial water content between the irrigated and rainfed plots.
Throughout the growing season, the depletion of available water content increased from irrigated
treatments to the rainfed. Under all the treatments, the water content in the top layer was lower
than in the second layer from the emergence to the boll formation and filling. This might be the
result of a greater rate of plant water uptake and soil water evaporation from the topsoil than from
deeper soil layers. Similarly, in Texas AgriLife Research and Extension Center at Uvalde, Wen et
al. (2013) found highest soil water content variation at the 20-cm layer due to high temperature,
which caused greater water consumption by plants and loss in the soil. From this growth stage to
the late stage, the water content in the topsoil (0-0.31 m) became important because of the late
season precipitation. The sharp increase after August 30 was due to the rainfall events (39.36 mm)
that occurred from September 2 to 4. At that period, the water content in the other soil layers
decreased because all the fields were under stress to force cotton to concentrate in boll filling

instead of producing new bolls that could not have the time necessary to mature.
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From emergence to the boll development and filling, the water content of rainfed
treatments, in the deep layers such as the layers below 1.22 m did not change. For instance, in the
high density rainfed, the water content was 13% at the beginning of the season and at the mid
stage. In the irrigated settings, during the vegetative growth, the water content in the deep layer
(from 1.83 m) did not change during the season, while the water content in the top six layers varied
indicating that irrigated cotton extracted soil water from the top to 1.83 m soil layer in these
experimental conditions. For instance, the average water content of the first six layers (top to 1.83
m soil depth) in LESA high density decreased from 26% at the beginning of the season to 17% in
mid stage. Under the same treatment and same period, the water content of the last two layers, that
is seventh layer (1.83-2.13 m) and eighth layer (2.13 to 2.44 m) did not change during the season.
For example, the average soil water content was 18% for both at the beginning and at the end in
LESA high density. Our results indicated that under the experimental conditions, the deep
percolation is negligeable below the 1.83 soil depth. Djaman et al. (2013) reported uniform soil
water distribution because the initial soil water contents were similar among irrigated and rainfed
treatments at the beginning of growing seasons. Like in the study conditions where the topsoil (0-
0.31 m) had less water content compared to the second layer (0.31-0.61), Djaman et al. (2013)
found similar results indicating that the topsoil (0-30 m) had the least water content due to
transpiration and evaporation. Furthermore, the authors reported that maize could extract water in
1.80 m, while we found under the experimental conditions that cotton can extract water from 1.83
m. In the same way, Wen et al. (2013) reported that all depths (0-100 cm), soil moisture decreased
slightly over the growing season indicating that under the experimental conditions, the cotton crop

extracted water from 1.00 m below soil.
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In conclusion, under the experimental conditions, evaporation and transpiration caused a

rapid decrease in the soil water content in the topsoil and cotton extracted water to 1.83 m of soil

depth.
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Figure 4.1 Neutron probe-measured soil water content in the soil depth (0-1.83 m) during
the growing season under different treatments

4.2.2 Effect of different irrigation technologies and plant densities on crop

evapotranspiration

Cotton seasonal ETa under different irrigation technologies and plant densities computed
using the soil water balance approach is presented in Table 4.1. ETa varied from 280.8 mm for the
rainfed conditions under high density to 500.5 mm for MDI1 under high density. During the
growing season, MDI1 had the maximum ETa (500.5 mm) followed by LEPA (498.9 mm) both
with high density, while the rainfed conditions had the lowest ETa with the high density (280.8
mm). A similar result was found by Baumbhardt et al. (2021), who revealed that cotton seasonal

water use ranged from 448 to 480 mm and from 440 to 481 in Garden City, Kansas and Colby,
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Kansas, respectively. Evett et al. (2012) stated a variation of cotton water use (410 to 780 mm)
based on the irrigation methods. Our results indicated that ETa varied for irrigation technologies
with MDI recording the highest values. Furthermore, there is an important decrease of ETa from
irrigated fields (483.5 mm) to rainfed conditions (287.2 mm), which confirms reported results from
other studies that ETa depends on the irrigation regimes (Koudahe et al. 2021, Colaizzi et al 2005).
In Bushland, Texas, Howell et al. (2004) reported measured actual evapotranspiration of 775 mm
and 397 mm under full irrigation and dryland in 2000, respectively, and 739 mm and 386 mm
under full irrigation and dryland in 2001, respectively.

Koudahe et al. (2021) stated that ETa was climate dependent. In Turkey, cotton water use
ranged from 272 to 882 mm in 2003 and from 242 to 855 mm in 2004 due to changes in climatic
factors (Dagdelen et al. 2006). At the South-Central Agricultural Laboratory (SCAL) in Lincoln,
Nebraska, Djaman and Irmak (2013) reported that corn ETa varied from 579 mm for rainfed plots
to 634 mm for full irrigation in 2010. The differences in ETa also depend on the length of the
growing season and management practices, among other factors. In conclusion, our study found
that different irrigation technologies induced different ETa in cotton production, and MDI

provided the highest ETa.
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Table 4.1 Seasonal rainfall, irrigation, change in total soil water in the initial and end season
(ATSW), seasonal and daily actual evapotranspiration (ETa) for all treatments in the 2021
growing season

Rainfall Irrigation ATSW Seasonal ETa Daily ETa
Treatment
(mm) (mm) (mm) (mm) (mm/day)
D1 171.704 146.05 -181.1 498.9 3.35
LESA
D2 171.704 146.05 -152.0 469.8 3.15
D1 171.704 146.05 -148.0 465.7 3.13
LEPA
D2 171.704 146.05 -168.1 485.9 3.26
MDIL D1 171.704 146.05 -182.8 500.5 3.36
D2 171.704 146.05 -162.3 480.1 3.22
MDI2 D1 171.704 146.05 -171.9 489.6 3.29
D2 171.704 146.05 -159.4 477.2 3.20
) D1 171.704 0 -109.0 280.8 1.88
Rainfed
D2 171.704 0 -121.7 293.5 1.97

D1: High density, D2: Low density
4.2.3 Total water, actual evapotranspiration, and irrigation water use efficiency
under different irrigation technologies and rainfed treatments

The total water, crop evapotranspiration, and irrigation water use efficiency are presented
in Table 4.2. The relationship between the CWUE and the yield is presented in Figure 4.3a.
Overall, the CWUE varied from 0.19 kg m in the high-density dryland to 0.30 kg m in the high-
density LEPA. The results also indicated that the CWUE in the low-density dryland (0.26 kg m™)
was similar to the CWUE in the LESA and MDI2. The LEPA irrigation technology had the
maximum averaged CWUE of 0.30 kg m™ followed by the MDI1 with 0.29 kg m3, while the
rainfed resulted in the lowest CWUE of 0.22 kg m™. Baker et al. (2015) reported that cotton lint
yield increases linearly with crop water use. The different CWUE under the experimental

conditions indicated that, while all the irrigation technologies provided the same amount of water
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to the ground, different amounts were available to the plants. This is the same line with Koudahe
etal. (2021), who indicated that some irrigation technologies limit the water to the root zone, while
others supply it to the all surface of soil. The results also indicated that CWUE increased linearly
with the cotton lint yield with R? equal to 1.

The irrigation water use efficiency varied from 0.21 kg m= in the low-density MDI2 to
0.44 kg m? in the high-density LEPA with an average of 0.33 kg m™ for all the irrigation
technologies. The average IWUE of LESA, LEPA, MDI1, and MDI2 were, respectively, 0.30,
0.39, 0.36, and 0.28 kg m™3. Among the irrigation technologies under the experimental conditions,
LEPA had the maximum IWUE followed by the MDI1. There was a gradual increase of IWUE
with the yield with R? of 0.66. Different IWUE values have been found around the globe, because
it varies according to the climate, management practices, and genotypes. In Bornova-lzmir,
Turkey, IWUE was found to vary from 0.48 to 0.65 kg m™ (Anac et al. (1999). Yazar et al. (2002)
reported IWUE values of 0.60-0.81 kg m™ and 0.58-0.77 kg m™ for drip-irrigation and LEPA,
respectively.

Like CWUE, the high-density rainfed and the high-density LEPA had the lowest ETWUE
of 0.12 kg m* and maximum ETWUE of 0.21 kg m?, respectively. Among the irrigation
technologies, the ETWUE of LEPA was 18%, 8%, 22%, and 50% higher than the ETWUE of
LESA, MDI1, MDI2, and rainfed, respectively. Also, the yield increased with increase in ETWUE,
and the R? of the relationship was 0.85. The results also indicated a strong positive relationship
between ETWUE and CWUE with R? equal to 0.92. An increase of evapotranspiration water use
efficiency induced a rapid rise of total water use efficiency. This indicated the importance of
evapotranspiration in cotton yield under the experimental conditions. In Texas and California,

ETWUE varied from 0.15 kg m™ to 0.33 kg m™ (Evett et al. 2012). Grismer (2002) found in
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Arizona and California that upland cotton ETWUE ranged from 0.127-0.138 and 0.134-0.210 kg

m-3, respectively, in 1999-2000.

Table 4.2 Irrigation, actual evapotranspiration (ETa), cotton lint yield, crop water use
efficiency (CWUE), evapotranspiration water use efficiency (ETWUE) and irrigation water
use efficiency (IWUE) of cotton lint under different irrigation technologies and rainfed

conditions.
Irrigation ETa Yield CWUE ETWUE IWUE
Treatment
(mm) (mm) (kgha') (kgm?)  (kgm?) (kg m?)
LESA D1 146.05 498.9 821.6 0.26 0.16 0.34
D2 146.05 469.8 815.8 0.26 0.17 0.25
LEPA D1 146.05 465.7 968.1 0.30 0.21 0.44
D2 146.05 485.9 932.6 0.29 0.19 0.33
MDIL D1 146.05 500.5 916.7 0.29 0.18 0.41
D2 146.05 480.1 898.7 0.28 0.19 0.31
MDI2 D1 146.05 489.6 827.0 0.26 0.17 0.34
D2 146.05 477.2 755.5 0.24 0.16 0.21
) D1 0 280.8 324.2 0.19 0.12 -
Rainfed
D2 0 293.5 444.9 0.26 0.15 -

D1: High density, D2: Low density
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4.2.4 Locally developed grass-reference cotton crop coefficients

According to Fan et al. (2011) and Pereira et al. (2021), the Kc which is the ratio of actual
crop evapotranspiration and reference evapotranspiration, is an essential parameter in irrigation
scheduling. For efficient irrigation planning, it is important to develop a local Kc experimentally
that characterizes local climate, water requirement, and cotton management practices (Koudahe et
al. 2021). In this study, a local Kc curve was developed under different irrigation technologies and
rainfed conditions. Seasonal distribution of Kc as function of days after planting is presented in
Figure 4.3. The results indicated that the cotton Kc is function of the amount of water used by the
crop. During the growing stages, the dryland treatment had the lowest Kc compared to the irrigated
fields. The values for Kc for the rainfed conditions Kc were 0.18, 0.46 to 0.48, and 0.10 to 0.28
for initial, mid, and late season stages, respectively. The crop coefficient for all the irrigation
technologies follows the same patterns during the growing season. The irrigated Kc was lowest
for the emergence and greatest during the flowering and the boll formation stages. The Kc of the
different irrigation technologies such as LEPA, LESA, MDI1, and MDI2 were similar. On average,
the irrigated cotton crop coefficients were estimated at 0.35, 0.92 to 1.04, and 0.39 to 0.48 for
initial, mid, and late season stages, respectively. The annual Kc for the entire growing season was
0.62.

The results of our study indicated that, for all the treatments, the Kc for initial stage
stabilized and then increased rapidly during the development to attain the highest Kc in mid-
season. It decreased later as the growing season advanced toward the late season. The same
patterns of crop coefficients were found by Kumar et al. (2015) and Yang et al. (2016). According
to the Food and Agricultural Organization (FAO) of the United Nations, the crop coefficients of

cotton are 0.35 for the initial stage, 1.15-1.20 for the mid-season stage, and 0.70-0.50 for the late
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season stage (Allen et al. 1998). Our results indicated that irrigated initial Kc is similar to the FAO
initial Kc, while mid and late season Kc are lower than the FAO values by 15% and 4%,
respectively. Koudahe et al. (2021) reported that cotton water use is overestimated when it is
computed using FAO Kc values that are greater than the locally developed Kc values, and
irrigation scheduling based on the high Kc values increases the cost of cotton production.
Over-irrigation decreases yields because the plant root system has less oxygen for
respiration. Grismer (2002) found locally developed initial Kc to be similar with FAO estimates
in the Sacramento and San Joaquin valleys, California, USA. According to the authors, the cotton
mid and late season Kc were 1.15 and 0.87, respectively, which were higher than the Kc found
under the experimental conditions in West Kansas. Many other studies found cotton crop
coefficients locally developed to be different from the ones developed by the FAO, which are
suggested to be used worldwide (Hunsaker 1999; Farahani et al. 2008; Bezerra et al. 2012). At
Uvalde, Texas, USA, Ko et al. (2009) stated that cotton Kc increased from 0.40 at the initial stage
to 1.25 in mid-season and decreased later to 0.60 towards the end of the season. In conclusion, our
results indicated that the crop coefficients varied less among the irrigation technologies, while it

varied more under contrasting climates and management practices.
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Figure 4.3 Grass-reference cotton crop coefficient (Kc) simulated using the two-step
approach under different treatments during the growing seasons.

4.2.5 Comparison of the cotton ETa from soil water balance and two-step approach
(ETa=ETo x Kc) using FAO adjusted Kc

The ETa estimated using the Kc x ETo using the FAO adjusted Kc values is presented in
Table 4.3. The results indicated that from the irrigated to rainfed conditions there was a decrease
of ETa. The same results have been found by Djaman et al. (2013), who reported a steady decrease
in estimated ETa from the full irrigation to dryland plots in 2009 and 2010. A factor that may play
a role in a difference between the soil water balance-estimated versus ETo x Kc approach-
estimated ETa is the assessment of deep percolation, although it is difficult to estimate. Another
important factor is the uncertainty in estimation the runoff as null, if the irrigation is well managed
or as an average value of the whole field rather than computing a subfield value from the individual
treatments.

The difference of the two ETa ranged 26% to 35% for the irrigated field averaging 30%,

while for the rainfed treatments, it averaged 118%. Djaman et al. (2013) reported an overestimation
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of maize ETa using the two-step approach compared to soil water balance-estimated. Similarly,
for non-stressed maize canopy, Irmak et al. (2008a) and Lopez-Urrea et al. (2006) reported
overestimation of the two-step approach. Djaman et al. (2013) reported that the overestimation of
the two-step approach can be explained by the uncertainty of the crop coefficients in the initial and
the late stages, especially for the rainfed because the rainfed attained senescence earlier. Also,
Irmak et al. (2008b) found that the poor performance of the FAO-56 could be attributed to the
uncertainties of the crop coefficients developed by the FAO. The authors revealed sensible heat
losses during the initial and late stages of season and suggested that Kc should be revised as
function of the difference of the net available energy between reference and actual conditions of
the field for the well irrigated treatments. The important difference of 118% for the rainfed and
30% for the irrigated fields is an indication that the two-step approach does not consider the water-
limiting conditions effects on Kc in ETa estimation. Similar results were found by Djaman et al.
(2013) with maize under deficit conditions. Furthermore, the difference between the two
approaches of estimating ETa could be due to the fact that the FAO procedure fixes a certain value
for the initial, mid, and late season, which is not true in reality because they are not constant under
different management, climate, and soil conditions. Using eddy-covariance ETa and ETo to
estimate the Kc, Payero and Irmak (2011) found a significant difference between the local Kc and
the FAO Kc. The FAO Kc has a fixed number of days for each stage of the crop growth. In other
words, FAO assigned a Kc value for the whole duration of the growth stage. However, there are
newly developed hybrids that have different growing periods under different management
practices that can significantly cause a bias in ETa estimation. In conclusion, there is a necessity
to locally develop a crop coefficient under specific water, soil, and climate conditions for effective

cotton production.
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Table 4.3 Cotton ETa determined using the soil water balance and estimated from the two-
step approach (ETa=ETo x Kc.adj.)

ETa from water ETa from Difference
Treatment balance ETo x Kc.adj].
(mm) (mm) (%)

D1 498.9 628.88 26
LEPA

D2 469.8 629.22 34

D1 465.7 629.13 35
LESA

D2 485.9 629.19 29

D1 500.5 629.74 26
MDI1

D2 480.1 628.97 31

D1 489.6 629.88 29
MDI2

D2 477.2 629.95 32

D1 280.8 627.42 123
Rainfed

D2 293.5 625.99 113

D1: High density, D2: Low density
4.3 Conclusions

Actual evapotranspiration, water use efficiency, and grass-reference crop coefficients of
cotton under different irrigation technologies and rainfed conditions were assessed for Western
Kansas. The results indicated that, under the experimental conditions, evaporation and
transpiration caused a rapid decrease of the soil water content in the topsoil and cotton extracted
water to 1.83 m depth. A soil water balance analysis showed that, of all irrigation technologies,
cotton under MDI1 had the highest ETa of 490.3 mm, while the rainfed treatments had the lowest
ETa of 287.1 mm. In terms of the impact of crop density, high-density plots registered a higher
ETa of 447.1 mm compared to 441.3 mm for the low-density plots. The LEPA irrigation
technology resulted in the highest CWUE of 0.30 kg m3; ETWUE had a value of 0.21 kg m, and

IWUE had a value of 0.44 kg m™. Irrigated cotton crop coefficients were estimated at 0.35, 0.92
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to 1.04, and 0.39 to 0.48 for initial, mid, and late season stages, respectively. Under rainfed
conditions, the crop coefficients were 0.18, 0.46 to 0.48, and 0.10 to 0.28 for the respective growth
stages. Irrigated initial Kc was similar to the FAO initial Kc, while mid and late season Kc were
lower than the FAO values by 15% and 4%, respectively. On average, the two-step approach
overestimated cotton ETa by approximately 30% for irrigated fields and 118% for rainfed
conditions. For optimum yield and resource use efficiency, our results indicated the importance of
locally developed crop coefficients. Further studies of irrigation scheduling based on these locally

developed crop coefficients under farmers’ field conditions are important.
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Chapter 5 - Summary and future research

5.1 Findings
This study investigated the effect of irrigation technology and plant density on cotton
growth, yield, and yield components, and determined the actual evapotranspiration, water use
efficiency, and grass-reference crop coefficients of cotton under different irrigation technologies
and rainfed conditions for effective cotton production in the High Plains of Kansas.
= From the first specific objective, we concluded under the experimental conditions
that:

- Mobile drip irrigation 2 (MDI2) had the highest growth characteristics such as plant
height, leaf area index, and canopy cover, while the rainfed treatment registered the
lowest growth performance.

- Crop growth parameters at flowering and boll development stage could help to predict
the cotton lint yield.

- Differences in cotton lint yield among the irrigation technologies and rainfed conditions
were statistically significant (p<0.05), and LEPA had the highest cotton lint yield
(950.3 kg ha™).

- Low-density provided the optimum yield.
= From the second specific objective, the results indicated that:

- Cotton under the irrigation technology of MDI1 had the highest ETa of 490.3 mm,
while the rainfed treatment had the lowest ETa of 287.1 mm.

- LEPA irrigation technology resulted in the highest CWUE, ETWUE, IWUE of 0.30,

0.21, and 0.44 kg m™, respectively.
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- Irrigated cotton crop coefficients were estimated at 0.35, 0.92 to 1.04, and 0.39 to 0.48
for initial, mid, and late season stages, respectively.
- The two-step approach overestimated cotton ETa by approximately 30% for irrigated

fields and 118% for rainfed conditions compared to the water balance approach.
5.2. Future research

Studies on the effect of irrigation technology and plant density on cotton growth, yield,
yield components and water use efficiency are crucial to identify the best irrigation technology
and optimum plant density for effective cotton production in the High Plains of Kansas. New and
alternative drought resistant crops in the study area are being developed. They need to be studied
to provide cotton producers, universities, crop management institutions, and crop consultants with
important information for sustainable cotton production. The best irrigation technology and
optimum density identified during this study should be conducted under the conditions of farmers’
field. Because the cotton variety used in this experiment cannot sustain growth under rainfed
conditions, other genotypes should be tested for rainfed production. Also, the local crop
coefficients developed in this study should be tested in other experiments and under farmers’ field
conditions. We propose the development of local Kc in other regions in Kansas State. We suggest
that other irrigation scheduling methods, such as those based on sensors and neutron probe
readings, should be compared with the ETa based method using the locally developed crop
coefficients. Testing different irrigation terminations will also be important to tell cotton farmers
the time to stop irrigation during the growing period for optimum vyield, yield components, and
resource use efficiency. Another important irrigation water management strategy is deficit
irrigation. We suggest that deficit irrigation studies under the irrigation technologies be conducted

to identify the best irrigation strategies for maximum lint and seed yield.

80



References

Abdurakhmonov, 1.Y. (2013). Role of genomic studies in boosting yield. In Proceedings of the
International Cotton Advisory Board (ICAC), Cartagena, Colombia, 20 September—4 October
2013; pp. 7-22.

Adhikari, P., Ale, S., Bordovsky, J. P., Thorp, K. R., Modala, N. R., Rajan, N., Barnes, E. M.
(2016). Simulating future climate change impacts on seed cotton yield in the Texas High Plains
using the CSM-CROPGRO-Cotton model. Agricultural Water Management, 164, 317-330.
https://doi.org/10.1016/j.agwat.2015.10.011.

Ajayakumar, M.Y., Umesh, M.R., Shivaleela, S., Nidagundi, J.M. (2018). Light interception and
yield response of cotton varieties to high density planting and fertilizers in sub-tropical India.
J. Appl. Nat. Sci., 9, 1835-1839.

Alcidu, M., Atokple, I1.D.K., Akromah, R. (2013). Genetic analysis of vegetative-stage drought
tolerance in cowpea. Greener J. Agric. Sci., 3, 481-496.

Ale, S., Omani, N., Himanshu, S. K., Bordovsky, J.P., Thorp, K.R., Barnes, E.M. (2020).
Determining optimum irrigation termination periods for cotton production in the Texas High
Plains. Transactions of the ASABE, 63(1), 105-115. https://doi.org/10.13031/trans.13483.

Ali, M., Ali, L., Sattar, M. (2010). Response of seed cotton yield to various plant populations and
planting methods. J. Agric. Res., 48, 163-169.

Allen, R.G. (2000). Using the FAO-56 dual crop coefficient method over an irrigated region as
part of an evapotranspiration intercomparison study. J. Hydrol., 229, 27-41.

Allen, R.G., Pereira, L.S., Raes, D., Smith, M. (1998). Crop evapotranspiration: Guidelines for
computing crop water requirements. InUnited Nations FAO, Irrigation and Drainage Paper 56;
FAQO: Rome, Italy.

Anac,, S., Ul, M.A,, Tuzel, I.H., Anac,, D., Okur, B., Hakerler, H. (1999). Optimum irrigation
scheduling for cotton under deficit irrigation conditions. In: Kirda, C., Moutonnet, P., Hera,
C., Nielsen, D.R. (Eds.), Crop Yield Response to Deficit Irrigations. Kluwer Academic
Publishers, Dordrecht, The Netherlands.

Anandhi, A. (2016). Growing degree days—Ecosystem indicator for changing diurnal temperatures

and their impact on corn growth stages in Kansas. Ecol. Indic., 61, 149-158.

81



Antonietta, M., Fanello, D.D., Acciaresi, H.A., Guiamet, J.J. (2014). Senescence and yield
responses to plant density in stay green and earlier-senescing maize hybrids from Argentina.
Field Crops Res., 155, 111-119.

Ayars, J.E., Hutmacher, R.B. (1994). Crop coefficient for irrigating in the presence of
groundwater. Irrig. Sci., 15, 45-52.

Ayars, J.E., Phene, C.J., Hutmacher, R.B., Davis, K.R., Schoneman, R.A., Valil, S.S., Mead, R.M.
(1999). Subsurface drip irrigation of row crops: a review of 15 years of research at the water
management research laboratory. Agricultural Water Management, 42, 1-27.

Avyars, J.E., Soppe, R.W. (2001). Integrated management of irrigation and shallow groundwater in
the presence of drains. Final Report. California Department of Water Resources Agreement
#B81211.

Azhar, M.T., Rehman, A. (2018). Overview on effects of water stress on cotton plants and
productivity. Chap 14 in book: Biochemical, Physiological and Molecular Avenues for
Combating Abiotic Stress in Plants. https://doi.org/10.1016/B978-0-12-813066-7.00016-4

Bai, Y., Mao, S.C., Tian, L.W. (2017). Advances and prospects of high-yielding and simplified
cotton cultivation technology in Xinjiang cotton-growing area. Sci. Agric. Sin. 50, 38-50.

Baker, J.T., Dennis C. Gitz, D.C., John E. Stout, J.E., Lascano, R.J. (2015). Cotton water use
efficiency under two different deficit irrigation scheduling methods. Agronomy, 5, 363-373;
doi:10.3390/agronomy5030363.

Bastug, R., Tekinel, O. (1989). Water production functions of cotton under limited irrigation water
conditions. Doga Turkish J. Agric. Forestry, 13, 163-168.

Batchelor, C., Lovell, C., Murata, M. (1996). Simple microirrigation techniques for improving
irrigation efficiency on vegetable gardens. Agricultural Water Management, 32, 37—48.

Baumhardt, R.L., Haag, L.A., Gowda, P.H., Schwartz, R.C., Marek, G.W., Lamm, F.R. (2021).
Modeling cotton growth and yield response to irrigation practices for thermally limited
growing seasons in Kansas. Transactions of the ASABE, 64(1), 1-12.
https://doi.org/10.13031/trans.13877.

Bednarz, C.W., Bridges, D.C., Brown, S.M. (2000) Analysis of cotton yield stability across
population densities. Agron. J., 92, 128-135.

Bednarz, C.W., Nichols, R.L., Brown, S.M. (2006) Plant density modifications of cotton within-
boll yield components. Crop Sci., 46, 2076-2080.

82



Bednarz, C.W., Shurley,W.D., Anthony,W.S., Nichols, R.L. (2005). Yield, quality, and
profitability of cotton produced at varying plant densities. Agron. J., 97, 235-240.

Bellaloui, N., Stetina, S.R., Turley, R.B. (2015). Cottonseed protein, oil, and mineral status in near-
isogenic Gossypium hirsutum cotton lines expressing fuzzy/linted and fuzzless/linted seed
phenotypes under field conditions. Front Plant Sci., 6, 137.
https://doi.org/10.3389/fpls.2015.00137.

Bezerra, B.G., da Saliva, B.B., Bezerra, J.R.C., Sofiatti, V., dos Santos, C.A.C. (2012).
Evapotranspiration and crop coefficient for sprinkler-irrigated cotton crop in Apodi Plateau
semiarid lands of Brazil. Agric. Water Manag., 2012, 107, 86-93.

Bezerra, J.R.C., Azevedo, P.V., Silva, B.B., Dias, J.M. (2010). Evapotranspiracdo e coeficiente de
cultivo do algodoeiro BRS-200 Marrom. Irrigado. Rev. Bras. Eng. Agric. Ambient, 14 (6),
625-632 (in Portuguese with English abstract).

Bordovsky, J. P., Porter, D. (2003). Cotton response to pre-plant irrigation level and irrigation
capacity using spray, LEPA, and subsurface drip irrigation. Presented at the 2003 ASAE
International Meeting, Las Vegas, NV, 27-30 July. ASAE Paper No. 032008.

Bordovsky, J.P. (2019). Low-Energy Precision Application (LEPA) Irrigation: A Forty-Year
Review. Transactions of the ASABE, 62(5), 1343-1353. Doi: 10.13031/trans.13117.

Bordovsky, J.P., Lyle, W.M., Bender, D.A., Lipe, W.N., Vrubel, L.W., Lorenz, D.C. (1984). LEPA
vs. drip irrigation methods. Annual Progress Report. 7-12. TX Ag. Exp. Sta., Halfway, TX.

Briggs, L.J., Shantz, H.L. (1993) The water requirement of plants. Il. A review of the literature.
Pages 1-96 in US dep. Agric. Bur. Plant Ind. Bull. No. 285.

Burke, J.J., O’mahony, P.J. (2001). Protective role in acquired thermotolerance of developmentally
regulated heat shock proteins in cotton seeds. J. Cotton Sci., 5, 174-183.

Buttar, G.S., Aujla, M.S., Thind, H.S., Singh, C.J., Saini, K.S. (2007). Effect of timing of first and
last irrigation on the yield and water use efficiency in cotton. Agricultural Water Management,
89, 236-242.

Cardinali, A., Nason, G. P. (2013). Costationarity of Locally Stationary Time Series Using costat.
Journal of Statistical Software, 55(1), 1-22. https://doi.org/10.18637/jss.v055.i01.

Cetin, O., Bilgel, L. (2002). Effects of different irrigation methods on shedding and yield of cotton.

Agricultural Water Management, 54, 1-15.

83


https://doi.org/10.18637/jss.v055.i01

Cetin, O., Kara, A. (2019). Assessment of water productivity using different drip irrigation systems
for Cotton. Agricultural Water Management, 223, 105693.
https://doi.org/10.1016/j.agwat.2019.105693

Cetin, O., Ozyurt, E., Sener, S. (1994). The effects of different irrigation methods on the yield and
water use efficiency of cotton in Harran Plain. Proceedings of the 17th European Regional
Conference on Efficient and Ecologically Sound Use of Irrigation Water with Special
Reference to European Countries, Varna, Bulgaria, May 16-22.

Chase Snowden, C., Glen Ritchie, G., Thompson, T. (2013). Water use efficiency and irrigation
response of cotton cultivars on Subsurface Drip in West Texas. Journal of Cotton Science, 17,
1-9.

Chen, X., Qi, Z., Gui, D., Sima, M.W., Zeng, F., Li, L., Li, X., Gu, Z. (2020). Evaluation of a new
irrigation decision support system in improving cotton yield and water productivity in an arid
climate. Agricultural Water Management, 234, 106139.
https://doi.org/10.1016/j.agwat.2020.106139.

Chen, Z., Niua, Y., Zhaoa, R., Hana, C., Hanb, H., Luoa, H. (2019). The combination of limited
irrigation and high plant density optimizes canopy structure and improves the water use
efficiency of cotton. Agricultural Water Management, 218, 139-148.

Choudhary, K.K., Dahiya, R., Phogat, V.K. (2016). Effect of drip and furrow irrigation methods
on yield and water use efficiency in cotton. Res. on Crops, 17 (4), 823-828.

Clawson, E.L., Cothren, J.T., Blouin, D.C. (2006). Nitrogen fertilization and yield of cotton in
ultra-narrow and conventional row spacings. Agron. J., 98, 72-79.

Colaizzi, P.D., Evett, S.R., Howell, T.A. (2005). Cotton production with SDI, LEPA, and spray
irrigation in a thermally-limited climate. In: Irrigation Association Conference Proceedings,
November 6-8, 2005, Phoenix, Arizona. 2005 CDROM.

Colaizzi, P.D., Evett, S.R., Howell, T.A. (2005). Cotton production with SDI, LEPA, and spray
irrigation in a thermally-limited climate. In Proceedings of the Irrigation Association
Conference, Phoenix, Arizona, 6-8 November 2005.

Colaizzi, P.D., Evett, S.R., Howell, T.A., Baumhardt, R.L. (2010). Crop production comparison
with Spray, LEPA, and Subsurface Drip Irrigation in the Texas High Plains. 5th National
Decennial Irrigation Conference Proceedings, 5-8 December 2010, Phoenix Convention
Center, Phoenix, Arizona USA IRR10-9704. (doi:10.13031/2013.35818).

84



Colaizzi, P.D., Gowda, P.H., Marek, T.H., Porter, D.O. (2008). Irrigation in the Texas high plains:
a brief history and potential reductions in demand. Irrigation and Drainage, DOI:
10.1002/ird.418.

Colaizzi, P.D., Gowda, P.H., Marek, T.H., Porter, D.O. (2009). Irrigation in the Texas High Plains:
A brief history and potential reductions in demand. Irrig. Drain., 58(3), 257-274.
https://doi.org/10.1002/ird.418.

Colaizzi, Paul D., Steven R. Evett and Terry A. Howell. (2004). Comparison of SDI, LEPA, and
spray irrigation performance for cotton in the North Texas High Plains. Transactions of the
ASAE, 47(5), 1477-1492,

Dagdelen, N., Yilmaz, E., Sezgin, F., Gurbuz, T. (2006). Water-yield relation and water use
efficiency of cotton (Gossypium hirsutum L.) and second crop corn (Zea mays L.) in western
Turkey. Agricultural Water Management, 82, 63-85.

Djaman K., Irmak, S. (2013). Actual Crop Evapotranspiration and Alfalfa- and Grass-Reference
Crop Coefficients of Maize under Full and Limited Irrigation and Rainfed Conditions. J. Irrig.
Drain Eng.,139, 433-446. DOI: 10.1061/(ASCE)IR.1943-4774.0000559.

Djaman, K., Irmak, S., Rathje, W.R., Martin, D.L., Eisenhauer, D.E. (2013). Maize
evapotranspiration, yield production functions, biomass, grain yield, harvest index, and yield
response factors under full and limited irrigation. Transactions of the ASABE, 56(2), 273-293.

Djaman, K., Koudahe, K., Bodian, A., Diop, L., Ndiaye, P.M. (2020). Long-Term Trend Analysis
in Annual and Seasonal Precipitation, Maximum and Minimum Temperatures in the Southwest
United States. Climate, 8(142): 1-20. doi:10.3390/cli8120142.

Djaman, K., O’Neill, M., Owen, K.C., Smeal, D., Koudahe, K., West, M., Allen, S., Lombard, K.,
Irmak, S. (2018). Crop Evapotranspiration, Irrigation Water Requirement and Water
Productivity of Maize from Meteorological Data under Semiarid Climate. Water, 10, 405.
DOI:10.3390/w10040405.

Doorenbos, J., Kassam, A.H. (1979). Yield Response to Water. FAO Irrigation Drainage. Paper
No. 33, Rome, FAO.

Dumka, D., Bednarz, C.W., Maw, B.W. (2004). Delayed initiation of fruiting as a mechanism of
improved  drought avoidance in  cotton. Crop  Sci., 44(2), 528-534.
https://doi.org/10.2135/cropsci2004.5280.

85



Ertek, A., Kanber, R. (2001). Water-use efficiency (WUE) and change in the yield response factor
(ky) of cotton irrigated by a drip irrigation system. Turkish J. Agric. Forest., 25, 111-118.
Evett, S.R., Baumhardt, R.L., Howell, T.A., Ibragimov, N.M., Hunsaker, D.J. (2012). Cotton. Crop
Yield Response to Water; FAO irrigation and drainage paper. No. 66; FAO: Rome, Italy, pp.

152-161

Fan, H., Wang, K.Y., Ma, F.Y., Zhang, W.F., Zhang, F.H. (2011). Modelling of evapotranspiration
and crop coefficient of cotton in northern Xinjiang. International Conference on New
Technology of Agricultural, 655-659.

Fan, Y., Wang, C., Nan, Z. (2016). Determining water use efficiency for wheat and cotton: A meta-
regression analysis. presentation at the 2016 Agricultural & Applied Economics Association
Annual Meeting, Boston, Massachusetts, July 31-August 2. 40p.

FAOSTAT (2021). Available online. http://www.fao.org/faostat/en/#data/QCL. (Accessed on July
25, 2021)

Farahani, H.J., Oweis, T.Y., lzzi, G. (2008). Crop coefficient for drip-irrigated cotton in a
Mediterranean environment. Irrig. Sci., 26, 275-383.

Feng, L., Mathis, G., Ritchie, G., Han, Y., Li, Y., Wang, G., Bednarz, C.W. (2014). Optimizing
irrigation and plant density for improved cotton yield and fiber quality. Agronomy Journal,
106(4), 1111-1118. https://doi.org/10.2134/agronj13.0503.

Fereres, E., Cuevas, R. and Orgaz, F. (1985). Drip irrigation of cotton in southern Spain. Proc.
Third Drip/Trickle Irrig. Congr., ASAE Publ. 10-85, ASAE, St. Joseph, Mi., pp. 185-192.
Fish, D. A., and Earl, H. J. (2009). Water-use efficiency is negatively correlated with leaf
epidermal conductance in cotton (Gossypium spp.). Crop Sci., 49, 1409-1415. doi:

10.2135/cropsci2008.08.0490.

Geerts, S., Raes, D. (2009). Deficit irrigation as an on-farm strategy to maximize crop water
productivity in dry areas. Agricultural Water Management, 96(9), 1275-1284.
https://doi.org/10. 1016/j.agwat.2009.04.009.

Gowda, P.H., Baumhardt, R.L., Esparza, A.M., Marek, T.H., & Howell, T.A. (2007). Suitability
of cotton as an alternative crop in the Ogallala aquifer region. Agron. J., 99(6), 1397-1403.
https://doi.org/10.2134/agronj2006.0275

86



Grimes, D.W.; Dickens, W.L. (1974). Dating Termination of Cotton Irrigation from Soil Water-
Retention Characteristics 1. Agron. J, 66, 403-404.
https://doi.org/10.2134/agronj1974.00021962006600030020x

Grismer, M.E. (2002). Regional cotton lint yield, ETc, and water value in Arizona and California.
Agricultural Water Management, 54 (3), 227-242.

Guzman, M., Vilain, L., Rondon, T., Sanchez, J. (2019). Sowing density effects in cotton yields
and its components. Agronomy, 9, 349. D0i:10.3390/agronomy9070349.

Gwathmey, C.O.; Clement, J.D. (2010). Field crops research alteration of cotton source-sink
relations with plant population density and mepiquat chloride. Field Crops Res., 116, 101-107.

Haag, L., Morris, J., Waite, J., Staggenborg, S., Baumhardt, L. (2013). Irrigation Strategies for
Corn-Cotton Systems in Southwest Kansas. K-State research and Extension, Poster
presentation. https://www.northwest.k-

state.edu/agronomy/documents/research_results/CornCotton.pdf (Accessed on 7 November
2022).

Hatfield, J.L., Dold, C. (2019). Water-Use Efficiency: Advances and Challenges in a Changing
Climate. Front. Plant Sci., 10, 103. doi: 10.3389/fpls.2019.00103.

Hodgson, A.S., Constable, G.A., Duddy, G.R., Danieles, 1.G., 1992. A comparison of drip and
furrow irrigated cotton on a cracking clay soil. Soils Fertilizers 55, 2.

Hogan, R., Jr., Vories, E.D., Greene, J.K., Robertson, W.C., Stewart, J., Tacker, P. (2005).
Economic effect of late irrigation on mid-south cotton. In Proceedings of the Beltwide Cotton
Conference, New Orleans, LA, USA, 4-7 January 2005; pp. 4-7.

Howell, T.A., Davis, K.R., McCormick, R.L., Yamada, H., Walhood, V.T., Meek, D.W. (1984).
Water use efficiency of narrow row cotton. Irrig. Sci., 5, 195-214.
https://doi.org/10.1007/BF00264608.

Howell, T.A., Evett, S.R., Tolk, J.A., Schneider, A.D. (2004). Evapotranspiration of Full-, Deficit-
Irrigated, and Dryland Cotton on the Northern Texas High Plains. J. Irrig. Drain Eng., 2004,
130(4), 277-285. DOI: 10.1061/ASCE0733-94372004130:4277

Howell, T.A., Meron, M., Davis, K.R., Phene, C.J., Yamada, H. (1989). Water management and

furrow irrigated narrow row cotton in the San Joaquin Valley. Soils and Fertilizers, 52, 4.

87


https://www.northwest.k-state.edu/agronomy/documents/research_results/CornCotton.pdf
https://www.northwest.k-state.edu/agronomy/documents/research_results/CornCotton.pdf

Howell, T.A., Meron, M., Davis, K.R., Phene, C.J., Yamada, H. (1987). Water management of
trickle and furrow irrigated narrow rowcotton in the San Joaquin Valley. Appl. Eng. Agric.,
1987, 3, 222-2217.

Hribal, S.A. (2009). Crop coefficients for cotton in northeastern Louisiana. Master’s thesis.
Louisiana State University and Agricultural and Mechanical College. 68p.

Hsieh, Y.L. (2007). Chemical structure and properties of cotton. Chapter 1. Book. Cotton: Science
and technology. 34pp. DOI: 10.1533/9781845692483.1.3.

Hunsaker, D.J. (1999). Basal crop coefficients and water for early maturity cotton. Trans. ASAE,
42, 927-936.

Hunsaker, D.J. (1999). Basal crop coefficients and water for early maturity cotton. Trans. ASAE,
42 (4), 927-936.

Hunsaker, D.J., Barnes, E.M., Clarke, T.R., Fitzgerald, GJ., Pinter Jr., P.J. (2005). Cotton irrigation
scheduling using remotely sensed and FAO-56 basal crop coefficients. Transactions of the
ASAE., 48(4), 1395-1407.

Hunsaker, D.J., Pinter Jr., P.J., Barnes, E.M., Kimball, B.A. (2003). Estimating cotton
evapotranspiration crop coefficients with a multispectral vegetation index. Irrig. Sci., 22, 95—
104.

Ibragimov, N., Evet, S. R., Esanbekov, Y., Kamilov, B., Mirzaev, L. and Lamers, J. P. A. (2007).
Water use efficiency of irrigated cotton in Uzbekistan under drip and furrow irrigation.
Agricultural Water Management, 90, 112-20.

Inamullah, 1., Isoda, A. (2005). Adaptive responses of soybean and cotton to water stress,
transpiration changes in relation to stomatal area and stomatal conductance. Plant Prot. Sci., 8,
16-26.

Irmak, S., Irmak, A., Howell, T. A., Martin, D. L., Payero, J. O., and Copeland, K. S. (2008a).
Variability of alfalfa-reference to grass reference evapotranspiration ratios in growing and
dormant seasons. J. Irrig. Drain. Eng., 134(2), 147-159.

Irmak, S., Istanbulluoglu, E., Irmak, A. (2008b). An evaluation of evapotranspiration model
complexity against performance in comparison with Bowen Ratio Energy Balance
measurements. Trans. ASABE, 51(4), 1295-1310.

88



Kaggwa-Asiimwe, R., Andrade-Sanchez, P., Wang, G. (2013). Plant architecture influences
growth and yield response of upland cotton to population density. Field Crops Res., 145, 52—
59.

Kanber, R., Onder, S., Unlu, M., Koksal, H., Ozekici, B., Sezen, S.M., Yazar, A., Koc, K. (1996).
Optimization of surface irrigation methods for cotton and comparison with siprinkler
irrigation. Research Report No: 18, GAP Research Projects. Faculty of Agriculture Publication
No: 155, Cukurova University, Adana, Turkey, pp. 148.

Kar, M., Patro, B., Sahoo, C., Hota, B. (2005). Traits related to drought resistance in cotton
hybrids. Indian J. Plant Physiol., 10, 377-380.

Karam, F., Lahoud, R., Masaad, R., Daccache, A., Mounzer, O., Rouphael, Y. (2006). Water use
and lint yield response of drip irrigated cotton to the length of irrigation season. Agricultural
Water Management, 85, 287—-295.

Karlberg, L., Frits, W.T.P.V. (2004). Exploring potentials and constraints of low-cost drip
irrigation with saline water in sub-Saharan Africa. Phys. Chem. Earth, 29, 1035-1042.

Kawakami, E.M.; Oosterhuis, D.M.; Snider, J.L.; Mozaari, M. (2012). Physiological and yield
responses of field-grown cotton to application of urea with the urease inhibitor NBPT and the
nitrification inhibitor DCD. Eur. J. Agron., 43, 147-154.

Kerby, T.A., Cassman, K.G., Keeley, M. (1990). Genotypes and plant densities for narrow-row
cotton systems. I. Height, nodes, earliness, and location of yield. Crop Sci., 30, 644—649.
Khan N., Han, Y., Xing, F., Feng, L., Wang, Z., Wang, G., Yang, B., Fan, Z,, Lei, Y., Xiong, S.,
Li, X., and Li, Y. (2020). Plant density influences reproductive growth, lint yield and boll

spatial distribution of cotton. Agronomy, 10, 14. doi:10.3390/agronomy10010014

Khan, A., Kong, X., Najeeb, U., Zheng, J., Kean, D., Tan, Y., Akhtar, K., Munsif, F., Zhou, R.
(2019). Planting density induced changes in cotton biomass yield, fiber quality, and
phosphorus distribution under beta growth model. Agronomy, 9, 500.

Khan, A., Najeeb, U., Wang, L., Tan, D.K.Y., Yang, G., Munsif, F., Ali, S., Hafeez, A. (2017).
Planting density and sowing date strongly influence growth and lint yield of cotton crops. Field
Crops Res., 209, 129-135.

Khan, A., Wang, L., Ali, S., Tung, S.A., Hafeez, A., Yang, G. (2017). Optimal planting density
and sowing date can improve cotton yield by maintaining reproductive organ biomass and

enhancing potassium uptake. Field Crops Res., 214, 164-174.

89



Khan, N., Han, Y., Xing, F., Feng, L, Wang, Z., Wang, G., Yang, B., Fan, Z,, Lei, Y., Xiong, S.,
Li, X., Li, Y. (2020). Plant density influences reproductive growth, lint yield and boll spatial
distribution of cotton. Agronomy, 10, 14; doi:10.3390/agronomy10010014.

Ko, J., Piccinni, G., Marek, T., Howell, T. (2009). Determination of growth-stage-specific crop
coefficients (Kc) of cotton and wheat. Agricultural Water Management, 96, 1691-1697.
doi:10.1016/j.agwat.2009.06.023.

Koech, R.; Smith, R.; Gillies, M. (2014). A real-time optimisation system for automation of furrow
irrigation. Irrig. Sci., 32, 319-327.

Koudahe, K., Sheshukov, A.Y., Aguilar, J., Djaman, K. (2021). Irrigation-Water Management and
Productivity of Cotton: A Review. Sustainability, 13, 10070.
https://doi.org/10.3390/su131810070

Kumar, K., Udeigweb, T.K., Clawsonc, E.L., Rohlid, R.V. Miller, D.K. (2015). Crop water use
and stage-specific crop coefficients for irrigated cotton in the mid-south, United States.
Agricultural Water Management, 156, 63-69. http://dx.doi.org/10.1016/j.agwat.2015.03.022

Kumar, V., Udeigwe, T.K., Clawson, E.L., Rohli, R.V., Miller, D.K. (2015). Crop water use and
stage-specific crop coefficients for irrigated cotton in the mid-south, United States.
Agricultural Water Management, 156, 63-69.

Lascano, R.J., Baumhardt, R.L., Goebel, T.S., Baker, J.T., Gitz, D.C. (2017). Irrigation termination
thermal time and amount on cotton lint yield and fiber quality. Open J. Soil Sci., 7, 216-234.

Li, X.H. (2002). Climate conditions of cultivation technology for short-dense early cotton in
Xinjiang. Bimonthly Xinjiang Meteorol., 6, 19-21.

Liu, Y., Jiang, H., Li, C., Huang, H., Pan, Z., Chai, C. (2013). Analysis of irrigation water
requirement and irrigation requirement index for cotton of Hebei province. Nongye
Gongcheng Xuebao/Transactions of the Chinese Society of Agricultural Engineering, 29(19),
98-104. DOI: 10.3969/j.issn.1002-6819.2013.19.012

Lokhande, S., Reddy, K.R. (2014). Reproductive and fiber quality responses of upland cotton to
moisture deficiency. Agron. J., 106, 1060-1069.

Lopez-Urrea, R., Olalla, F. M., Fabeiro, C., and Moratalla, A. (2006). An evaluation of two hourly
reference evapotranspiration equations for semiarid conditions. Agric. Water Manage., 86(3),
277-282.

90



Lyle WM, Bordovsky JP. (1983). LEPA irrigation system evaluation. Transactions of ASAE,
26(3), 776-781.

Masasi, B., Taghvaeian, S., Boman, R., Datta, S. (2019). Impacts of irrigation termination date on
cotton yield and irrigation requirement. Agriculture, 9, 39; doi:10.3390/agriculture90200309.

Masasi, B., Taghvaeian, S., Boman, R., Moriasi, D.N., Starks, P.J. (2020). Impacts of variable
irrigation regimes on cotton yield and fiber quality. Agric Environ Lett., 5:e20031. DOI:
10.1002/ael2.20031

Mateos, L., Berengena, J., Orgaz, F., Diz, J., Fereres, E.A (xxx). comparison between drip and
furrow irrigation in cotton at two levels of water supply. Agricultural Water Management,
19(4), 313-324.

McGuire, V.L. (2017). Water-level and recoverable water in storage changes, High Plains aquifer,
predevelopment to 2015 and 2013-15: U.S. Geological Survey Scientific Investigations Report
2017-5040, 14p. https://doi.org/10.3133/sir20175040.

Mert, M. (2005). Irrigation of cotton cultivars improves seed cotton yield, yield components and
fiber properties in the Hatay region, Turkey. Acta Agric. Scand. Sect. B Soil Plant Sci., 55,
44-50.

Mitchell-McCallister, D., Williams, R. B., Bordovsky, J., Mustian, J., Ritchie, G., Lewis, K.
(2020). Maximizing profits via irrigation timing for capacity-constrained cotton production.
Agricultural Water Management, 229, 105932. https://doi.org/10.1016/j.agwat. 2019.105932

Mohamed, B.B., Sarwar, M.B., Hassan, S., Rashid, B., Aftab, B., Husnain, T. (2015). Tolerance
of Roselle (Hibiscus sabdariffa L.) genotypes to drought stress at vegetative stage. Adv. Life
Sci., 2, 74-82.

Mohan, S., Arumugam, N. (1994). Crop coefficient of major crops in south India. Agricultural
Water Management, 26 (1-2), 67-80.

Monge, J.J.; Teague, T.G.; Cochran, M.J.; Danforth, D.M. (2007). Economic Impacts of
Termination Timing for Irrigation and Plant Bug Control; Arkansas Agricultural Experiment
Station: Fayetteville, AR, USA.

Mu-Xiu Ling, Bao-Xiao (2003). Effect of soil water stress on water regime in cotton leaves and
on photosynthesis. China Cotton, 30, 9-10.

Nilesh, B., Gulati, H. S., & Mukund, N. (2005). Effect of drip and sprinkler irrigation system on
growth and yield of American cotton (Gossypium hirsutum L.). Bioved, 16, 33-37.

91



OECD/FAOQ (2019). OECD-FAO Agricultural Outlook, OECD Agriculture statistics (database).
doi: dx.doi.org/10.1787/agr-outl-data-en. http://www.agri-
outlook.org/commaodities/Cotton.pdf

Onder, D., Akiscan, Y., Onder, S., Mert, M. (2009). Effect of different irrigation water level on
cotton yield and yield components. African Journal of Biotechnology, 8 (8), 1536-1544.

Payero, J.O., Irmak, S. (2011). Actual evapotranspiration, crop coefficient, and energy-balance
components of surface-irrigated corn. Evapotranspiration: From measurements to agricultural
and environmental applications, INTECH, New York, NY, 59-78.

Peng, S., Krieg, D.R., Hicks, S.K. (1989). Cotton lint yield response to accumulated heat units and
soil water supply. Field Crops Research, 19(4), 253-262. https://doi.org/10.1016/0378-
4290(89)90097-X

Pereira, L.S., Paredes, P., Hunsaker, D.J., Lopez-Urrea, R., Shad, Z.M. (2021). Standard single

and basal crop coefficients for field crops. Updates and advances to the FAO56 crop water

requirements method. Agricultural water management, 243. doi:10.1016/j.agwat.2020.106466

Pettigrew, W. (2004a). Moisture deficit effects on cotton lint yield, yield components, and boll
distribution. Agron. J., 96, 377-383.

Pettigrew, W. (2004b). Physiological consequences of moisture deficit stress in cotton. Crop Sci.,
44, 1265-1272.

Pinnamaneni, S.R., Anapalli, S.S., Sui, R., Bellaloui, N., Reddy, K.N. (2021). Effects of irrigation
and planting geometry on cotton (Gossypium hirsutum L.) fiber quality and seed composition.
Journal of Cotton Research, 4, 2. https://doi.org/10.1186/s42397-020-00078-w.

Preito, D., Angueira, C. (1999). Water stress effect on different growing stages for cotton and its
influence on yield reduction. In: Kirda, C., Moutonnet, P., Hera, C., Nielsen, D.R. (Eds), Crop
Yield Response to Deficit Irrigation. Kluwer Academic Publishers, Chapter 13, pp. 161-179.

Preito, D., Angueira, S. (1999). Water stress effect on different growing stage of cotton and its
influence on the yield reduction. In: Kirda: C., Moutonnet, P. Herra, C., Nielson, D.R. (eds.).
Crop yield response to deficit irrigation. Kluwer Academics Publisher, Dordrecht, chap 13, pp
161-179.

Quisenberry, J.E., McMichael, B. L. (1991). Genetic variation among cotton germplasm for water-
use efficiency. Environ. Exp. Bot. 31, 453-460. doi: 10. 1016/0098-8472(91)90044-O

92


https://doi.org/10.1016/0378-4290(89)90097-X
https://doi.org/10.1016/0378-4290(89)90097-X

Read, J.J., Reddy, K.R., Jenkins, J.N. (2006). Yield and fiber quality of upland cotton as influenced
by nitrogen and potassium nutrition. Eur. J. Agron., 24, 282-290.

Reba, M. L., Teague, T. G., & Vories, E. D. (2012). A review of irrigation termination practices
in northeast Arkansas. In Summaries of Arkansas cotton research, 41-44.

Reba, M., Teague, T., Vories, E.A. (2014). retrospective review of cotton irrigation on a
production farm in the Mid-South. J. Cotton Sci., 18, 137-144.

Reeves, H. (2012). Effects of irrigation termination date on cotton yield and fiber quality. Master’s
Thesis, Texas Tech University, Lubbock, TX, USA, 2012.

Rehman, A., Azhar, M.T., Shakeel, A., Ahmad, S.M. (2017). Breeding potential of upland cotton
for water stress tolerance. Pak. J. Agric. Sci., 54, 619-626.

Ritchie, G.L., Whitaker, J.R., Bednarz, C.W., Hook, J.E. (2009). Subsurface drip and overhead
irrigation: A comparison of plant boll distribution in upland cotton. Agron. J., 101(6), 1336-
1344. https://doi.org/10.2134/agronj2009.0075

Roth, G., Harris, G., Gillies, M., Montgomery, J., Wigginton, D. (2013). Water-use efficiency and
productivity trends in Australian irrigated cotton: A review. Crop Past. Sci., 2013, 64, 1033—
1048.

Saranga, Y., Jiang, C. X., Wright, R. J., Yakir, D., and Paterson, A. H. (2004). Genetic dissection
of cotton physiological responses to arid conditions and their inter-relationships with
productivity. Plant Cell Environ., 27, 263-277. doi: 10.1111/].1365-3040.2003.01134.x

Schaefer, C.R., Ritchie, G.L., Bordovsky, J.P., Lewis, K., Kelly, B. (2018). Irrigation timing and
rate affect cotton boll distribution and fiber quality. Agron. J., 110(3), 922-931.
https://doi.org/10.2134/agronj2017.06.0360

Segarra, E., Almas, L., Bordovsky, J.P. (1999). Adoption of advanced irrigation technology: LEPA
vs. drip in the Texas High Plains. In Proc. Beltwide Cotton Conf., 1, 324-328. Memphis, Tenn.:
National Cotton Council.

Sezan, S.M., Yazar, A., Akyildiz, A., Dasgan H.Y. and Gencel, B. (2008). Yield and quality
response of drip irrigated green beans under full and deficit irrigation. Sci. Hort., 117, 95-102.

Shamim, Z., Rashid, B., Rahman, S., Husnain, T. (2013). Expression of drought tolerance in
transgenic cotton. Sci. Asia, 39(1), 11.

93



Shao, H.B., Chu, L.Y., Jaleel, C.A., Zhao, C.X. (2008). Water-deficit stress-induced anatomical
changes in higher plants. Comptes Rendus Biologies, 331(3), 215-225.
https://doi.org/10.1016/j.crvi.2008.01.002.

Sharma, B., Mills, C.1., Snowden, C., Ritchie, G L. (2015). Contribution of boll mass and boll
number  to irrigated  cotton  yield. Agron. ], 107(5), 1845-1853.
https://doi.org/10.2134/agronj15.0024

Siddiqui, M., Oad, F., Buriro, U. (2007). Response of cotton cultivars to varying irrigation regimes.
Asian J. Plant Sci., 6, 153-157.

Siebert, J.; Stewart, A. (2006). Influence of plant density on cotton response to mepiquat chloride
application. Agron. J., 98, 1634-1639.

Silveriooth J.C., Terry, L.I. (1989). Comparison of irrigation termination dates on the yield of
Upland and Pima Cotton. College of Agriculture, University of Arizona (Tucson, AZ). Report
no. 370077, Series P-77. https://repository.arizona.edu/handle/10150/204826 (accessed on
July 06, 2021).

Silvertooth, J., Galadima, A. (2003). Evaluation of Irrigation Termination Effects on Fiber
Micronaire and Yield of Upland Cotton, 2000-2002; University of Arizona College of
Agriculture and Life Sciences: Tucson, AZ, USA, 2003.

Silvertooth, J.C. (2001). Deciding on the final irrigation. AZ1212. Tucson, AZ: University of
Arizona Extension.
https://extension.arizona.edu/sites/extension.arizona.edu/files/pubs/az1212.pdf. (Accessed on
July 12, 2021).

Silvertooth, J.C., Galadima, A., Tronstad, R. (2006). Irrigation Termination Effects on Cotton
Yield and Fiber Quality. College of Agriculture, University of Arizona (Tucson, AZ), Report
no. az1409, Series P-145. Cotton Report 2006.
https://repository.arizona.edu/handle/10150/198213 (accessed on July 06, 2021).

Snowden, C., Ritchie, G., Thompson, T. (2013). Water Use Efficiency and Irrigation Response of
Cotton Cultivars on Subsurface Drip in West Texas. The Journal of Cotton Science, 17, 1-9.

Soppe, R. (2000). Optimizing saline shallow groundwater use by crops. Ph.d Dissertation in

Hydrologic Sciences, University of California, Davis, CA.

94



Sorensen, R.B., Lamb, M.C., Butts, C.L. (2020). Crop rotation, irrigation system, and irrigation
rate on cotton yield in southwestern Georgia. Crop Forage & Turfgrass Mgmt. 6, e20053, 1-
12. https://doi.org/10.1002/cft2.20053.

Stone, L.R., Klocke, N.L., Schlegel, A.J., Lamm, F.R., and Tomsicek, D.J. (2011). Equations for
drainage component of the field water balance.” Appl. Eng. Agric. 27 (3): 345-350.
https://doi.org/10.13031/2013.37076.

Sui, R., Byler, R.K., Delhom, C.D. (2017). Effect of nitrogen application rates on yield and quality
in irrigated and rainfed cotton. J Cotton Sci., 21, 113-21.

Suleiman, A.A., Tojo Soler, C.M., Hoogenboom, G. (2007) Evaluation ofFAQO-56 crop coefficient
procedures for deficit irrigation management of cotton in a humid climate. Agricultural Water
Management, 91, 33-42.

Suleiman, A.A., Tojo Soler, C.M., Hoogenboom, G. (2007). Evaluation of FAO-56 crop
coefficient procedures for deficit irrigation management of cotton in a humid climate.
Agricultural Water Management, 91(1-3), 33-42.

Teague, T.G. (2007). Final Irrigation Timing 2007—-Cotman and crop termination in Arkansas
Cotton; Arkansas Agricultural Experiment Station: Fayetteville, AR, USA, 2007.

Thorp, K.R., Ale, S., Bange, M.P., Barnes, E.M., Hoogenboom, G., Lascano, R.J., Rajan, N.
(2014). Development and application of process-based simulation models for cotton
production: A review of past, present, and future directions. J. Cotton Sci., 18(1), 10-47.

Tronstad, R.E., Silvertooth, J., Husman, S.H. (2003). Irrigation termination of cotton: An
economic analysis of yield, quality, and market factors. J. Cotton Sci., 7(3), 86-94.

Unlii, M., Kanber, R., Kog, D. L., Tekin, S., Kapur, B. (2011). Effects of deficit irrigation on the
yield and yield components of drip irrigated cotton in a Mediterranean environment.
Agricultural Water Management, 98(4), 597—605.

USDA. (2021). Crop Production 2020. National Agricultural Statistics Service. 123 p.
https://downloads.usda.library.cornell.edu/usda-
esmis/files/k3569432s/w3764081j/5712n018r/cropan21.pdf (Accessed on May 6, 2021)

Venugopalan, M.V., Kranthi, K.R., Blaise, D., Lakde, S., Shankaranarayanan, K. (2013). High
density planting system in cotton—The Brazil experience and Indian initiatives. Cotton Res.
J., 2013, 5, 172-185.

95



Vories, E., Greene, J., Teague, T.G., Stewart, J., Phipps, B., Pringle, H., Clawson, E.L., Hogan,
R., O’Leary, P., Griffin, T.W. (2011). Determining the optimum timing for the final furrow
irrigation on Mid-South cotton. Appl. Eng. Agric., 27, 737-745.

Vories, E.D., Glover, R.E. (2000). Effect of Irrigation Timing on Cotton Yield and Earliness;
Arkansas Agricultural Experiment Station: Fayetteville, AR, USA. N0.198 ref.2, pp.202-206.

Vories, E.D., Teague, T., Greene, J., Stewart, J., Clawson, E., Pringle, L., Phipps, B. (2006).
Determining the optimum timing for the final irrigation on mid-south cotton. Proc. Beltwide
Cotton Conf. (pp. 516-521). Cordova, TN: National Cotton Council.

Wang, J., Du, G., Tian, J., Zhang, Y., Jiang, C., Zhanga, W. (2020). Effect of irrigation methods
on root growth, root-shoot ratio and yield components of cotton by regulating the growth
redundancy of root and shoot. Agricultural Water Management, 234, 106120.

Wang, R.S., Kang, Y.H., Wan, S.Q., Hu, W., Liu, S.P., Liu, S.H. (2011). Salt distribution and the
growth of cotton under different drip irrigation regimes in a saline area. Agricultural Water
Management, 100, 58-69.

Wanjura, D.F., Upchurch, D.R., and Mahan, J.R. (2002). Cotton yield and applied water
relationships under drip irrigation. Agric. Water Manage., 55, 217-237.

Ward, F.A., Pulido-Velazquez, M. (2008). Water conservation in irrigation can increase water use.
Proc. Natl. Acad. Sci. U. S. A. 105, 18215-18220.

Wen,Y., Rowland, D.L., Piccinni, G., Cothren, J.T., Leskovar, D.l., Kemanian, A.R., Joshua D.
Woodard, J.D. (2013). Lint Yield, Lint Quality, and Economic Returns of Cotton Production
under Traditional and Regulated Deficit Irrigation Schemes in Southwest Texas. The Journal
of Cotton Science, 17,10-22.

Wendel, J.F., Brubaker, C., Alvarez, I., Cronn, R., Stewart, J.Mc.D. (2009). Evolution and Natural
History of the Cotton Genus. In Andrew H. Paterson (Ed.). Genetics and Genomics of Cotton.
Plant Genetics and Genomics: Crops and Models, 3, 3-22.

Whitaker, J.R., Ritchie, G.L., Bednarz, C.W., Mills, C.I. (2008). Cotton subsurface drip and
overhead irrigation efficiency, maturity, yield, and quality. Agronomy Journal, 100, 1763—
1768. https://doi.org/10.2134/agronj2008.0036.

Wright, D.L., Sprenkel, R.K., Marois, J.J. (2005). Cotton growth and development. Univ. Fla.
Agron. Dep. Fla. Coop. Ext. Serv. IFAS Ext. Publ. SSAGR-238 Gainsville FL.

96



Yang, G.Z., Luo, X.J., Nie, Y.C., Zhang, X.L. (2014). Effects of plant density on yield and canopy
micro-environment in hybrid cotton. J. Integr. Agric., 13, 2154-2163.

Yang, G.Z., Zhou, M.Y. (2010). Multi-location investigation of optimum planting density and boll
distribution of high-yielding cotton (G. hirsutum L.) in Hubei Province, China. Agric. Sci.
China, 9, 1749-1757.

Yao, H., Zhang, Y., Yi, X, Hu, Y., Luo, H., Gou, L., Zhang, W. (2015). Plant density alters
nitrogen partitioning among photosynthetic components, leaf photosynthetic capacity and
photosynthetic nitrogen use efficiency in field-grown cotton. Field Crops Res., 184, 39—49.

Yavuz, M.Y. (1993). The effects of different irrigation methods on cotton yield and water use
efficiencies. PhD. Thesis. University of Cukurova, Applied Sciences Institute, Department of
Agricultural Structures and Irrigation, Adana, Turkey, P. 120.

Yazar, A., Sezen, S.M., Sesveren, S. (2002). LEPA and trickle irrigation of cotton in the Southeast
Anatolia Project (GAP) area in Turkey. Agricultural Water Management, 54, 189-203.

Yuksek, G., Taskin, S. (1974). The search on the comparison of gravity and sprinkler methods.
The research Report of Regional Soil and Water Research Inst., 1972-1973, Tarsus, Turkey,
pp. 145-156.

Zhang Y, Dong H. (2020). Yield and fiber quality of cotton. Encyclopedia of Renewable and
Sustainable Materials, 2, 356-364. https://doi.org/10.1016/B978-0-12-803581-8.11166-X.
Zhang, D., Luo, Z., Liu, S. (2016). Effects of deficit irrigation and plant density on the growth,

yield and fiber quality of irrigated cotton. Field Crops Res., 197, 1-9.

Zhang, H., Liu, H., Wang, S. et al. (2019). Variations in growth, water consumption and economic
benefit of transplanted cotton after winter wheat harvest subjected to different irrigation
methods. Sci Rep 9, 14972. https://doi.org/10.1038/s41598-019-51391-7

Zhi, X.Y., Han, Y.C,, Li, Y.B., Wang, G.P., Du, W.L., Li, X.X., Mao, S.C., Feng, L.

(2016). Effects of plant density on cotton yield components and quality. J. Integr. Agric., 15, 1469—

1479.

97



Appendix

Appendix A: Analysis of variance

Y Column: 5) Yield (kg/ha)
1st Factor: 1) Density

2nd Factor: 2) IT

Blocks: 3) Rep
Keep If:

Rows of data with missing values removed: 0
Rows which remain: 30

Source df Type Il SS MS F P

Blocks 2 23064.45967 11532.23 0.7171674 .5016 ns
Main Effects

Density 1 30.24780101 30.247801 0.0018811 .9659 ns
IT 4 1217396.561 304349.14 18.926893 .0000 ***
Interaction

Density X IT 4 31917.82896 7979.4572 0.4962272 .7387 ns
Error 18 289444.4697 16080.248<-

Total 29 1561853.567

Model 11 1272409.097 115673.55 7.1935179 .0001 ***

R"2 = SSmodel/SStotal = 0.81467886885

Root MSerror = sqrt(MSerror) = 126.807918993

Mean Y =770.50361677

Coefficient of Variation = (Root MSerror) / abs(Mean Y) * 100% = 16.457797%

Compare Means

Factor: 1) Density

Test: LSD

Significance Level: 0.05
Variance: 16080.2483193
Degrees of Freedom: 18
Keep If:

n Means = 2
LSD 0.05 =97.2804746633

Rank Mean Name Mean n Non-significant ranges

1HD 771507738293 15a
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2LD 769.499495247
Compare Means
Factor: 2) IT
Test: LSD
Significance Level: 0.05
Variance: 16080.2483193
Degrees of Freedom: 18
Keep If:

n Means =5
LSD 0.05 = 153.813935899

Rank Mean Name Mean
1 LEPA  950.347485867
2MDI1 907.673902067
3 LESA 818.70041975
4 MDI2  791.278900317

5 RAINFED 384.51737585

Compare Means

Factor: 3) Rep

Test: LSD

Significance Level: 0.05
Variance: 16080.2483193
Degrees of Freedom: 18
Keep If:

n Means = 3
LSD 0.05=119.14376243

15a

n Non-significant ranges

6a
6 ab
6 ab
6 b
6 C

Rank Mean Name Mean n Non-significant ranges
12 796.45885201 10a
23 7829812011 10a
31 732.0707972 10a
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