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ABSTRACT

Safflower (Carthamus tinctorius L.) is a versatile crop used for edible oil, vegetable, cut flower
production, colouring foods, cosmetics, pharmaceuticals, livestock feed, biofuels, textile, and
medicinal purposes. Soil fertility is one of the factors that limit crop production in Botswana.
The objective of this study was to evaluate the influence of N and P fertilizer application on
the growth, seed yield, and oil content of safflower. The experimental design was a split-plot
laid down in randomized complete blocks with three replications. The treatments were N
application at 0, 40, 80 and 120 kg/ha allocated to main-plots and P application at 0, 25, 50 and
50 kg/ha allocated to sub-plots. The results revealed that N and P significantly (P < 0.05)
influenced vegetative growth, yield components, seed yield, and oil content of safflower.
Application of 40 N + 50 P kg/ha to safflower plants produced maximum first branching height,
leaf area, and chlorophyll content. Maximum safflower plant dry matter was obtained from
plants applied with 120 N + 75 P kg/ha. While N and P independently significantly (P < 0.05)
increased plant height (40 N, 50 P kg/ha), primary branch number (80 N, 50 P kg/ha) and stem
diameter (40 N, 75 P kg/ha) compared to control plants. The interaction of N and P also
significantly (P < 0.05) affected NUpE, NUtE, NUE, PUpE, PUtE, and PUE in both summer
and winter. Application of 40 N + 50 P and 40 N + 25 P kg/ha, optimised NUpE, NUtE and
NUE, and PUpE, PUtE and PUE, respectively. The interaction of N and P significantly (P <
0.05) influenced safflower yield components. Maximum capitula number/plant, capitula
diameter, seed number/capitulum, and 1000-seed weight were produced by safflower plants
applied with 40 N + 50 P and 40 N + 25 P kg/ha, respectively. Application of 40 N + 50 P and
80 N + 75 P kg/ha to safflower plants significantly (P < 0.0001) increased the seed yield to
1356 and 3528 kg/ha in summer and winter, respectively. There was no significant interaction

of N and P on seed oil content in summer, but the application of N and P independently

Xi



significantly (P < 0.05) increased safflower seed oil content with a maximum oil content of
46.4 and 46.1% obtained through the application of 120 and 25 kg/ha of N and P, respectively.
In winter, N and P significantly (P < 0.0001) interacted at 0 kg N/ha + 25 kg P/ha to produce
the maximum oil content of 71.8%. The results revealed that winter grown safflower produced
seed with high oil content than summer grown safflower. From the results based on the
performance of safflower as N and P influenced vegetative, yield components, seed yield, and
seed oil content it was concluded that application of 40 N + 50 P kg/ha was recommended to
maximize safflower production. However, it was also recommended that this study be repeated
in Southern Botswana for confirmation of the current results. Also, fertilizer trials to be done

in other parts of the country where farmers are currently growing safflower.

Xii



CHAPTER 1

INTRODUCTION

1.1 General introduction

Climate is changing, why are we not? With the world's climate continually changing, humanity
must develop and adapt to crops that can tolerate the new climatic conditions while remaining
food sustainable and secure. Most crops that currently contribute significantly to the world's
food supply will be unable to endure the new growing conditions induced by climate change
(Bernstein et al., 2007; Schlenker & Roberts, 2009; Challinor et al., 2014; Zhao et al., 2017).
Therefore, new crops or crops currently classified as minor crops but adapted to the marginal
climatic conditions should be developed and evaluated. Safflower is a minor, underutilized,
and neglected crop that is adapted to varied climatic conditions (Ekin, 2005; Emongor, 2010;

Emongor & Oagile, 2017).

Safflower (Carthamus tinctorius L.) is a multipurpose crop belonging to the Compositae or
Asteraceae family that has shown potential value in medical, pharmaceutical, food, livestock
feed, and cosmetic applications worldwide (Emongor, 2010; Mindel & Bergman, 2010).
Safflower is currently farmed mostly for edible oil, which is considered one of the healthy oils
for human consumption due to its high content of polyunsaturated essential fatty acid linoleic
acid (70-87%) and monounsaturated fatty acid oleic acid (11-80%) (Murthy & Anjani, 2008;
Aghamohammadreza et al., 2013; Kumar et al., 2015; Moatshe, 2019; Moatshe et al., 2020).
Linoleic acid has been shown to offer nutritional and therapeutic benefits such as the prevention
of coronary heart disease, arteriosclerosis, high blood pressure, and hyper lipaemia (Wang &
Li, 1985; Cosge et al., 2007; Li et al., 2016; Liao et al., 2019). The seeds of safflower are also

a rich source of minerals (Zn, Cu, Mn, and Fe), vitamins (thiamine and B-carotene), and



tocopherols a, B, and y (Velasco et al., 2005). United States of America (USA) is the world's
largest producer of safflower oil followed by India and Mexico, respectively (NationMaster,

2021).

Safflower is adapted to regions of low rainfall and humidity throughout anthesis and seed
maturation stages (Knowles, 1976; McPherson, 2004). Safflower is more drought tolerant than
other oilseed crops such as sunflower, canola, sesame, and groundnuts, owing to its deep root
structure, which allows it to reach water from depths of up to 2.5-3 m (Burgener et al., 2004,
Berglund et al., 2007; Emongor, 2010; Emongor & Oagile, 2017). However, for optimal seed
production, safflower plants require adequate water supply at the grain filling stage (Dordas &

Sioulas, 2008; Emongor, 2010).

1.2 Plant nutrition

With Botswana's population growing, the requirement for greater and intensified food
production to meet the population's needs is also increasing. To ensure the success of food
production, favourable conditions must exist. Plants, in general, require mineral elements
provided by the soil for growth and development. However, Botswana's soils are poor and
deficient in nitrogen and phosphorus, thus limiting crop production (Botswana Agriculture
Sector Policy Brief, 2012; Emongor & Mabe, 2012; Malikongwa, 2015; Emongor et al.,
2017a). The amount of nutrients in the soil must therefore be maintained at a sufficient level
throughout the crop's growth stages, as fertilizer treatment is a critical measure for correcting
nutrient deficits by replacing components eliminated from harvested products (Abbadi, 2007).
Kubsad et al. (2001) demonstrated that safflower requires an adequate supply of nutrients even
when moisture is scarce. Increased fertilizer dose efficiency is one of the most critical
techniques for enhancing agricultural productivity in crop management practices (Golzarfar et

al., 2012). Golzarfar et al. (2012) identified nitrogen (N) and phosphorus (P) as the two most



critical essential elements for safflower growth and development. As a result, improving their
application rates can significantly boost safflower seed yield and oil content. According to
Mindel et al. (2004), nutrition management is a fundamental cultural practice for achieving

high safflower output.

Nitrogen fertilizer application significantly improves safflower production (Golzarfar et al.,
2016). However, N recovery is often as low as 50%, resulting in significant ecological
consequences. Nitrogen is a macronutrient that forms part of proteins, enzymes, chlorophyll,
and nucleic acids (Raven et al., 1999; Marschner, 2005). It also plays a role in the synthesis of
hormones (Raven et al., 1999; Marschner, 2005; Taiz and Zeiger, 2013). Bonfim-Silva et al.
(2015) reported that the application of N fertilizers significantly improved safflower's
chlorophyll index and biometric features. Seadh et al. (2012) reported that N influenced dry
matter production by affecting leaf area development and maintenance, as well as
photosynthetic efficiency. A good supply of N has been shown to enhance root growth and
development, uptake of other nutrients, and stimulate vegetative growth with a deep green

colour (Leghari et al., 2016).

Golzarfar et al. (2016) reported that the application of P to safflower plants significantly
increased seed yield. Not only is P necessary for yield production, but it also plays a critical
function in a variety of cellular processes, including membrane structure maintenance,
biomolecule synthesis, and the generation of high-energy molecules (Marschner, 2005;
Hasanuzzaman et al., 2018). Phosphorus also aids in cell division, activation/inactivation of
enzymes, and carbohydrate metabolism (Raven et al., 1999; Mengel & Kirkby, 2001,
Marschner, 2005; Razaq et al., 2017). Phosphorus is important for root growth and
development (Hasanuzzaman et al., 2018), which may contribute to drought tolerance
promotion. After N, P is the most critical inorganic nutrient for plant growth and, unless given

as fertilizer, inhibits primary productivity in natural and cropping systems (Vance et al., 2003;
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Akanbi et al., 2010). While many soils contain significant amounts of total P, only a small
fraction is readily available, leaving many agricultural areas low in P (Mengel &Kirkby, 2001;
Marschner, 2005; Pachauri & Meyer, 2014). While the quantity of P in the soil is greater than
that in the plant, its fixation in the form of aluminum/iron or calcium/magnesium phosphates
renders it unavailable to plants (Mengel & Kirkby, 2001; Marschner, 2005; Hasanuzzaman et

al., 2018).

While increasing yield output through fertilizer applications is desirable, there is also a need to
increase nutrient efficiency through enhanced nutrient uptake and utilization, which could
result in lower fertilizer input costs while maintaining yield (Chen & Liao, 2017). Nutrient
efficiency quantifies a plant's capacity to absorb nutrients either natural or provided as fertilizer
and use them to generate biomass (Chen & Liao, 2017). Nutrient use efficiency is a vital term
in agricultural production system evaluation since it can be significantly influenced by fertilizer
management as well as soil and plant-water management (Fixen et al., 2015; Chen & Liao,
2017). The purpose of nutrient use is to improve the overall performance of cropping systems
by supplying the crop with the most economically advantageous nutrition possible while

reducing nutrient losses from the field (Fixen et al., 2015).

Nutrient-efficient plants will play a significant role in increasing crop yields in the twenty-first
century, owing to limited land and water resources available for crop production, the increased
cost of inorganic fertilizer inputs, global crop yield decline trends, and growing environmental
concerns (Fageria et al., 2008). Additionally, at least 60% of the world's arable land suffers
from mineral deficiency or elemental toxicity, making fertilizers and lime amendments critical
for increasing crop yields on such soils. Fertilizer inputs are raising farmers' costs of output,
and environmental degradation caused by excessive fertilizer inputs is a big concern. Increased
global population demands for food and fibre emphasize the importance of nutrient-efficient

cultivars that also produce more (Fageria et al., 2008). Baligar & Fageria (2015) reported that
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nutrient utilization in crop production was influenced by the environment, soil, plant, and
farmer's socio-economic status. They further reported that agricultural plants' overall nutrient
usage efficiency was less than 50% under all agro-ecological situations, implying that a
significant portion of delivered nutrients was lost in the soil-plant system. The inefficient use
of nutrients not only increases crop production costs but also contributes to environmental
damage. The most critical measures for increasing nutrient use efficiency are the use of an
adequate rate, an effective source, appropriate timing, and application methods (Baligar &
Fageria, 2015). Reducing abiotic and biotic stressors and utilizing nutrient-efficient crop
species and genotypes within species are critical for improving nutrient usage efficiency

(Baligar & Fageria, 2015; Fixen et al., 2015; Chen & Liao, 2017).

1.3 Problem statement

The impact of N and P on safflower growth, seed production, yield components, and oil content
has been emphasized in various works of literature. However, there is no information on the
application rates of these nutrients in Botswana except the research work done by Mazhani
(2017), highlighting the significance of this work. The purpose of this study was to expand
understanding of the optimal N and P application rates required for optimal safflower growth,

development, and yield.

1.4 Justification

When Botswana gained independence in 1966, agriculture was the primary economic activity,
accounting for 40% of total Gross Domestic Product (GDP) but has declined to 1.6% (Ministry
of Agriculture [MoA], 2010). Mineral discovery and importance in the 1970s led to this fall,
relegating it to the bottom tier of GDP contributors (Seleka, 2005). For more than two decades,
the Botswana government has vigorously promoted economic diversification as a
developmental strategy aimed at reducing the country's reliance on the mining sector through

the promotion of other industries (Seleka, 2005). Botswana's policy frameworks emphasize the



need for increased opportunities for citizens through rain-fed agricultural production (Food and

Agriculture Organization [FAQ], 2014), hence assuring crop diversification and food security.

Safflower is one of the crops that could be researched for economic diversification. Safflower
is a versatile crop that is used for edible oil, as a vegetable, cut flower, food colourant, livestock
feed, cosmetics, herbal tea, dyes, and paints (Emongor, 2010). It is a drought-tolerant crop
capable of extracting water at soil moisture levels that most crops cannot reach (Weiss, 2000;
McPherson, 2004; Khalili et al., 2014). This crop's deep rooting system (2-3 m) contributes to
its drought tolerance, as the roots may reach deep soil volumes to take water (Bassil & Kaffka,
2002; Emongor, 2010; Khalili et al., 2014). Safflower is also tolerant to heat, cold (-7 to 40°C),
and salinity (Berglund et al., 2007; Khalili et al., 2014). Despite its numerous uses and
adaptability to various environments, safflower has remained an underutilized and neglected
crop in several countries (Emongor, 2010). Safflower has remained neglected and
marginalized, most likely due to a lack of information about its cultivation and farmers' general
reluctance to adopt a new crop (Emongor, 2010; Moatshe et al., 2016). However, when a novel
crop is introduced into a regional cropping system, data on its performance under local

agronomic and environmental conditions are required (Moatshe et al., 2016).

Botswana's location on the southern African plateau contributes to its semi-arid climate, which
is very variable in terms of rainfall incidence, both geographically and temporally, with
frequent dry spells during the agricultural season, making drought a recurring feature of the
country's climate (FAO, 2014). This condition has resulted in crop failures periodically,
resulting in famine and food shortages (FAO, 2014). Due to inconsistent and poorly distributed
rainfall combined with high temperatures, water is the biggest constraining element to
agricultural production in Botswana (Emongor, 2009). Growing a drought, saline, cold, and
heat-tolerant high-value crop such as safflower will reduce reliance on food imports such as

cooking oil, livestock feeds, vegetables, and cut flowers, thereby bridging the import gap,
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diversifying the economy, and improving the livelihoods of people in Botswana through

increased income levels.

While there is a plethora of studies on safflower globally, information on its fertilizer
requirements in Botswana is scarce, yet it is crucial for its adoption and optimal production.
Nitrogen and P are deficient in Botswana soils (Pule-Meulenberg & Batisani, 2003; Emongor
& Mabe, 2012). Nitrogen is scarce due to leaching and low organic matter in the soil (Pule-
Meulenberg & Batisani, 2003; Emongor & Mabe, 2012). Phosphorus availability is limited in
most Botswana soils due to poor soil organic carbon and its fixation in the form of
aluminum/iron or calcium/magnesium phosphates (Pule-Meulenberg & Batisani, 2003;
Emongor & Mabe, 2012; Hasanuzzaman et al., 2018), rendering it unavailable for root
absorption. An external supply of these mineral nutrients is required to ensure the safflower
crops' success. This study will add to the existing literature on safflower in Botswana by

determining the N and P rates required for optimal safflower production.

1.5 Objectives
The overall purpose of this study was to determine the N and P fertilizer requirements of

safflower to maximize growth, seed yield, and oil content.

The specific objective of this study was to:

I.  Evaluate the influence of N and P fertilizer application on growth, seed yield, and oil

content of safflower.

1.6 Hypothesis

Ho: Nitrogen and P fertilizer application have no effect on the growth, seed yield, and oil

content of safflower.



Ha: Nitrogen and P fertilizer application have an effect on the growth, seed yield, and oil

content of safflower.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This review has been based on the general overview of the response of safflower to mineral
nutrition. The emphasis is on how N and P fertilizer application influences growth,
development, yield components, yield, and oil content of safflower. The review ends with the
identification of the knowledge gap that exists within the Southern African Development
Community (SADC) in relation to N and P fertilizer application on how they influence the

growth and development of safflower.

2.2 General nutrient requirement of safflower

Crops require light, carbon dioxide, water, and mineral nutrients for growth and development.
For example, safflower yield has been reported to respond to water application (Omidi et al.,
2012; Santos et al., 2018). Omidi et al. (2012) reported safflower yields of 550 and 4,500 kg/ha,
under rainfed and irrigated conditions, respectively. They also concluded that the amount of
available water was an important factor in determining safflower yield. While Omidi &
Sharifmogadas (2010) reported that good water management allowed safflower plants to
maintain soil moisture, which enhanced grain yield due to the increase in the number of capitula
and secondary branches. Crop yields are significantly influenced by interactions of mineral
nutrients and other factors essential for growth and development (Marschner, 2005). The
interaction of water availability and N under field conditions is significant (Marschner, 2005).
Yield reduction due to high application of N and other nutrients in combination with low water

availability may be attributed to many factors such as delay in stomatal response to water



deficit, high water consumption of vegetative biomass, and the corresponding high risk of
drought stress in critical periods of economic yield formation (Hocking and Meyer, 1991).
Mineral nutrition of crops affects vegetative and reproductive organs, yield components, and
economic yield (Marschner, 2005; Emongor & Mabe, 2012). In the majority of crops, both
quantity and quality are important yield components. For example, with nitrate accumulation
in spinach and sucrose accumulation in sugar beet with increasing levels of N application or
with an increase in mineral nutrient supply, the number of reproductive sinks or vegetative

storage organs are increased (Marschner, 2005).

Nutrient management is one of the key inputs in achieving the high productivity of safflower
and other crops (Weiss, 2000; Mindel et al., 2004). One of the ways of increasing crop
productivity is to increase the efficiency of fertilizer application rates. Optimum fertilizer
application rates, fertilizer content, nutritional requirements of the plant during the growing
season, and the amounts of nutrients present in the soil should be determined (Dong et al.,
2005; Alivelu et al., 2006). Nitrogen and P are the two essential nutrients for safflower growth
and development; therefore, optimization of their rates can significantly increase the seed yield
and oil content in safflower. Suggestions for fertilizers with N should be applied to crops to
ensure a high-quality product, optimum yield, high profit, and lesser environmental pollution
risks (Belanger et al., 2000; Antoniadou & Wallach, 2002; Henke et al., 2007). Excessive or
insufficient N fertilizer application results in economic losses and environmental problems over
time, respectively (Grant, 2006). Therefore, to obtain optimum vyields and quality produce,

adequate nutrients at the right time and form should be applied to the plant.

2.3 Effects of nitrogen on vegetative growth of safflower
In most crops, plant development during the vegetative stage controls both the biological and
economic yields (Mengel & Kirkby, 2001; Marschner, 2005). The dependence of biological

and economic yields on the vegetative growth stage is because during this period green plant
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tissues are biosynthesized which provide photosynthates for seeds or storage tissues (Mengel
& Kirkby, 2001; Marschner, 2005; Moatshe et al., 2016). Nitrogen nutrition influences the
growth and development of many crops (Mengel & Kirkby, 2001; Marschner, 2005; Taiz &
Zeiger, 2013). Weiss (2000) and Sabbagh et al. (2012) reported that safflower was more
responsive to N application than other nutrients because it’s required in large quantities for
vegetative growth. Nitrogen application resulted in the production of a greater number of
branches, leaves, and leaf area than in control plants (Sabbagh et al., 2012). Nitrogen fertilizer
application was reported to be crucial and limiting safflower grain yield due to its multi-
dimensional effect on growth and development (Sabbagh et al., 2012). While Al-Zubaidy &
Al-Mohammad (2021) in Iraq reported that N application at 90, 120, and 150 kg/ha increased
safflower plant height, the number of branches, leaf area, total leaf chlorophyll content, and
plant dry matter compared to control plants. The best N rate for increasing vegetative growth
of safflower was 150 kg/ha (Al-Zubaidy & Al-Mohammad, 2021). Abbadi et al. (2008)
investigated the effect of N supply on growth, yield, and yield components of safflower and
sunflower. They reported that increased N supply significantly enhanced the growth and
morphology of both safflower and sunflower. Plant height and stem diameter of safflower
plants was increased by application of 0.25, 0.5, and 1.0 g N/pot when grown in a potting
medium consisting of sand, nutrient-poor limed soil, and perlite in equal proportions compared
to control plants (Abbadi et al., 2008). Application of N above 1.0 g N/pot, resulted in a
decrease in safflower plant height and stem diameter (Abbadi et al., 2008). While Santos et al.
(2018) in Brazil, reported that application of 50, 100, 150, 200, 250, 300, and 350 kg N/ha to
safflower plants under irrigation increased plant height compared to control plants, beyond
which plant height decreased. However, under rainfed conditions, maximum plant height was
obtained in safflower plants applied with 200 kg N/ha (Santos et al., 2018). Tungtirk &

Yildirim (2004) reported that application of N at 40, 80, or 120 kg/ha significantly enhanced
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safflower plant height compared to control plants, with 120 kg N/ha yielding the tallest plants.
They further reported that N fertilizer application in the form of ammonium nitrate enhanced

safflower plant height substantially more than ammonium sulphate or urea.

While Siddiqui & Oad (2006) in Pakistan, found that applying N to safflower increased plant
height and primary branch number per plant compared to control plants. However, both
safflower plant height and primary branch number per plant reached a maximum with the
application of 120 kg N/ha (Siddiqui & Oad, 2006). Increasing N application from 30 to 180
kg/ha delayed the maturity of safflower (Siddiqui & Oad, 2006). More recently, Haliloglu &
Beyyavas (2019) in Turkey reported that the application of 50 kg N/ha was the best rate for
increasing safflower plant height under dryland conditions. Bitarafan et al. (2011), Katar et al.
(2012), Khalil et al. (2013), and Eryigit et al. (2015) had earlier reported similar results with N

application increasing safflower plant height.

Mohamed et al. (2012) observed that increasing the N (0, 25, 50, 75, 100, 125, 150, 175 kg
N/ha) application rate enhanced above-ground biomass by an average of 42-46% compared to
control plants. Similar findings are reported in the literature that high N application increased
the dry mass of safflower (Dordas & Sioulas, 2008; Golzafar et al., 2011; de Anicésio et al.,
2015). These findings may be explained by the role of N in enhancing the photosynthetic active
area, which is responsible for the absorption of solar energy and so promoted crop development
(Megda & Monteiro, 2010). Increased N supplies resulted in an improved leaf area index (LAI)
and thus enhanced light absorption, resulting in increased total dry matter production and
accumulation in various plant parts, which accounts for the increase in safflower vegetative

development (Weinberg et al., 2007).

Safflower leaf assimilation rate at anthesis increased with increasing levels of N fertilizer

(Mohamed et al., 2012). At 100 kg N/ha, the assimilation rate was found to be increased by
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42%, compared to control safflower plants where no significant increase in plant
photosynthesis above 100 kg N/ha was observed. Dordas & Sioulas (2008) observed a
comparable maximal assimilation rate during anthesis at 100 kg N/ha under rainfed conditions.
The stomatal conductance and water usage efficiency increased by 27% and 60%, respectively,
when N was applied during anthesis (Dordas & Sioulas, 2008). Stomatal conductance was up
to twofold greater at the greatest N level than at the lowest N level during anthesis (Dordas &
Sioulas, 2008). Increased assimilation rate due to N fertilizer application was reported also in
other crops (Ciompi et al.,, 1996) and it is considered an essential aspect of the crop’s
physiological response to limiting factor improvement. Nitrogen availability tends to increase
the photosynthetic capacity of Cz plants because of increased investment in the amounts of
Rubisco and thylakoids, which are directly correlated to an increase in leaf N content (Evans,

1989).

Strasil & Vorlicek (2002) found no significant effect of N fertilizer application (40 and 80
kg/ha) on safflower growth. Malek & Ferri (2014) reported similar findings, stating that
applying 30, 60, or 90 kg N/ha had no significant effect on safflower growth in dryland farming
in Iran. Safflower plants' lack of responsiveness to N fertilizer application in dryland farming

in Iran was linked to a lack of available water during growth.

2.4 Effect of nitrogen on yield components

The reported yield components of safflower are seed weight, plant height, first branch height,
number of branches per plant, capitula diameter, number of seeds per capitulum, and number
of capitula per plant (Chaundry, 1990; Gonzalez et al., 1994; Omidi-Tabrizi, 2000; Bagheri et
al., 2001; Camas & Esendal, 2007; Kedikanetswe, 2012; Emongor et al.,2015; Emongor &
Oagile, 2017; Haliloglu & Beyyavas, 2019; Moatshe, 2020). Al-Zubaidy & Al-Mohammad
(2021) in lIraq reported that application of N fertilizer at 90, 120 and 150 kg/ha significantly

increased seed number per plant, seed weight per plant, and 200-seed weight compared to
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control plants. Application of 150 kg N/ha resulted in safflower plants with the highest seed
number per plant, seed weight per plant, and 200-seed weight (Al-Zubaidy & Al-Mohammad,
2021). While Haliloglu & Beyyavas (2019) in Turkey reported that application of 50, 100, and
150 kg N/ha to safflower plants significantly increased capitula number per plant, seed number
per capitulum, and 1000-seed weight compared to control plants. Application of 150 kg N/ha
gave the highest yield components determined (Haliloglu & Beyyavas, 2019). Whereas in
Brazil, Santos et al. (2018) reported that application of 50, 100, 150, 200, 250, 300, 350, and
400 kg N/ha to safflower significantly increased capitula number per plant, 1000-seed weight,
and seed weight per plant compared to control plants. Application of N above 400 kg/ha
significantly decreased yield components due to N toxicity (Santos et al., 2018). While Singh
& Singh (2013) reported that N fertilizer application at 40 and 80 kg/ha increased safflower
capitula number per plant, seed number per capitulum, and 1000-seed weight compared to
control plants. Nitrogen application above 40 kg/ha resulted in an increase in yield components,
but the increase was not statistically significant (Singh & Singh, 2013). The increase in
safflower yield components caused by N treatment was attributed to the role of N in promoting

cell division and elongation, as well as leaf chlorophyll synthesis (Singh & Singh, 2013).

An increase in safflower yield components induced by N fertilizer application ranging from
30-400 kg/ha depending on the country, water availability, and time of application is reported
(Siddiqui & Oad, 2006; Dordas & Sioulas, 2008; Golzarfar et al., 2012; Seadh et al., 2012;
Santos et al., 2018). However, Elfadl et al. (2009) reported that application of N at 40 and 80
kg/ha had no effect on the number of seeds per plant, harvest index, the number of capitula per

plant, and the number of seeds per capitulum of safflower.

2.5 Effect of nitrogen on seed yield
Al-Zubaidy & Al-Mohammad (2021) in lIrag reported that application of N fertilizer to

safflower plants at 90, 120, and 150 kg/ha significantly increased seed and biological yields,
14



and harvest index compared to control plants. Safflower plants applied with 90, 120, and 150
kg N/ha produced seed yields of 1364, 1587, and 1762 kg/ha, respectively (Al-Zubaidy & Al-
Mohammad, 2021), while the control plants produced 1074 kg/ha of seed (Al-Zubaidy & Al-
Mohammad, 2021). Meanwhile, Santos et al. (2018) in Brazil reported that N fertilizer
application at 50, 100, 150, 200, 250, 300, 350, and 400 kg/ha significantly increased safflower
seed yield under irrigated and rainfed conditions. However, optimum safflower seed yields of
4216 and 2048 kg/ha were obtained by application of 200 kg N/ha under irrigated and rainfed
conditions, respectively (Santos et al., 2018). Dordas & Sioulas (2008) reported that N fertilizer
application to safflower plants increased seed yield by 19% compared to control plants.
Maximum seed yield under rainfed conditions was achieved by application of 150 kg N/ha.
Strasil & Vorlicek (2002), also achieved maximum safflower seed yield with an application of
150 kg N/ha. While Rastigou et al. (2013) reported positive effects of N fertilizer application

on safflower seed yield, with maximum yield achieved by application of 200 kg N/ha.

Eryigit et al. (2015) in Turkey reported that the application of N to safflower plants increased
seed yield in a two-year study in Turkey. The application of 150 kg N/ha produced an optimal
seed yield of 2,152 kg/ha (Eryigit et al., 2015). Golzarfar et al. (2012) found in an Iranian study
that applying N at 75 and 150 kg/ha enhanced safflower seed output from 984 kg/ha (control)
to 2758 and 3228 kg/ha, respectively. While Malek & Ferri (2014) observed that applying 30,
60, or 90 kg N/ha increased safflower seed output significantly regardless of location or
cultivar. The control plants produced 679 kg of seed/ha, whereas those treated with 30, 60, or
90 kg N/ha produced 770, 780, and 837 kg of seed/ha, respectively. In India, Singh & Singh
(2013) reported that application of N at 40 or 80 kg/ha to safflower plants significantly
increased seed yield compared to plants that did not receive N. Safflower plants applied with
40 and 80 kg N/ha produced 2,270 and 2,520 kg seed/ha, respectively, while control plants

produced 1,570 kg seed/ha (Singh & Singh, 2013). While Abd EI-Mohsen & Mahmoud (2013)
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reported that application of N fertilizer at 40, 80, and 120 kg/ha increased safflower seed yield
and the response was quadratic with increasing N application rate. Nitrogen fertilizer
application of 40, 80, and 120 kg increased safflower seed yield by 38, 52, and 50%,
respectively, when compared to control plants (Abd EI-Mohsen & Mahmoud, 2013). Similar
studies in which N fertilizer application in the range of 25-175 kg/ha increased safflower yield
are reported in the literature (Haghighati, 2010; Mohamed et al., 2012; Taleshi et al., 2012;
Mazhani, 2017). However, Haliloglu & Beyyavas (2019) in Turkey reported application of 50,

100, or 150 kg N/ha had no significant effect on safflower seed yield.

2.6 Effect of nitrogen on oil content

Safflower plants applied with N at 40, 80, or 120 kg/ha produced seed with higher seed oil
content than seed from control plants (Abd EIl-Mohsen & Mahmoud, 2013). Increased
N application rate resulted in a quadratic response in safflower seed oil content, with a
maximum seed oil content of 33.9 % attained with an application of 80 kg N/ha (Abd El-
Mohsen & Mahmoud, 2013). While Singh & Singh (2013) reported that safflower plants
applied with 40 and 80 kg N/ha produced seed with 33.3 and 33.5 % oil content, respectively,
compared to control plants that produced seed with 32.4 % oil content. However, the difference
in oilseed content between 40 and 80 kg N/ha was not statistically significant (Singh & Singh,
2013). Also, Bitarafan et al. (2011) reported that the application of 50, 100, and 150 kg N/ha
increased safflower seed oil content compared to control plants. Increasing N fertilizer
application from 50 to 100 kg/ha to safflower plants increased seed oil content, however,
application of 150 kg N/ha decreased seed oil content (Bitarafan et al., 2011). Soleimani (2010)
found that the application of safflower plants with 50, 75, 100, 125, and 150 kg N/ha increased
seed oil content. The maximum seed oil content of 29.9 % was in safflower plants applied with
100 kg N/ha (Soleimani, 2010). While Tungtiirk &Yildirim (2004) found that the application

of N at 40 and 80 kg/ha improved the seed oil content of safflower compared to control plants.
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However, when 120 kg N/ha was applied, the seed oil content reduced in comparison to control
plants or plants applied with 40 or 80 kg N/ha (Tunctirk & Yildirim, 2004). However, no
statistically significant variation occurred in seed oil content of safflower plants applied with

either 40, 80, or 120 kg N/ha (Tuncturk & Yildirim, 2004).

El-Nakhawy (1991) showed that application of N at 46, 92, and 138 kg/ha reduced the oil
content of safflower seeds by 1.0, 7.8, and 3.9 percent, respectively, as compared to control
plants. Elfadl et al. (2009) observed that application of either 40 or 80 kg N/ha had no effect
on the seed oil content of safflower. More recently, Haliloglu & Beyyavas (2019) and Santos
et al. (2018) reported that N fertilizer application to safflower plants had no significant effect
on seed oil content. Whereas Dordas & Sioulas (2008) found no correlation between N

application rates and safflower seed oil content.

2.7 Nitrogen use efficiency

While nitrogen fertilizer application is very effective in increasing safflower yields, N
availability is difficult to increase in organic farming, where synthetic N fertilizers
are prohibited (Abbadi & Gerendas, 2009). Additionally, in developing countries with a
significant proportion of less fertile soils, it may be challenging to supply the nutritional
requirements of high-yielding crops (Marschner, 2005). Furthermore, even with inorganic N
fertilizers, N recovery is frequently as low as 50% or less, posing major ecological effects
(Scheiner et al., 2002; Baligar et al., 2001). Thus, it is beneficial to strive for effective N usage
because plants that are efficient in absorbing and utilizing nutrients significantly improve the
efficiency of applied fertilizers, lowering input costs and limiting nutrient losses to ecosystems
(Baligar et al., 2001). Abbadi & Gerendas (2009) revealed that in pot trials with five levels of
N at 0.25, 0.5, 1.0, 1.5, and 2.0 g per pot, safflower out-yielded sunflower at low N supplies,
but sunflower out-yielded safflower at high N supplies. Additionally, they showed that both

species gathered comparable amounts of N per pot when supplied with equivalent amounts of
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N, but safflower accumulated more N because of its reduced dry matter output. They showed
that safflower more efficiently utilizes absorbed N than sunflower to produce seed yield at
suboptimal N supply in terms of efficiency ratio and utilization index, whereas the opposite
was true at optimal and high N supply. Functional investigation of dry matter and seed
production efficiency validated safflower's superior efficiency (Abbadi & Gerendas, 2009). As
a result, it was found that safflower is a low-input crop that outperforms sunflower in terms of

seed yield on soils deficient in accessible N.

2.8 Effects of phosphorus on vegetative growth of safflower

Sofy et al. (2020) reported that application of P in Irag at 50 and 100 kg P2Os/ha significantly
increased safflower leaf number per plant by 17.4 and 39.1%, respectively compared to control
plants. However, P application had no significant effect on safflower plant height (Sofy et al.,
2020). Abbadi & Gerendas (2011) reported that safflower crop responded positively to
increasing levels of P supply in 2004 (0.04, 0.08, 0.024, and 0.72 P g/pot) and 2005 (0.25, 0.5,
1 and 2 P g/pot). These significant positive responses were related to an increase in total plant
dry matter (leaf, capitula, and stem), which peaked at a P supply of 1g/pot. However, low P
levels were observed to reduce the stem diameter of safflower. While Arani et al. (2011)
reported that applying 50, 75, or 100 kg P2Os/ha improved the plant biomass of safflower from
2.8 to 9.4 %, depending on the irrigation regime and stage of growth and development.
Application of 100 kg P2Os/ha resulted in maximum plant biomass, regardless of irrigation
regime or stage of growth and development (Arani et al., 2011). Golzarfar et al. (2011)
observed similar results. Application of 50 or 100 kg P>Os/ha to safflower plants enhanced
plant height, stem diameter, primary branch number per plant, and plant biomass when
compared to control plants. The optimal rate of application was 100 kg P2Os/ha (Golzarfar et
al., 2011). Singh & Singh (2013) observed that applying 40 or 80 kg P.Os/ha enhanced

safflower plant biomass and P uptake by 24.6-31.2 % and 17.9-35.3 %, respectively, compared
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to control plants. Application of P at 40 and 80 kg P>Os/ha increased N and S uptake by 17.0-
24.1 % and 11.5-23.8 %, respectively, compared to control plants (Singh & Singh, 2013).
However, Mazhani (2017) and Haghighati (2010) observed that the application of P at 25- 60

kg/ha had no effect on safflower vegetative growth.

2.9 Effect of phosphorus on yield components

The application of P fertilizer to safflower plants has been reported in literature to improve
yield components (Golzarfar et al., 2012; Singh & Singh, 2013; Mazhani, 2017). Singh & Singh
(2013) reported that the application of 40 or 80 kg P2Os/ha significantly increased safflower
capitula number per plant, 1000-seed weight, and harvest index. Maximum yield components
were obtained by application of 80 kg P20Os/ha (Singh & Singh, 2013). Application of P at 50
or 100 kg P2Os/ha significantly increased safflower capitula number per plant, seed number
per capitulum, and 1000-seed weight compared to control (Golzarfar et al., 2012). Phosphorus
application of 50 and 100 kg P-Os/ha increased capitula number per plant, seed number per
capitulum, and 1000-seed weight by 7.9-11.8, 15.6-23.7, and 11.8-18.9%, respectively,
compared to control (Golzarfar et al., 2012). Maximum capitula number per plant, seed number
per capitulum, and 1000-seed weight were achieved by application of 100 kg P2Os/ha
(Golzarfar et al., 2012). More recently, Mazhani (2017) reported that application of P at 25,
50, and 75 kg/ha significantly increased safflower capitula number per plant by 36.5, 37.2, and
30.8% compared to control plants. The maximum capitulum number per plant was obtained by
application of 50 kg P/ha (Mazhani, 2017). However, Mazhani (2017) reported that P fertilizer
application at 25, 50, and 75 kg/ha had no significant effect on capitula diameter, seed number
per capitulum, and 100-seed weight. While Sofy et al. (2020) in Iraq reported that application
of P at 50 or 100 kg P.Os/ha to safflower plants significantly increased plant dry matter,
biological yield, and 100-seed weight compared to control plants. Maximum plant dry matter,

biological yield, and 100-seed weight were obtained by application of 100 kg P2Os/ha (Sofy et
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al., 2020). Application of P at 50, 75, or 100 kg P.Os/ha enhanced the 1000-seed weight and
harvest index of safflower (Arani et al., 2011). Abbadi & Gerendas (2011) reported that adding
P at concentrations of 0.25, 0.5, 1.0, and 2.0 g/pot increased capitula dry matter and capitula

number/pot significantly, increasing from 15.4 to 26.5 g and 8.7 to 16.0, respectively.

2.10 Effect of phosphorus on seed yield

Several researchers have reported a positive influence of P application on safflower seed yield
(Arani et al., 2011; Haghighati et al., 2011; Golzarfar et al., 2011, 2012; Singh & Singh, 2013;
Malek & Ferri, 2014; Mazhani, 2017; Sofy et al., 2020). Sofy et al. (2020) reported that
application of P at 50 or 100 kg P2>Os/ha to safflower plants resulted in a significant seed yield
of 1673 and 1972 kg/ha, while control plants yielded 1470 kg/ha. Mazhani (2017) reported that
application of P at 25, 50, and 75 kg/ha to safflower plants significantly increased seed yield
by 21.2, 37.2, and 15.8%, respectively, compared to control plants. Golzarfar et al. (2011)
found that applying P at 50 and 100 kg P-Os/ha enhanced safflower seed production by 23 and
38%, respectively, as compared to control plants. Golzarfar et al. (2012) reported comparable
results, when they found that safflower plants applied with 50 and 100 kg P20Os kg/ha produced
2,392 and 2,642 kg/ha of seed, respectively, compared to control plants that produced 1936
kg/ha. While Arani et al. (2011) found that application of P at 50, 75, or 100 kg P/ha enhanced
safflower seed yield by 7, 13, and 15.8 %, respectively, compared to control plants. While
Singh & Singh (2013) reported that application of 40 and 80 kg P>Os/ha to safflower plants
increased seed yield when compared to control plants. However, there was no significant
difference in seed yield of safflower plants applied with 40 or 80 kg P2Os/ha (Singh &
Singh,2013). Safflower plants applied with 40 and 80 kg P.Os/ha produced 2.22 and 2.36 tons
of seed/ha, respectively, whereas control plants produced 1.77 tons of seed/ha (Singh & Singh,
2013). Malek & Ferri (2014) found that treatment of safflower plants with 30 and 60 kg P/ha

significantly improved seed yield. However, Haghighati (2010) observed that applying P
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between 30 and 60 kg/ha had no significant effect on safflower seed yield, suggesting that
applying P at a rate greater than 60 kg P-Os/ha would have been optimal for increasing seed

yield.

2.11 Effect of phosphorus on oil content

Sofy et al. (2020) in Iraq reported that safflower plants applied with 50 and 100 kg P>Os/ha
significantly produced seed with a higher oil content of 30.0 and 32.6%, respectively, than
control plants that produced 28.7% of oil content. While Singh & Singh (2013) reported that
application of 40 and 80 kg P-Os/ha to safflower plants increased seed oil content by 6.0 and
6.6%, respectively, compared to seed oil content from control plants. Arani et al. (2011)
similarly reported that safflower plants applied with 50, 75, and 100 kg P/ha produced seed
with significantly higher oil content by 2.1, 3.8, and 4.6%, respectively, than seed oil content

from control plants.

2.12 Phosphorus use efficiency

Phosphorus is a necessary and irreplaceable component of all living cells, plants, and animals
alike (Roberts & Johnston, 2015). According to Marschner (2005) and Roberts & Johnston
(2015), plants extract large amounts of phosphorus from the soil solution in the form of
phosphate ions, primarily H2PO4, but the concentration in the soil solution is extremely low.
That is why there must be a supply of readily available P in the soil to maintain its concentration
in the soil solution. Most of the P in the soil is taken away during harvesting (economic yield),
and phosphatic fertilizers must be applied to replenish it (Mengel & Kirkby, 2001; Marschner,

2005; Roberts & Johnston, 2015).

Different plant species and cultivars have varying capacities for growth and output under poor
P availability (Abbadi & Gerendas, 2015). Thus, one strategy for achieving sustainable land

use that maximizes output with minimal input, resource conservation, and protects the
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environment could be the cultivation of nutrient-efficient plant species (Place et al., 2013).
Abbadi (2017) investigated the P utilization efficiency of alternative oil crops, safflower, and
sunflower, which were grown under semi-controlled conditions in sandy and loamy soils with
three P treatments (0, 0.2, and 1.0 g P per pot). Both safflower and sunflower responded
strongly to increased P availability in both soils but performed better in loamy soil (Abbadi,
2017). Furthermore, both safflower and sunflower accumulated similar amounts of P in the
shoots at low P supply in both sandy and sandy loam soils (Abbadi, 2017). In general, safflower
accumulated less P in shoots than sunflower at all P levels. Abbadi (2017) observed that
sunflower required less external P than safflower in both soil types, although safflower had a
higher efficiency ratio in sandy soils and lower values in loamy soils. At all P levels, safflower
showed a poorer utilization index than sunflower in both soils. In both soils, safflower
recovered less external P (added P, extractable P, and soil solution P) than sunflower. Crop
efficiency in terms of P use was determined by a variety of competing factors. Safflower was
shown to be inferior to sunflower in most qualities evaluated. As a result, safflower cannot be
compared to sunflower as a low-input species in terms of P uptake and utilization efficiency.
These findings are consistent with those of Abbadi & Gerendas (2015), who reported that

safflower cannot be deemed as a low-input crop for P application when compared to sunflower.

2.13 Effect of N and P interaction on growth, yield components, seed yield, and oil

content of safflower

2.13.1 Vegetative growth

The critical deficiency of N increases when P increases, and vice versa (Marschner, 2005).
When their contents approach the deficit status range, interactions between these two mineral
nutrients are critical (Marschner, 2005). Increased application of either N or P alone results in
reduced vegetative growth than when both N and P are added together (Mengel & Kirkby,

2001; Marschner, 2005). Mirzakhani et al. (2009) researching Azobacter and Mycorrhiza
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bacteria in safflower, reported that there was a significant interaction of N and P on root dry
weight. Application of 50 N + 25 P, 100 N + 50 P and 150 N+ 75 P kg/ha, increased safflower
root dry matter by 28.1, 48.3 and 67.4% compared to control plants, respectively (Mirzakhani
et al., 2009). While Haghighati (2010) observed that interactions of 60 N + 30 P or 60 N + 60
P kg/ha increased safflower plant height but had no effect on plant biomass. Recently,
Sreekanth et al. (2021) reported significant interactions of N+P when applied at rates between
30-50 N + 40-60 P kg/ha concerning safflower plant height. The interaction that resulted with
the tallest (102.93 cm) safflower plants was 50 N + 60 P kg/ha but was not significantly

different from plants applied with 40 N + 60 P or 50 N + 50 P kg/ha (Sreekanth et al., 2021).

2.13.2 Yield Components

Golzarfar et al. (2012) reported that application of 75 N + 50 P2Os, 75 N + 100 P.Os, 150 N +
50 P20s, and 150 N + 100 P.Os kg/ha significantly increased capitula number/primary branch,
capitula number/plant, capitula number/secondary branch, seed number/secondary capitulum,
and 1000-seed weight when compared to safflower plants applied with N and P alone. El-
Nakhawy (1991) reported that increased application of N + P at 46N + 46P, 92N + 46P, 138N
+ 46P increases the 100 seed weight by 8%, 18.7%, and 19.2%, respectively. The same N + P
interactions increased capitulum per plant by 10.6, 43.2, and 35.7%, respectively, and weight
of seed/head by 17.6%, 54.4%, and 32.4%, compared to control plants. Sreekanth et al. (2021)
reported significant interactions of N+P at application rates between 30-50 N + 40-60 P kg/ha
with respect to safflower plant dry matter, capitula number/plant, seed number/capitulum, and
biological yield. The best interaction that resulted in high safflower yield components was 50

N + 60 P kg/ha (Sreenkanth et al., 2021).

2.13.3 Yield
Sreekanth et al. (2021) reported significant interactions of N+P at application rates between

30-50 N + 40-60 P kg/ha concerning safflower seed yield. The best interaction that resulted in
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a high safflower seed yield was 50 N + 60 P kg/ha (Sreenkanth et al., 2021). Sreekanth et al.
(2021) concluded that application of 50 N + 60 P kg/ha was the best fertilizer combination for
achieving maximum safflower seed yield of 1.57 t/ha, and the highest benefit-cost ratio of 2.29
in safflower plant with variety PBNS-12. While Golzarfar et al. (2012) reported that interaction
of N+ Pat 75N + 50 P2Os, 75 N + 100 P.Os, 150 N + 50 P2Os, and 150 N + 100 P.Os kg/ha
increased safflower seed yield. Application of 150 N + 100 P20s kg/ha resulted in the highest
seed yield (Golzarfar et al., 2012). While Mirzakhani et al. (2009) had earlier reported that
application of 50 N + 25 P, 100 N + 50 P, or 150 N + 75 P kg/ha to safflower plants significantly

increased seed yield by 16.4, 55.4, and 28.3 %, respectively when compared to control plants.

2.13.4 Oil content

El-Nakhawy (1991) reported that application of 46 N + 46 P, 92 N + 46 P, or 138 N + 46 P
kg/ha decreased the seed oil content by 2.8, 3.3, and 4.9 %, respectively, compared to seed oil
content from control plants. Nitrogen and P fertilizer application significantly interacted to
increase the safflower seed oil content (Mazhani, 2017). Increasing both N and P application
rates significantly increased safflower seed oil content compared to control plants and plants
applied with N or P alone (Mazhani, 2017). The maximum seed oil content of 39.2% was

obtained with the application of a combination of 100 kg N/ha and 50 kg P/ha (Mazhani, 2017).

From the above literature review, N and P fertilizer application rates for optimum safflower
growth, yield, and seed oil content varied significantly depending on location, environmental
conditions, cultural practices, irrigation, or farming system. Nitrogen and P application rates
ranged between 25-600 and 25-100 kg/ha. These large variations in N and P application rates
reported in regions of the world growing safflower imply recommendations of N and P should
be based on specific climatic conditions, soil type, cultivar, and farming system (irrigated or

rainfed) which justifies the current study. The current study will contribute to the filling of the
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knowledge gap of N and P recommendations for optimizing safflower yield in Southern

Botswana.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Experimental site

The study was conducted at a farmer’s field at Molepolole (24.3966 S, 25.4970 E at an
elevation of 1189 m above sea level). The climate is semi-arid with an average annual rainfall
of 376.2 mm. Most rain falls in summer which generally starts in late October to February or
March. During the summer trial (October 2020 to February 2021), rainfall started in early
November to late February. The minimum and maximum rainfall recorded were 2.7 and 35
mm, respectively. The minimum and maximum temperature recorded was 16 and 34 °C,
respectively. During winter which starts from  April to October 2021, the minimum and
maximum rainfall recorded were 4 and 29.7 mm respectively. The minimum and maximum
temperature recorded was -0.1 and 38.8 °C, respectively. The soil in the experiment site was
sandy clay loam or sandy loam depending on the section of the field where the study was

implemented.

3.2 Experimental design

The experiment consisted of two trials, one from October 2020 to February 2021 and the other
from April to September 2021. The experimental design was a split-plot with three replications
arranged into randomized complete blocks. The treatments were N (main plots) applied as
calcium ammonium nitrate (28 % N), while P (sub-plots) was applied as single super phosphate
(8.3 % P). Prior to planting, the soil was sampled at a depth of 30 cm to determine the
physicochemical properties and total N and P. Nitrogen was applied at 0, 40, 80, and 120 kg

N/ha in two splits. The first split was applied two weeks after emergence and the second split
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was applied at the bolling stage of safflower . Phosphorus was applied at 0, 25, 50, and 75
kg/ha P>Os two weeks after emergence. . At the end of each trial, total N and P were determined
in the experimental plots. The main plots and sub-plots were 14 m x 4 mand 14 m x 1 m,

respectively.

3.3 Soil sampling and analysis

Soil samples were collected using a zigzag pattern from five different locations in the field,
and subsamples were combined to create a composite sample before and after the experiment.
The pH, total N, P, organic carbon (OC), texture, electrical conductivity (EC), and cation
exchange capacity (CEC) of the soil were determined. With exception of OC, all the soil
variables were determined using the method of Estefan et al. (2013). The Walkley Black

method was used to determine the soil's organic carbon content (Walkley, 1947).

3.4 Crop husbandry

The safflower cultivar, Sina, was used for the study. The seeds were planted at a 25 cm intra-
row spacing on drip lines spaced 1 m apart. The fertilizer was incorporated into the soil by
side banding about 5 cm away from the plants. The plants were irrigated when there was no
rain twice a week at 6 mm per irrigation interval. Weed control was done manually by hoeing
between rows and plants. Routine scouting of pests and diseases was done twice a week, where

neither was found throughout the experiment.

3.5 Data collection

The dependent variables determined were height to first branching, plant height, stem diameter,
leaf area, leaf chlorophyll content, number of primary branches per plant, number of capitula
per plant, capitula diameter, seed number per capitulum, 1000-seed weight, plant biomass, seed

yield, oil content (%), oil yield and leaf N and P. 3.5.1 Height to first branching
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The height to the first branch was determined using fifteen randomly selected plants per
treatment per replication. The height to the first branch was determined by measuring from the

ground level to the first branch using a measuring tape.

3.5.2 Plant height

Plant height was determined using fifteen randomly selected plants per treatment per
replication. The height of the plant was determined by measuring from the ground level to the

tallest point of the plant using a measuring tape at physiological maturity.

3.5.3 Stem diameter

The stem diameter was determined using fifteen randomly selected plants per treatment per
replication. The stem diameter of the plant was determined by measuring the diameter at the

bottom of the stem using a digital vernier caliper.

3.5.4 Leaf area

Leaf area was determined using fifteen randomly selected plants per treatment per replication.

The leaf area was determined using a digital leaf area meter.

3.5.5 Chlorophyll content

The chlorophyll content of 15 randomly selected leaves per treatment per replication was
determined at the end of the elongation phase of safflower using a Minolta SPAD-502

chlorophyll meter.

3.5.6 Number of primary branches

The number of primary branches on each plant was determined from 15 randomly tagged plants

per treatment per replication. Primary branches were counted.
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3.5.7 Number of capitula

The number of capitula produced per plant was determined by counting the heads of 15

randomly tagged plants per treatment per replication at the end of the flowering period.
3.5.8 Capitula diameter

The capitulum diameter of 15 randomly tagged plants per treatment per replication was

determined using an electronic vernier caliper at the end of the flowering period.
3.5.9 Seed number per capitulum

The number of seeds was counted from a set of 75 capitula collected from 15 randomly selected

plants within each plot using a counter.
3.5.10 Thousand-seed weight

The weight of 1000 representative seeds per treatment per replication was determined using a

Mettler PM 400 digital balance.
3.5.11 Seed yield

The seed yield was determined from a 4m? area in the plot centre. The capitula were threshed
and winnowed to separate the seeds from the chaff. Weighing the seeds was accomplished with

a Mettler PM 400 digital balance.
3.5.12 Plant Biomass

The dry mass of the complete plants was determined by randomly harvesting ten plants per
sub-plot, putting them in paper bags, and allowing them to dry for 72 hours at a constant weight

in an oven set to 66°C. The dried samples were weighed on a Mettler PM 400 digital balance.
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3.5.13 Determination of leaf mineral content

Leaf and seed samples were oven-dried at 66°C for 72 hours to constant weight. The dried
samples were ground and sieved using a size two sieve. A 1.25 g composite sample was
digested for 7 hours at 330°C in a BD block with 20 mL sulphuric acid (98%) and 4 mL
hydrogen peroxide (30%). The micro Kjeldahl method was used to determine the amount of N
in the sample (AOAC, 1995). Phosphorus from leaf and seed samples was determined
calorimetrically using sodium phenol and ammonium molybdate plus ascorbic acid (AOAC,
1996). The UV spectrophotometer was used to determine the absorbance (UV-1602, IPC,

Shimadzu, RSA).

3.5.14 Determination of seed oil content

The Soxhlet extraction method was used to extract oil from achenes (SOXTHERM 2000, S
206 AK/S2006A, Automatic from Gerhardt, Bonn, Germany). A sample of 0.5 g of the ground
dried safflower seed was weighed and placed into pre-weighed extraction bags, which were
sealed and immersed in petroleum ether for one hour in the XT10 Ankom Extraction System
(Ankom Technology). Following extraction, the bags were dried in an oven for 15 minutes and
then chilled for another 15 minutes. The bag and sample were weighed at the conclusion. The
difference between the starting and end weights represented the oil content expressed as a

percentage of the ground dried safflower seed's initial weight.

3.5.15 Determination of nutrient use efficiency

Determination of nitrogen use efficiency (NUE)

The nitrogen use efficiency was calculated according to the method of Moll et al. (1982). The
nitrogen uptake (NUpPE) and nitrogen utilization efficiency (NUtE) were calculated.
NUpE = N(plant)/N(applied)
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NUE = SDM/N(plant), where SDM is shoot dry mass

NUE = SDM/N(applied)

Determination of phosphorus use efficiency (PUE)

Phosphorus uptake efficiency (PUpE), P utilization efficiency (PUtE), and PUE were
calculated as follows according to the methods of Moll et al. (1982) and Gerloff & Gabelman

(1983).

PUpPE = (P (plant) * Dry matter) / P(applied)

PUtE = Dry matter / (P plant * Dry matter)

PUE = Dry matter / P plant

3.6 Statistical Analysis

Data was subjected to analysis of variance (ANOVA) using the SAS (Statistical Analysis
System, 2016) program's general linear models (Proc GLM) algorithm. The Least Significant

Difference (LSD) was used to separate treatment means at a 5% level of significance.
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CHAPTER 4

RESULTS

4.1 Introduction

This chapter will commence by presenting the analysed data which will answer the objective
questions of this study. The objective of this study was to find the effect of N and P application
on the growth, yield components, seed yield, and oil content of safflower. The results of the

vegetative growth, yield components, seed yield, and oil content will be outlined.

4.2 Soil analysis

The soil physico-chemical properties of the experimental site at the start of the study, both
summer and winter are shown in Table 4.1. The soil textural class of the experimental site in
summer was sandy clay loam while that of the winter trial was sandy loam. For both soils, soil
organic carbon content and soil total N were low while total P and EC were high. The soil CEC
in the sandy clay loam soil was medium but in the sandy loam soil was low (Table 4.1). The
pH of both soils was acidic (5.08). The application of N and P fertilizers had a significant (P <
0.05) effect on all soil physico-properties at the end of the experiment (Table 4.2, 4.3, 4.4).
Application of N as calcium ammonium nitrate significantly increased the soil residual N and
P, pH, EC, and CEC, but had no significant (P > 0.05) effect on the soil OC at the end of the
experiment both in summer and winter (Table 4.2, 4.3). Application of P in the form of single
super phosphate had no significant (P > 0.05) effect on the soil total N and OC, but significantly
(P < 0.05) increased soil total P, pH, EC, and CEC both in summer and winter at end of the

trials (Table 4.4).
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Table 4.1. The physico-chemical properties of the soil before the start of the study

Soil characteristics Summer Winter
pH (CaCly) 5.07 5.08
OC (%) 0.408 0.264
CEC (cmol/kg) 19.11 6.80
EC (us/cm) 35.3 58.7
Total N (%) 0.11 0.11
Total P (mg/kg) 39.59 38.8
Sand (%) 70.72 76.72
Silt (%) 29.28 23.28
Clay (%) 21.28 11.28
Textural Class Sandy clay loam Sandy loam
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Table 4.2. Summarised ANOVA for dependent variables: soil pH, soil nitrogen, soil
phosphorus, soil cation exchange capacity (CEC), soil organic carbon (OC), and soil electrical
conductivity (EC) after the trials in winter and summer.

Summer season Winter season
Dependent Effects | F-value P-value F-value P-value
variable
N 2.95 0.1205 23.95 0.0010
Soil pH P 5.00 0.0078 19.23 <0.0001
N*P 16.95 <0.0001 2.40 0.0417
N 9.54 0.0106 49.73 0.0001
Soil N P 4.59 0.0612 23.78 <0.0001
N*P 1.68 0.1497 55.42 <0.0001
N 6.14 0.0293 36.84 0.0003
Soil P P 2.33 0.0997 32.11 <0.0001
N*P 3.08 0.0134 23.35 <0.0001
N 330.00 <0.0001 44.78 0.0002
CEC P 29.35 <0.0001 111 0.3654
N*P 26.25 <0.0001 2.46 0.0381
N 87.18 <0.0001 3.55 0.0873
oC P 14.06 <0.0001 0.39 0.7630
N*P 15.06 <0.0001 141 0.2399
N 197.76 <0.0001 62.55 <0.0001
EC P 732.31 <0.0001 4.00 0.0193
N*P 865.76 <0.0001 66.46 <0.0001
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Table 4.3. Effect of N as calcium nitrate on soil physico-chemical properties.

P
Summer | Kg N/ha N (%) (mg/kg) pH (CaCl;) OC (%) EC (us/cm) CEC (cmol/kg)
0 0.1119d 29.58b  5.13c 0.57b 50.09d 6.47d
40 0.1146¢c 36.38a  5.24b 0.62a 55.68c 11.55a
80 0.1186b 34.11a  5.26ab 0.42c 60.68b 10.38b
120 0.1248a 3459 5.32a 0.40c 65.67a 9.51c
Slgnlflcance * ** *%* **% ** **k*k
LSD 0.002 4.02 0.07 0.03 1.23 0.59
P
Winter | Kg N/ha N (%) (mg/kg) pH (CaCl;) OC (%) EC (us/cm) CEC (cmol/kg)
0 0.1221c 20.30c  5.61b 0.36a 173.33c 4.81c
40 0.1236a 37.41a 5.89a 0.42a 210.39a 8.94a
80 0.1231c 35.90a 5.99a 0.48a 206.33a 6.94b
120 0.1272a 26.41b  5.94a 0.44a 190.17b 8.86a
Significance * folakel * NS ol **
LSD 0.0005 0.5059 0.2134 0.1336 8.6485 0.7686

*, ** *x*x NS. Significant at 0.01, 0.05, 0.0001 or not significant, respectively. Means
separated using the Least Significant Difference (LSD) at P = 0.05; means with the same
letter(s) are not significantly different from each other.
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Table 4.4. Effect of application of P as single super phosphate on soil physico-chemical

properties.
P
Summer | Kg P/ha N (%) (mg/kg) pH(CaCl2) OC (%) EC (us/cm) CEC (cmol/kg)
0 0.11a 31.66b 5.25a 0.47b 54.48d 8.89bc
25 0.11a 32.50ab  5.26a 0.46b 50.08c 8.65¢
50 0.11la 34.23ab  5.28a 0.55a 60.68b 9.30b
75 0.11a 36.23a 5.26b 0.53a 71.27a 11.07a
Significance NS ol ol falaled ol falaled
LSD 0.002 4.02 0.07 0.03 1.23 0.59
P pH
Winter | Kg N/ha N (%) (mg/kg) (CaClp) OC (%) EC (us/cm) CEC (cmol/kg)
0 0.12b 24.01c 5.23b 0.43a 186.33b 7.06a
25 0.12b 25.30c 5.28ab 0.40a 197.91a 7.60a
50 0.12b 31.34b 5.33ab 0.41a 196.59%a 7.62a
75 0.13a 43..30a  5.39% 0.46a 199.38a 7.63a
Significance * folakel folakel NS e NS
LSD 0.0005 0.5059 0.1434 0.1336 8.6485 0.7686

*, ** *x%k NS. Significant at 0.01, 0.05, 0.001 or not significant, respectively. Means separated
using the Least Significant Difference (LSD) at P = 0.05; means with the same letter(s) are not
significantly different from each other.
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4.3 Effect of N and P on Vegetative growth
The effect of N and P on the dependent variables that define vegetative growth in both summer
and winter are shown in Table 4.5. The table shows the independent and interaction

significance of both N and P on vegetative growth of safflower in summer and winter.

Table 4.5. Summarised ANOVA for dependent variables: height to the first branch, plant
height, primary branch numbers, stem diameter, dry matter, leaf area, and chlorophyll content.

Summer season Winter season
Dependent variables Effects F-value P-value F-value | P-value
N 137.25 <0.0001 0.68 0.5980
Height to 1% branch P 103.80 <0.0001 1.40 0.2667
N*P 18.24 <0.0001 1.91 0.0999
N 59.44 <0.0001 0.07 0.9755
Plant height P 23.24 <0.0001 2.96 0.05
N*P 0.88 0.5549 0.50 0.8573
N 11.02 0.0075 0.52 0.6844
Primary branch numbers | P 3.97 0.0198 1.42 0.2615
N*P 1.42 0.2332 1.10 0.4022
N 2.05 0.2088 0.34 0.7956
Stem diameter P 79.65 <0.0001 4.88 0.0087
N*P 1.28 0.2973 1.68 0.1486
N 85.08 <0.0001 24.08 0.0010
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Dry matter P 183.53 <0.0001 55.44 <0.0001
N*P 62.94 <0.0001 4141 <0.0001
N 35.08 0.0003 327.05 <0.0001

Leaf area P 25.24 <0.0001 150.98 <0.0001
N*P 5.38 0.0005 10.54 <0.0001
N 273.57 <0.0001 11.15 0.0072

Chlorophyll P 63.67 <0.0001 0.44 0.7235
N*P 5.03 0.0007 13.59 <0.0001

4.3.1 Height to the first branching

In summer, the interaction of N and P had a significant (P < 0.0001) effect on the height to the
first branching of safflower (Table 4.5, Figure 4.1a). The interactions of N and P at different
levels were all significantly (P < 0.05) different from each other as they influenced the first
branching height of safflower (Figure 4.1a). An interaction of 40 kg N/ha and 50 kg P/ha
resulted in a significant (P < 0.05) highest height to first branching (16.8 cm) of safflower
compared to any other treatment interactions (Figure 4.1a). The second highest first branching
height of safflower plants was produced by the application of 80kg N/ha and 50 kg P/ha in
summer (Figure 4.1a). The lowest first branching height (8.8 cm) was produced by safflower
plants where neither N nor P were applied (Figure 4.1a). In general, an interaction of 50 kg
P/ha plus any amount of N promoted the first branching height of safflower plants in summer,

with exception of the interaction of 120 kg N/ha and 75 kg p/ha (Figure 4.1a).

In winter, there was no significant (P > 0.05) interactions of N and P, or main effects of N and
P independently as they influenced the first branching height of safflower (Table 4.5, Figure
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4.1b & c). However, safflower applied with N and P independently at 40 and 50 kg/ha
produced the highest first branching height of safflower plants of 31.4 and 30.4 cm

respectively, though not significantly (P > 0.05) different (Figure 4.1b & c).
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Figure 4.1. Effect of nitrogen and phosphorus on the height to the first branch: a) interaction effect in
summer, b) nitrogen effect in winter, and c) phosphorus effect in winter, bars are standard error. Means
with the same letter(s) are not significantly different; mean separation by LSD at P = 0.05.

39




4.3.2 Plant Height

In summer and winter grown safflower, N and P did not significantly (P > 0.05) interact to
influence plant height, therefore main effects are presented (Table 4.5). In summer, N and P
independently significantly (P < 0.05) influenced safflower plant height (Table 4.5, Figure 4.2a
& b). Safflower plant height increased with increasing application of N fertilizer up to 40 kg/ha
(59.5 cm), thereafter plant height decreased (Figure 4.2a). The response of safflower plants to
increasing N application was quadratic in summer with maximum plant height obtained with
application of 40 kg N/ha (Figure 4.2a). Application of N above 40 kg/ha significantly (P <

0.05) decreased safflower plant height in summer (Figure 4.2a).

The response of safflower plants to increasing P application in summer was quadratic with
maximum plant height (57.2 cm) produced by plants applied with 50 kg/ha (Figure 4.2b).
Application of 25 and 50 kg P/ha significantly (P < 0.05) increased safflower plant height

compared to plants applied with 0 and 75 kg P/ha in summer (Figure 4.2b).

In winter, application of N fertilizer to safflower plants had no significant (P > 0.05) influence
on plant height (Table 4.5, Figure 4.2c). However, there was a non-significant (P > 0.05)
increase in safflower plant height with an increase of N from 40 to 120 kg/ha compared to
control plants (Figure 4.2c). The response of safflower plants to increasing N application was
quadratic with 40 kg N/ha producing the tallest plants (60.6 cm) though non-significant (Figure
4.2c¢). On the contrary, the application of P had a significant (P < 0.05) effect on plant height
(Table 4.5, Figure 4.2d). The response of safflower plants to increasing P application in was
also quadratic. Application of 50 kg P/ha significantly (P < 0.05) increased safflower plant
height compared to plants applied with either 0 or 75 kg P/ha (Figure 4.2d). The plant height
of safflower plants applied with either 0 or 75 kg P/ha did not significantly (P > 0.05) differ
(Figure 4.2d). Similarly, plants applied with either 25 or 50 kg P/ha did not differ in plant height
in winter (Figure 4.2d).
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Figure 4.2. Effect of N and P on safflower plant height: a) N effect on plant height in summer, b) P effect
on plant height in summer, c) N effect on plant height in winter and d) P effect on plant height in winter;

bars are standard error. Means with the same letter(s) are not significantly different; mean separation by

LSD at P = 0.05.

4.3.3 Primary branch numbers

In summer, N and P interaction did not significantly (P > 0.05) influence the primary branch

number of safflower plants, therefore N and P main effects are presented (Table 4.5). However,




in winter none of the treatments had a significant influence on safflower primary branch
number (Table 4.5). Nitrogen and P independently significantly (P < 0.05) influenced primary
branch numbers of safflower plants in summer (Table 4.5, Figure 4.3a &b). Application of N
at 40, 80, and 120 kg/ha significantly (P < 0.05) increased the primary branch number of the
safflower plants compared to control plants (Figure 4.3a). The maximum number of primary
branches (14.2) was observed on safflower plants applied with 80 kg N/ha, but this was not
significantly (P > 0.05) different from the primary branch number of plants applied with 40 kg
N/ha (Figure 4.3a). Application of 120 kg N/ha to safflower plants in summer significantly
reduced the primary branch number of safflower plants compared to plants applied either with

40 or 80 kg N/ha.

Application of P at 25, 50, or 75 kg/ha significantly (P < 0.05) increased the primary branch
number of safflower plants compared to control plants in summer (Figure 4.3b). However, the
primary number of safflower plants applied with 25, 50, or 75 kg P/ha did not significantly (P
> 0.05) differ from each other (Figure 4.3b). Safflower plants applied with 50 kg P/ha produced
the highest (13.1) number of primary branches (Figure 4.3b). The number of primary branches
decreased when P was applied at 75 kg/ha (Figure 4.3b). In winter, there was no significant (P
> 0.05) interaction effect of N and P on the number of primary branches of safflower.
Independently N and P also had no significant (P > 0.05) effect on the number of primary

branches (Figure 4.3c & d).
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Figure 4.3. Effect of N and P on safflower primary branch number: a) N effect on primary branch
number in summer, b) P effect on primary branch number in summer, c) N effect on primary
branch number in winter and d) P effect on primary branch number in winter; bars are standard
error. Means with the same letter(s) are not significantly different; mean separation by LSD at P
=0.05.

4.3.4 Stem diameter
In both summer and winter the interaction of N and P, and N had no significant (P > 0.05)

effect on the stem diameter of safflower plants (Table 4.5). However, the application of P
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fertilizer to safflower plants significantly (P < 0.05) influenced stem diameter in both summer
and winter (Table 4.5). The response of safflower plants to increasing N application was a
non-significant (P > 0.05) quadratic with respect to stem diameter (Figure 4.4a). A maximum
stem diameter of 11.78 mm was produced by safflower plants applied with 40 kg N/ha in
summer. Whilst in summer, application of P fertilizer had a significant (P < 0.0001) effect on
the stem diameter of safflower (Figure 4.4b). Increasing the P application rate significantly (P
< 0.05) increased safflower stem diameter in summer and the response was linear (Figure 4.4b).
A maximum stem diameter of 13.02 mm was produced by plants applied with 75 kg P/ha
(Figure 4.4b). There was a significant (P < 0.05) positive linear correlation of r = 0.99 between

stem diameter and the amount of P applied to safflower plants in summer (Figure 4.4a).

Although the application of N did not significantly (P > 0.05) influence stem diameter in winter,
there was an increase in stem diameter with an increase in N application rates (Figure 4.4c).
There was a positive linear correlation (r = 0.97) between the stem diameter and N application
rates. The maximum stem diameter of 8.92 mm was produced by safflower plants applied with
120 kg N/ha (Figure 4.4c). In winter application of P to safflower, plants had a significant (P <
0.05) effect on stem diameter (Figure 4.4d). The response of safflower plants to increasing P
application rates was quadratic, with a maximum stem diameter of 9.48 mm produced by plants
applied with 50 kg/ha in winter (Figure 4.4d). Application of P above 50 kg/ha significantly (P

< 0.05) decreased safflower stem diameter (Figure 4.4d).
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Figure 4.4. Effect of N and P on safflower stem diameter: a) N effect on stem diameter in
summer, b) P effect on stem diameter in summer, c) N effect on stem diameter in winter, and d)
P effect on stem diameter in winter; bars are standard error. Means with the same letter(s) are
not significantly different; mean separation by LSD at P = 0.05.
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In winter, the response of safflower plants to applied N and P fertilizers was relatively poor
with respect to vegetative growth especially the variables first branching height, plant height,
and primary branch number due to extremely low temperatures that occurred in July and late
August 2021 during the elongation stage which caused a chilling injury (Figure 4.4 e, f,
Appendix 3). However, safflower plants recovered from chilling when the temperatures

increased in September 2021 (Figure 4.4 g).
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Figure 4.4e. Chilling injury caused by low temperature of -4.2 °C on 14" July 2021
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Figure 4.41. Chilling injury symptoms on safflower caused by low temperature of -6.3 °C on

29" August 2021.
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Figure 4.4q. Safflower plants recovered from chilling injury
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4.3.5 Dry matter

There were significant (P < 0.0001) interactions between N and P on safflower plant dry matter
both in summer and winter (Table 4.5). All N and P interaction combinations were significantly
(P < 0.05) different from each other both in summer and winter grown safflower (Figure 4.5a
& b). In summer application of 120 N + 75 P kg/ha to safflower plants significantly (P < 0.05)
produced the highest plant dry matter of 520 kg/ha (Figure 4.5a). While safflower plants not
applied with both N and P in summer produced significantly (P < 0.05) lowest plant dry matter
of 137 kg/ha (Figure 4.5a). While in winter, safflower applied with 40 N + 25 P kg/ha
significantly (P < 0.05) produced the highest dry matter of 763 kg/ha (Figure 4.5b). While
application of 80 N + 0 P kg/ha significantly (P < 0.05) produced the lowest dry matter of 199

kg/ha in winter (Figure 4.5b).

In the winter study, there was also a significant (P < 0.0001) interaction effect of N and P on
the dry matter of safflower (Figure 4.5b). The application of N improved the dry matter of
safflower. Maximum dry matter was obtained through a combination of 40 kg N/ha and 25 kg
P/ha. As the rates of N application increased, the dry matter decreased when P was applied at
25 kg/ha. Phosphorus application at 50 kg/ha increased the dry mass when N rates increased
up to 80 kg/ha where thereafter there was a decrease in the dry mass. The combination of N
and P at 120 kg N/ha yielded the least dry mass compared to other combinations. The treatment

combinations were all significantly different from each other.
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Figure 4.5. Effect of nitrogen and phosphorus on safflower dry matter: a) nitrogen and phosphorus
interaction effect on the dry matter in summer, b) nitrogen and phosphorus interaction effect on the dry
matter in winter, bars are standard error. Means with the same letter(s) are not significantly different.
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4.3.6 Leaf area

The interaction effect of N and P on the leaf area of safflower plants was significant (P < 0.05)
in summer (Table 4.5). Figure 6a illustrates the results of the leaf area as affected by the
interaction of N and P. The N and P interaction combinations were all significantly different
from each other (Figure 4.6a). The maximum leaf area of 46.7 cm? was significantly (P < 0.05)
obtained in safflower plants applied with a combination of 40 kg N/ha and 50 kg P/ha in
summer (Figure 4.6a). The lowest leaf area of 23.4 cm? was significantly (P < 0.05) produced
by safflower plants not applied with either N or P in summer (Figure 4.6a). In summer, the
interactions of 80 kg N/ha with P levels were significantly (P < 0.05) higher in the leaf area
than the corresponding interactions of 40 kg N/ha with P with exception of 40 N + 50 P kg/ha

(Figure 4.6a).

During winter, the leaves of safflower were generally small across all treatment combinations
compared to those in summer (Figure 4.6b). There was a significant (P < 0.05) interaction of
N and P in the leaf area of safflower plants in winter (Table 4.5). When N was not applied, the
leaves were relatively smaller compared to when N was applied. The maximum leaf area of
30.5 cm? was significantly (P < 0.05) obtained in safflower plants applied with 40 N + 50 P
kg/ha (Figure 4.6b). Safflower plants applied with 0 N + 75 P kg/ha produced a significant (P
< 0.05) lower leaf area of 7.82 cm?. When N was not applied, the leaf area was significantly (P

< 0.05) smaller compared to when N was applied.
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Figure 4.6. Effect of N and Pi interactions on safflower leaf area: a) N and P interaction effect on leaf
area in summer, b) N and P interaction effect on leaf area in winter; bars are standard error. Means
with the same letter(s) are not significantly different.

52




4.3.7 Chlorophyll content

There were significant (P < 0.05) interactions of N and P in both summer and winter grown
safflower (Table 4.5). The interaction of 40 N + 50 P kg/ha significantly (P < 0.05) produced
the highest (93.9 SPAD) safflower leaf chlorophyll content compared to any other interaction
treatment combinations in summer (Figure 4.7a). While the interaction of 0 N + 0 P kg/ha
significantly (P < 0.05) produced the lowest (57.6 SPAD) safflower leaf chlorophyll content
compared to any N and P interaction in summer (Figure 4.7a). Whatever level of N interaction
with 50 kg P/ha significantly (P < 0.05) produced higher leaf chlorophyll content than the
interaction of N with P in summer (Figure 7a). Beyond 40 kg N/ha any interaction the
chlorophyll concentration significantly (P < 0.05) decreased in summer grown safflower

(Figure 4.73).

In winter, N and P interaction was significant (P < 0.0001) with respect to the leaf chlorophyll
content of safflower plants (Table 4.5). Application of 120 N + 25 P kg/ha to safflower plants
significantly (P < 0.05) produced safflower plants with the highest (72.3 SPAD) leaf
chlorophyll content than other N + P interactions in winter (Figure 4.7b). While application of
80 N + 75 P kg/ha to safflower plants significantly (P < 0.05) produced safflower plants with

the lowest (52.6 SPAD) leaf chlorophyll content than N + P interactions in winter (Figure 4.7b).
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Figure 4.7. Effect of nitrogen and phosphorus on safflower chlorophyll content: a) nitrogen and
phosphorus interaction effect on chlorophyll content in summer, b) nitrogen and phosphorus
interaction effect on chlorophyll content in winter, bars are standard error. Means with the same
letter(s) are not significantly different.
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4.4 Nutrient Use Efficiency

The effect of N and P on the nutrient use efficiency of safflower plants in both summer and

winter are shown in Table 4.6. The table shows the independent and interaction significance of

both N and P on nutrient use efficiency of safflower plants in summer and winter.

Table 4.6. Summarised ANOVA for dependent variables: nitrogen uptake efficiency (NUpE),
nitrogen utilization efficiency (NUtE), nitrogen use efficiency (NUE), phosphorus uptake
efficiency (PUpE), phosphorus utilization efficiency (PUtE) and phosphorus use efficiency

(PUE).

Summer season Winter season
Dependent variable | Effects | F-value P-value F-value P-value
NUpE N 238.61 <0.0001 18305.1 <0.0001
P 70.67 <0.0001 159.18 <0.0001
N*P 29.87 <0.0001 196.26 <0.0001

NULE N 58.10 <0.0001 40.96 0.0002
P 247.56 <0.0001 29.40 <0.0001
N*P 41.19 <0.0001 49.43 <0.0001
NUE N 542.21 <0.0001 663.14 <0.0001
P 75.40 <0.0001 64.55 <0.0001
N*P 48.62 <0.0001 46.96 <0.0001

PUpE N 20.03 0.0016 4.39 0.0586
P 115.54 <0.0001 131.35 <0.0001
N*P 6.79 <0.0001 10.07 <0.0001

PULE N 11.41 0.0068 6.23 0.0284
P 7.11 0.0014 11.70 <0.0001
N*P 2.97 0.0159 9.64 <0.0001
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PUE N 23.00 0.0011 50.56 0.0001

P 12.50 <0.0001 25.35 <0.0001

N*P 3.17 0.0115 32.69 <0.0001

4.4.1 Nitrogen Use Efficiency

In both summer and winter, NUpE, NUtE, and NUE were significantly (P < 0.0001) influenced
by the interaction of N and P fertilizer application in safflower (Table 4.6). Safflower plants
were found to be more efficient in N uptake with low N input but in the presence of P in summer
(Figure 4.8). Safflower plants were efficient in the uptake of N at the interaction of 40 N + 75
P kg/ha which resulted in maximum N uptake of 12.43 mg in summer (Figure 4.8). Increasing
N application above 40 kg/ha in the presence of P significantly (P < 0.05) decreased NUpE in

summer (Figure 4.8).

Increasing the N application rate in the presence of P significantly (P < 0.05) increased NUtE
(Figure 4.9). Safflower plants applied with 120 N + 75 P kg/ha in summer had significantly (P
< 0.05) the highest NUtE of 116.13 kg (Figure 4.9). However, there were no significant
differences between the highest NUtE from safflower plants applied with 120 N + 75 P kg/ha
compared to plants applied with 120 N + 50 P, 80 N + 50 P, and 40 N + 50 P kg/ha in summer
(Figure 4.9). Across all N and P combinations, P at 50 kg/ha resulted in an increased NUtE of
safflower in summer (Figure 4.9). When N nor P was not applied, safflower was significantly

(P < 0.05) the NUtE of 31.83 kg in summer.

Nitrogen and P fertilizer application in summer significantly (P < 0.0001) interacted to
influence NUE (Table 4.6). The NUE of the safflower plant decreased as the rate of N
application increased in summer (Figure 4.10). Application of 40 N +50 P kg/ha to safflower

plants in summer resulted in significantly (P < 0.05) the highest NUE of 1.02 kg. The lowest
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NUE of 0.34 kg was in plants applied with 120 kg N/ha but no phosphorus in summer (Figure

4.10).

In the winter, there was a significant interaction (P <0.0001) of N and P to influence the NUpE,
NUtE, and the NUE of safflower (Table 4.6). Increasing N application irrespective of P
significantly (P < 0.05) decreased NUpE in safflower grown in winter (Figure 4.11). Safflower
plants applied with 40 N + 25 P kg/ha in winter had significantly (P < 0.05) the highest NUpE
of 10.2 mg compared to all other treatments with exception of plants applied with 40 N + 50 P
kg/ha that had NUpE of 9.95 mg (Figure 4.11). The lowest NUpE of 3.19 mg was in plants
applied with 120 N + 75 P kg/ha in winter (Figure 4.11). However, there were no significant
differences in NUpE between plants applied with 120 N + 75 P, 120 N + 50 P, 120 N + 0 P,

and 80 N + 75 P kg/ha in winter (Figure 4.11).

Safflower plants applied with 40 N + 50 P kg/ha in winter had significantly (P < 0.05) the
highest NUtE of 187.3 kg compared to interaction treatments in winter (Figure 4.12). The
lowest NULE of 41.6 kg was recorded with safflower plants applied with 80 N + 0 P kg/ha in
winter (Figure 4.12). In general N treatment combination with 50 kg P/ha in winter resulted in
high NUtE (Figure 4.12). Application of P enhanced NUtE of safflower in winter (Figure 4.12).
The NUE of the safflower plant decreased as the rate of N fertilizer application increased in
winter (Figure 4.13). Safflower plants applied with 40 N + 50 P k/ha in winter had significantly
(P < 0.05) the highest NUE of 1.91 kg (Figure 4.13). On the contrary, in winter plants applied

with 120 N + 75 P kg/ha had significantly (P < 0.05) the lowest NUE of 0.19 kg (Figure 4.13).
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Figure 4.8. Effect of nitrogen and phosphorus interaction on the nitrogen
uptake efficiency of safflower in summer, bars are standard error. Means
with the same letter(s) are not significantly different.
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Figure 4.9. Interaction effect of nitrogen and phosphorus on the nitrogen
utilization efficiency of safflower in summer, bars are standard error.
means with the same letter(s) are not significantly different.
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Figure 4.10. Interaction effect of nitrogen and phosphorus on the nitrogen use

efficiency of safflower in summer, bars are standard error. Means with the
same letter(s) are not significantly different.
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Figure 4.11. Interaction effect of nitrogen and phosphorus on the nitrogen
uptake efficiency of safflower in winter, bars are standard error. Means with
the same letter(s) are not significantly different.
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Figure 4.12. Interaction effect of nitrogen and phosphorus on the nitrogen

utilization efficiency of safflower in winter, bars are standard error.
Means with the same letter(s) are not significantly different.
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Figure 4.13. Interaction effect of nitrogen and phosphorus on the nitrogen
use efficiency of safflower in winter, bars are standard error. Means with
the same letter(s) are not significantly different.
4.4.2 Phosphorus Use Efficiency
In both summer and winter, N and P significantly (P < 0.0001) interacted to influence safflower

PUpE, PUtE, and PUE (Table 4.6). In summer, safflower plants applied with 40 N + 25 P kg/ha

had significantly (P < 0.05) the highest PUpE of 7.0 g (Figure 4.14). The phosphorus
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application rate of 25 kg/ha resulted in the highest PUpE across all N rates (Figure 4.14).
Safflower plants applied with 0 N + 75 P kg/ha had significantly (P < 0.05) the lowest PUpE

of 0.68 g compared to other treatments (Figure 4.14).

In summer, safflower plants applied with 0 N + 75 P kg/ha had significantly (P < 0.05) the
highest PUtE of 0.70 mg compared to other interaction treatments (Figure 4.15). On the
contrary in summer, safflower plants applied with 40 N + 0 P kg/ha had significantly (P < 0.05)

the lowest PUtE of 0.09 mg compared to other treatments (Figure 4.15).

In summer safflower plants applied with 120 N + 75 P kg/ha had significantly (P < 0.05) the
highest PUE of 26.7 kg compared to all other treatments (Figure 4.16). The lowest PUE of 1.97
kg was recorded in safflower plants applied with no N or P (Figure 4.16). Application of 120
kg N/ha in combination with P resulted in high PUE compared to other treatment combinations

(Figure 4.16).

Increasing P application rates beyond 25 kg/ha significantly (P < 0.05) decreased the PUpE of
safflower plants in winter (Figure 4.17). The treatment combination of N and P at 40 and 25
kg/ha significantly (P < 0.05) had the highest PUpE of 34.87 g by safflower plants compared
to other treatment combinations in winter (Figure 4.17). Application of 120 N + 75 P kg/ha to
safflower plants in winter resulted significantly (P < 0.05) in the lowest PUpE of 3.42 g (Figure

4.17).

Safflower plants applied with 80 N + 75 P kg/ha in winter had significantly (P < 0.05) the
highest PUtE of 0.12 mg compared to any other treatment (Figure 4.18). There were no
significant (P > 0.05) differences between the PUtE recorded through the application of 50 kg
P/ha across all treatment combinations with N in winter (Figure 4.18). Safflower plants applied
with 80 N + 25 P kg/ha had significantly (P < 0.05) the least PUtE of 0.07 mg compared to

other treatments with exception of plants applied with 80 N + 0 P kg/ha (Figure 4.18).
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Safflower plants applied with 40 N + 25 P kg/ha in winter had significantly (P < 0.05) the
highest PUE of 6.68 kg compared to other interactions of N and P (Figure 4.19). Application
of 50 kg P/ha across all treatment combinations except for 40 kg N/ha which resulted in high
PUE in winter (Figure 4.19). Safflower plants applied with 80 N + 0 P kg/ha had significantly

(P < 0.05) the lowest PUE of 1.38 kg in winter (Figure 4.19).
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Figure 4.14. Interaction effect of nitrogen and phosphorus on the phosphorus
uptake efficiency of safflower in summer, bars are standard error. Means with
the same letter(s) are not significantly different.
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Figure 4.15. Interaction effect of nitrogen and phosphorus on the phosphorus
utilization efficiency of safflower in summer, bars are standard error. Means
with the same letter(s) are not significantly different.
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Figure 4.16. Interaction effect of nitrogen and phosphorus on the phosphorus use
efficiency in summer, bars are standard error. Means with the same letter(s) are
not significantly different.
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Figure 4.17. Interaction effect of nitrogen and phosphorus on the phosphorus
uptake efficiency of safflower in winter, bars are standard error. Means with the
same letter(s) are not significantly different.
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Figure 4.18. Interactin effect of nitrogen and phosphorus on the phosphorus
utilization efficiency of safflower in winter, bars are standard error. Means with
the same letter(s) are not significantly different.
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Figure 4.19. Interaction effect of nitrogen and phosphorus on the phosphorus use
efficiency of safflower in winter, bars are standard error. Means with the same
letter(s) are not significantly different.
4.5 Yield components
The effect of N and P on the dependent variables that define the yield components of safflower
in both summer and winter are shown in Table 4.7. The table shows the independent and

interaction significance of both N and P on yield components of safflower in summer and

winter.
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Table 4.7. Summarised ANOVA for dependent variables: number of capitulum per plant,
capitulum diameter, seed number per capitulum, 1000-seed weight, seed yield, oil content, leaf
nitrogen, and leaf phosphorus.

Summer season Winter season
Dependant Effects | F-value P-value F-value P-value
variables
N 30.48 0.0005 0.24 0.8628
Number of capitula | P 5.77 0.0041 1.71 0.1907
per plant N*P |1.12 0.3840 1.13 0.3832
N 6.82 0.0232 0.58 0.6468
Capitula diameter | P 97.28 <0.0001 0.95 0.4309
N*P |25.29 <0.0001 0.39 0.9294
2.54 0.1525 83.22 <0.0001
Seed number per | P 51.17 <0.0001 12.75 <0.0001
capitulum N*P |13.10 <0.0001 12.26 <0.0001
N 3.90 0.0735 5.06 0.0440
1000-seed weight | P 3.58 0.0285 0.05 0.9856
N*P |7.34 <0.0001 0.51 0.8509
N 2119.93 <0.0001 38.36 0.0003
Seed yield P 309.24 <0.0001 18.94 <0.0001
N*P | 279.74 <0.0001 7.64 <0.0001
2.96 0.1194 19.12 0.0018
Oil content P 1.65 0.2043 2.10 0.1274
N*P |0.64 0.7482 7.89 <0.0001
N 28.61 0.0006 43.33 0.0002
Leaf N P 77.48 <0.0001 117.12 <0.0001
N*P |1641 <0.0001 167.41 <0.0001
N 39.67 0.0002 12.58 0.0054
Leaf P P 54.76 <0.0001 5.18 0.0067
N*P |4.64 0.0012 4.48 0.0016

66



4.5.1 Capitula number per plant

There were no significant (P > 0.05) interactions of N and P on the capitula number per plant
in both summer and winter safflower planting (Table 4.7). In summer, N and P independently
significantly (P < 0.05) influenced capitula number per plant (Table 4.7). Application of 40,
80, and 120 kg N/ha significantly (P < 0.05) increased capitula number per plant of safflower
planted in summer (Figure 4.20a). The response of safflower plants to increasing N application
rate was quadratic with respect to capitula number per plant (Figure 4.20a). Safflower plants
applied with 40 kg N/ha significantly (P < 0.05) produced the highest capitula number per plant
(36.7) compared to plants applied with 0, 80, or 120 kg N/ha (Figure 4.20a). Application of N
above 40 kg/ha significantly (P < 0.05) decreased the capitula number per plant in summer

(Figure 4.20a).

Phosphorus application in summer significantly (P < 0.05) increased safflower capitula number
per plant (Figure 4.20b). The response of safflower plants to increasing P application rate was
quadratic in summer (Figure 4.20b). Application of 50 kg P/ha produced a higher capitula
number per plant (34.3) than any other P application rate (Figure 4.20b). Application of P above

50 kg/ha to safflower plants in summer decreased capitula number per plant (Figure 4.20b).

In winter, no treatment under study had a significant (P > 0.05) effect on safflower capitula
number per plant (Table 4.7, Figure 4.20c & d). Nitrogen application to safflower plants in
winter had a non-significant (P > 0.05) increase in capitula number per plant compared to
control plants (Figure 4.20c). Similarly in winter, the application of P fertilizer to safflower
plants had no significant (P > 0.05) increase in capitula number per plant compared to control
plants (Figure 4.20d). Plants applied with 50 kg P/ha produced the highest capitula number per
plant (22.1) though non-significant compared to control plants or plants applied with either 25
or 75 kg P/ha (Figure 4.20d). Figure 4.20e shows the capitula of safflower during flowering in
summer.
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Figure 4.20. Effect of N and P on safflower capitula number: a) N effect on capitula number in
summer, b) P effect on capitula number in summer, c) N effect on capitula number in winter, and d)
P effect on capitula number in winter; bars are standard error. Means with the same letter(s) are not
significantly different; mean separation by LSD at P = 0.05.
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Figure 4.20e. A picture showing the safflower capitula during the flowering stage in summer

4.5.2 Capitula diameter

Nitrogen and P interacted significantly (P <0.0001) to influence the capitulum diameter of
safflower plants in summer (Table 4.7). The interaction combinations of N and P were all
significantly (P < 0.05) different from each other (Figure 4.21a). Safflower plants applied with
40 N + 50 P kg/ha produced the largest diameter of 24.2 mm than any other N and P interaction
treatment in summer (Figure 4.21a). On the contrary, plants applied with zero N and P produced
plants with the smallest capitula diameter of 14.9 mm compared to any other N and P
interaction treatment in summer (Figure 4.21a). The second largest capitula diameter of 21.3

mm was produced by safflower plants applied with 40 N + 75 P kg/ha (Figure 4.21a).
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During the winter no treatments under investigation had a significant (P > 0.05) on safflower
capitula diameter (Table 4.7). Application of 40 kg N/ha to safflower plants in winter had a
non-significant increase in capitula diameter compared to control plants and plants applied with
either 80 or 120 kg N/ha (Figure 4.21b). Application of N above 40 kg/ha resulted in a non-
significant (P > 0.05) decrease in capitula diameter (Figure 4.21b). Phosphorus application to
safflower plants at either 25 or 50 kg/ha produced a non-significant (P > 0.05) increase in
capitula diameter compared to control plants (Figure 4.21c). Application of 75 kg P/ha to
safflower plants in winter induced a non-significant (P > 0.05) decrease in capitula diameter in

winter (Figure 4.21c).
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Figure 4.21. Effect of nitrogen and phosphorus on safflower capitulum diameter: a) nitrogen
and phosphorus interaction effect on capitulum diameter in summer, b) nitrogen effect on
capitulum diameter in winter, ¢) phosphorus effect on capitulum diameter in winter, bars are
standard error. Means with the same letter(s) are not significantly different; mean separation by
LSD at P = 0.05.
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4.5.3 Seed number per capitulum

There was a significant (P < 0.0001) interaction between N and P as they influenced the
safflower seed number per capitulum in both summer and winter grown safflower (Table 4.7)
In summer, application of 0N + 75 P, 40 N + 50 P and 120 N + 50 P kg/ha to safflower plants
significantly (P < 0.05) produced the highest seed number per capitulum (30) compared to any
other N and P interaction combination (Figure 4.22a). However, these interactions did not
significantly (P > 0.05) differ from each other with respect to seed number per capitulum in
summer (Figure 4.22a). Safflower plants applied with no N and P produced significantly (P <
0.05) the lowest seed number per capitulum (23) compared to any other treatment in summer

(Figure 4.22a).

In the winter, application of 0 N + 75 P kg/ha to safflower plants produced capitula with
significantly (P < 0.05) the highest seed number (77) compared to any other N and P interaction
combination (Figure 4.22b). On the contrary in winter, safflower plants applied with 80 N + 0
P kg/ha produced plants with significantly (P < 0.05) the lowest seed number per capitulum
compared to any other N and P interaction combination (Figure 4.22b). Also in winter,
safflower plants applied with 0 N + 0 P and 120 N + 25 P kg/ha significantly (P > 0 .05)
produced the same seed number (51) per capitulum which was significantly (P < 0.05) higher

than that of other N and P interactions with exception of 0 N + 75 P kg/ha (Figure 4.22b).
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Figure 4.22. Effect of nitrogen and phosphorus on seed number per capitulum: a) nitrogen and
phosphorus interaction effect on seed number per capitulum in summer, b) nitrogen and phosphorus
interaction effect on seed number per capitulum in winter, bars are standard error. Means with the same
letter(s) are not significantly different; mean separation by LSD at P = 0.05.
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4.5.4 Thousand seed weight

There was a significant (P < 0.0001) interaction between N and P, with respect to 1000-seed
weights in summer (Table 4.7). Safflower plants applied with 40 N + 25 P kg/ha in summer
significantly (P < 0.05) produced the heaviest 1000-seed weight (51 g) compared to all other
N and P interactions (Figure 4.23a). On the contrary in summer, safflower plants applied with
no N and P significantly (P < 0.05) produced the lightest 1000-seed weight (39.8 g) compared
to all N and P interaction treatments (Figure 4.23a). Safflower plants applied with 40 N + 50 P
and80N+O0P,40N+75Pand 80 N + 25 P, and 120 N + 50 P and 120 N + 75 P kg/ha
produced 1000-seed weights of 46.4, 41.3, and 40.5 g, respectively, which were significantly

(P > 0.05) different from each other within the comparison (Figure 4.23a).

In winter, there was no significant (P > 0.05) N and P interaction or independent P effects on
the 1000-seed weight of safflower plants, therefore main effects are presented (Table 4.7).
Application of N fertilizer to safflower plants significantly (P < 0.05) increased 1000-seed
weight (Figure 4.23b). The response of safflower plants to increasing N fertilizer application
rate was quadratic (Figure 4.23b). The maximum 1000-seed weight of 168 g was significantly
(P < 0.05) produced by plants applied with 80 kg N/ha (Figure 4.23b). Application of N above
80 kg/ha to safflower plants significantly (P < 0.05) caused a decrease in 1000-seed weight
(Figure 4.23b). While application of P fertilizer to safflower in winter resulted in a non-
significant (P > 0.05) increase in the 1000-weight seed weight of safflower plants (Figure

4.23¢).
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Figure 4.23. Effect of nitrogen and phosphorus on 1000-seed weight: a) nitrogen and phosphorus
interaction effect on 1000-seed weight in summer, b) nitrogen effect on 1000-seed weight in winter,
c¢) phosphorus effect on 1000-seed weight in winter, bars are standard error. Means with the same
letter(s) are not significantly different; mean separation by LSD at P = 0.05.
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4.5.5 Seed yield

There were significant (P < 0.0001) interactions of N and P on the seed yield of safflower both
in summer and winter (Table 4.7). Safflower plants not applied with N and P significantly (P
< 0.05) produced the lowest yield of 174 kg/ha compared to the other N and P interactions in
summer (Figure 4.24a). On the contrary, safflower plants applied with 40 N + 50 P kg/ha
significantly (P < 0.05) produced the highest seed yield of 1356 kg/ha in summer (Figure
4.243). The second-best N and P interaction was an application of 40 N + 75 P kg/ha to
safflower plants that produced a seed yield of 910 kg/ha which was significantly (P < 0.05)
higher than all other N and P interactions with exception of safflower plants applied with 40 N
+ 50 P kg/ha in summer (Figure 4.24a). Safflower plants applied with 80 N+ 0P, 80 N + 75
P, and 120 N + 50 P did not significantly (P > 0.05) differ in their seed yield (Figure 4.24a).
Similarly, in summer, safflower plants applied with O N + 50P, ON + 75 P, and 120N + 75 P
had statistically similar seed yields (Figure 4.24a). Heavy rainfall which occurred at the
flowering and grain filling stages of safflower affected pollination and maturation of seeds

leading to blind capitula and poor grain filling as shown in Figure 4.24c in summer.

In winter, application of safflower plants with 80 N + 75 P kg/ha significantly (P < 0.05)
produced the highest seed yield of 3528 kg/ha compared to any other N and P interaction
(Figure 4.24b). While application of 120 N + 50 P kg/ha to safflower plants significantly (P <
0.05) produced the lowest seed yield of 1028 kg/ha compared to N and Interactions in winter
(Figure 4.24b). Safflower plants applied with 80 N + 0 P and 120 N + 0 P kg/ha did not
significantly (P > 0.05) differ in their seed yield in winter (Figure 4.24b). Similarly, safflower
plants applied with 40 N + 0 P, 40 N + 25 P, 80 N + 25 P, and 120 N + 75 P kg/ha did not
significantly (P > 0.05) differ in their seed in winter (Figure 4.24b). Also, safflower plants
applied with 0 N + 25 P and 80 N + 50 P did not significantly (P > 0.05) differ in their seed

yield (Figure 4.24Db).
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Figure 4.24. Effect of nitrogen and phosphorus on seed yield: a) nitrogen and phosphorus interaction
effect on seed yield in summer, b) nitrogen and phosphorus interaction effect on seed yield in winter,
bars are standard error. Means with the same letter(s) are not significantly different.
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Figure 4.24c. A picture of the safflower plants after heavy rains before harvest in summer

4.5.6 Oil content

Nitrogen and P interaction had no significant (P > 0.05) effect on the oil content of safflower
seeds in summer, therefore main effects are presented (Table 4.7). Nitrogen and P
independently had a significant (P < 0.05) effect on safflower seed oil content (Figure 4.25a &
b). Application of 40, 80, and 120 kg N/ha significantly (P < 0.05) increased safflower seed oil
content compared to control plants in summer (Figure 4.25a). However, the seed oil content of
safflower plants applied with 40, 80, or 120 kg N/ha did not significantly (P > 0.05) differ from
each other in summer (Figure 4.25a). Maximum seed oil content was obtained in safflower
plants applied with 120 kg N/ha in summer. Phosphorus application at 25 kg/ha resulted in
non-significant (P > 0.05) increase in safflower seed oil content (46.08%) in summer (Figure
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4.25b). However, the application of 75 kg P/ha significantly (P < 0.05) reduced safflower seed
oil content (41.84%) compared to oil seed content (44.25%) to control plants in winter (Figure

4.25b).

In winter, N and P interaction significantly (P < 0.0001) influenced safflower seed oil content
(Table 4.7). Safflower plants applied with 0 N + 25 P kg/ha significantly (P < 0.05) produced
the highest seed oil content of 71.8% compared to all other N and P interactions (Figure 4.25c).
The second-highest seed oil content of 69.9% was produced by safflower plants applied with
0 N + 50 P kg N/ha in winter (Figure 4.25¢). The lowest safflower seed oil content of 52.5%
was significantly (P < 0.05) produced by plants applied with 40 N + 25 P kg/ha compared to

other N and P interactions in winter (Figure 4.25c).
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Figure 4.25. Effect of N and P on seed oil content: a) N effect on seed oil content in summer, b) P
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standard error. Means with the same letter(s) are not significantly different.
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4.6 Leaf N and P contents

The application of N and P significantly (P < 0.0001) interacted to influence leaf N and P
contents of safflower in summer (Table 4.7). Safflower plants applied with 0 N + 75 P kg/ha
significantly (P < 0.05) increased leaf N content (0.53%) in summer than any other N and P
interaction (Figure 4.26a). While safflower plants applied with 0 N + 50 P kg/ha produced
plants with significantly (P < 0.05) the lowest leaf N content of 0.34% in summer (Figure
4.26a). In general, an increase in P application promoted leaf N content in summer (Figure
4.26a). Safflower plants applied with 40 N +25P, 80 N + O N, and 80 N + 25 P kg/ha in summer
produced plants that did not significantly (P > 0.05) differ in their leaf N contents (Figure
4.26a). Similarly, in summer, safflower plants applied with 40 N + 0 P and 120 N + 25 P kg/ha

did not significantly differ in their leaf N contents (Figure 4.26a).

Application of 40 N + 0 N kg/ha to safflower plants in summer produced plants with
significantly (P < 0.05) the highest leaf content of 120 mg P/ka than any other Nand P
interactions. On the contrary in summer, application of 0 N + 25 P kg/ha to safflower plants
produced plants with significantly (P < 0.05) the lowest leaf P content of 42 mg/kg (Figure
4.26b). The second-best interaction in summer that promoted partitioning of P to the leaves
was the application of 40 N + 75 P kg/ha which resulted in leaf P content of 79 mg/kg (Figure
4.26b). However, plants applied with 40 N +50 P and 80 N + 0 P kg/ha did not significantly (P

> 0.05) differ in their leaf P contents (Figure 4.26b).

In winter, N and P significantly (P < 0.0001) interacted to influence leaf N and P of safflower
plants (Table 4.7). Application of 80 N + 0 P kg/ha to safflower plants produced plants with
significantly (P < 0.05) the highest leaf N content of 0.48 % in winter (Figure 4.27a). While
safflower plants applied with 80 N + 75 P kg/ha produced plants with significantly (P < 0.05)
the lowest leaf N content of 0.26% in winter (Figure 4.27a). Safflower plants applied with 0 N
+ 75 P and 120 N + 25 P kg/ha did not significantly (P > 0.05) differ in their leaf N contents
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but was significantly (P < 0.05) the third highest leaf content of 0.43% in winter (Figure 4.27a).
Similarly in winter safflower plants applied withON + 0P, 0N +25P, 40 N +25P, 40 N +
50 P, and 120 N + 50 P kg/ha did significantly (P > 0.05) differ in their leaf N contents in

winter (Figure 4.27a).

In winter, safflower plants applied with 80 N + 0 P and 80 N + 25 P kg/ha produced plants with
similar leaf P content of about 152 mg/kg but was significantly (P < 0.05) higher than the leaf
P content of any other N and P interaction (Figure 4.27b). Plants applied with 40 N + 25 P, 80
N +50 P, and 120 N + 50 P kg/ha did not significantly (P > 0.05) differ in their leaf P contents,
but their leaf P contents was significantly (P < 0.05) the third highest compared to other
interactions with exception of plants applied with 80 N+ 0P, 80 N + 25 P, and 120 N + 25 P
kg/ha in winter (Figure 4.27b). Plants applied with 0 N + 25 P and O N + 75 P kg/ha in winter
did not significantly (P > 0.05) differ in their leaf P contents (Figure 4.27b). Similarly in winter,
safflower plants applied with O N + 75 P and 40 N + 50 P kg/ha did not significantly (P > 0.05)

differ in their leaf P contents (Figure 4.27b).
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Figure 4.26. Effect of nitrogen and phosphorus on the leaf nitrogen and leaf phosphorus: a) nitrogen
and phosphorus interaction effect on leaf nitrogen summer, b) nitrogen and phosphorus interaction

effect on leaf phosphorus in summer, bars are standard error. Means with the same letter(s) are not
significantly different.
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Figure 4.27. Effect of nitrogen and phosphorus on the leaf nitrogen and leaf phosphorus: a)
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interaction effect on leaf phosphorus in winter, bars are standard error. Means with the same
letter(s) are not significantly different.
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CHAPTER 5

DISCUSSION

5.1 Soil analysis

Soil analysis data of the study site at the start of the experiment showed that soil textural class
was sandy clay loam and sandy loam in summer and winter, respectively. The difference in the
soil textural class was due to planting in winter in a different plot of the same field having
different soils. In the sandy clay loam soil, the soil pH was acidic, and soil organic carbon
content and total N were low, but total P and EC were high with a medium CEC (McKenzie et
al., 2004). In the sandy loam soil, the soil pH was acidic, and the soil organic carbon, total N,
EC, and CEC were low, but total P was high. The CEC of soils varies depending on the clay
percentage, type of clay, soil pH, and amount of organic matter. Pure sand has a very low CEC,
less than 2 cmol/kg, and the CEC of sand and silt size fractions of most soils is negligible
(Moore, 1998; McKenzie et al., 2004). Clay soils such as kaolinite and montmorillonite have
CECs of about 10 and 49 cmol/kg, respectively. Other clays such as illite and smectite have
CECs ranging from 25 to 100 cmol/kg (Moore, 1998; Mengel and Kirkby, 2001; McKenzie et
al., 2004; Marschner, 2005). Organic matter has a very high CEC ranging from 250 to 400
cmol/kg (Moore 1998). Soils with high CEC indicate that more clay and organic matter are
present in them and have generally high-water holding capacity than soils low in CEC (Moore,

1998; McKenzie et al., 2004).

The Application of N as calcium ammonium nitrate (CAN) and single superphosphate (SSP)
fertilizers significantly (P < 0.05) increased total soil N and P, pH, OC, EC, and CEC compared
to control plots where CAN and SSP were not applied. The increase in soil pH induced by

CAN and SSP application was attributed to calcium in the fertilizers which is a basic (alkaline)
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element (Mengel & Kirkby, 2001; Marschner, 2005; Havlin et al., 2005). Calcium nitrate is a
combination of CaCO3z and NH4sNOz and contains 19% Ca, and SSP contains 18-20% Ca
(Marschner, 2005; Havlin et al., 2005). The increase in total soil N and P, EC, and CEC due
to the application of CAN and SSP fertilizers was attributed to the nutrients which were added

to the soil with the application of the fertilizers.

5.2 Effects of N and P application on vegetative growth

The application of N and P fertilizers significantly increased the vegetative growth of variables
(first branching height, plant height, number of primary branches, stem diameter, leaf area, dry
matter, and leaf chlorophyll content) of safflower compared to control plants in which no
fertilizer was applied. Maximum first branching height, leaf area, and leaf chlorophyll content
plus plant dry matter were produced by safflower plants applied with 40 N + 50 P and 120 N
+ 75 P kg/ha, respectively. While plant height, primary branch number, and stem diameter were
significantly (P < 0.05) increased by independent applications of N and P. The increase in first
branching height, plant height, leaf area, dry matter, and leaf chlorophyll content induced by N
application was attributed to its role in promoting cell division and elongation which promoted
internode elongation (Raven et al., 1999; Mengel & Kirkby, 2001; Marschner, 2005; Eckert,
2011). Nitrogen is an integral part of proteins which are the building blocks of plant structure,
protoplasm, purines, pyrimidines, porphyrins, enzymes, coenzymes, chlorophyll, and vitamins
(Salisbury & Ross, 1996; Raven et al., 1999; Mengel & Kirkby, 2001; Emongor, 2002; Hu &
Schmidhalter, 2005; Marschner, 2005; Weinberg et al., 2007. It also helps in the biosynthesis
and maintenance of phytohormone concentrations (auxins, cytokinins, and gibberellins) which
may have resulted in enhanced first branching height, plant height, leaf area, leaf chlorophyll
content, and dry matter of safflower plants (Emongor, 2002; Mazhani, 2017; Sreekanth et al.,
2021). Nitrogen is a major component of the chlorophyll molecule, amino acids; energy-

transfer compounds such as ATP, vitamins as well as other components needed for cell growth,

86



development as well as yield hence explaining the increase in leaf area and chlorophyll content
and dry matter of safflower plants applied with N (Salisbury & Ross, 1996; Mengel & Kirkby,
2001; Taiz & Zeiger, 2002; Hu & Schmidhalter, 2005; Marschner, 2005; Leghari et al., 2016).
Phosphorus plays a major role in several physiological processes such as photosynthesis,
respiration, energy storage and transfer, cell division and enlargement, and development of
meristematic tissues which helps to increase growth attributes of plants such as dry matter,
chlorophyll accumulation, and leaf growth (Salisbury & Ross, 1996; Raven et al., 1999;
Mengel and Kirkby, 2001; Taiz & Zeiger, 2002; Marschner, 2005) explaining the increase in

vegetative growth of safflower plants applied with P.

The increase in dry matter of safflower plants due to an increase in N and P application was
also attributed to increased safflower plant height, leaf area, and chlorophyll content which
promoted photosynthesis and accumulation of photosynthates. The increase in safflower dry
matter due to N fertilizer application was also attributed to the role of N in dry matter
production because the dry matter is directly related to N supply. That is, the lower the N
supply, the lower the dry matter, especially in leaves, and this affects the production and
distribution of photo-assimilates to the reproductive organs (Koutroubas et al., 2004; Fageria
& Baligar, 2005; Dordas et al., 2008; Dordas & Sioulas, 2009). Sreekanth et al. (2021) reported
that application of 50 N + 60 P kg/ha to safflower plants in Prayagraj (India), resulted in
maximum plant height and dry matter of 102.9 cm and 41.2 g/plant, respectively. Mazhani
(2017) in Botswana reported that application of N and P at 50 kg/ha to safflower plants
independently (no interaction) increased vegetative growth. Santos et al. (2018) in Brazil,
reported that the application of 350 and 199 kg N/ha to safflower plants under irrigated and
rainfed conditions produced maximum plant height of 120 and 113 cm, respectively. Megda &
Monteiro (2010), Golzafar et al. (2011), and Mohamed et al. (2012) reported that N fertilizer

application increased safflower plant dry matter and attributed this to the role of N in improving
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photosynthetic activity, which enhanced solar energy absorption and crop development.
Increased N application was also reported to increase leaf area, which increased light
absorption and thus dry matter production, accounting for the increase in safflower vegetative
development (Weinberg et al., 2007). An increase in vegetative growth of safflower due to N
and P application has been reported in the literature (Vishwanath et al., 2006;
Aghamohammadreza et al., 2013; Singh & Singh, 2013; Nathan et al., 2017, 2018; Oz, 2017;
Sofy et al., 2020; Eryigit et al., 2021). Siddiqui & Oad (2006) in Pakistan, observed that the
application of 180 kg N/ha to safflower plants led to the production of the tallest plants of 165
cm. However, low N application rates (0, 40, 80 kg/ha) on safflower plants had no effect on

vegetative growth in marginal areas of southwest Germany (Elfadl et al., 2009).

In winter, the response of safflower plants to applied N and P fertilizers with respect to first
branching height, plant height, and primary branch number per plant was poor due to low
temperatures of -6.3-4.2°C (July and August 2021) which occurred at the elongation stage of
vegetative growth. The factors that affect the susceptibility and severity to chilling injury by a
plant or plant tissue include the origin of the crop, the genetic makeup of the crop, stage of
development or maturity, metabolic status of the tissue, and several environmental factors such
as temperature, duration of exposure to the low temperature, light, relative humidity, and
atmospheric composition (Patterson & Reid, 1990; Lim et al.,, 2009; Emongor, 2015;
Chaudhary et al., 2017; Wassan et al., 2021). The current results are in agreement with those
reported in literature (Emongor et al., 2015 and Emongor and Oagile, 2017).Temperatures
below -4°C at the elongation and branching stages of the safflower plant have been reported to
cause damage to the growing point and could lead to its death (Wachsmann et al., 2010).
Although plants can recover from chilling injury to some extent, as shown in fig 4g,by

producing new shoots from below the damaged areas, the growth rate and subsequent yield can
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be negatively affected (Wachsmann et al., 2010). The safflower plants recovered from chilling

injury when air temperatures warmed up in September.

5.3 Effect of N and P application on yield components

The yield components of safflower are capitula number/plant, seed number per capitulum,
capitulum diameter (size), and 1000-seed weight (Chaundry, 1990; Gonzalez et al., 1994;
Bagheri et al., 2001; Camas & Esendal, 2006; Kedikanetswe, 2012; Emongor et al., 2015;
Moatshe et al., 2016; Emongor & Oagile, 2017; Emongor et al., 2017b; Moatshe, 2019). In the
current study, application of N and P fertilizers independently or interactively depending on

season increased the yield components of safflower.

Application of N and P at 40 and 50, 40 N + 50 P, and 40 N + 25 P kg/ha independently or
interactively significantly (P < 0.05) increased capitula number/plant, capitula diameter (size),
and seed number/capitulum, and 1000-seed weight of safflower respectively, compared to
control plants in the current study. This was partly attributed to the increase in primary branch
number/plant, leaf area, chlorophyll content, and plant dry matter induced by N and P fertilizer
application. Positive correlations between vegetative growth variables with yield components
of safflower have been reported which may be driven by the source-sink relationship (Sirel &
Aytac, 2016; Emongor et al., 2017b; Moatshe, 2019; 2020; Chehade et al., 2021; Kog, 2021).
Sirel & Aytac (2016), Moatshe (2019) and Chehade et al. (2021) reported positive correlations
between vegetative variables (plant height, primary branch number/plant, plant dry matter) and
yield components (capitula number/plant, capitula size, seed number/capitulum, and 1000-seed
weight) in the range of r = 0.5-0.85, 0.76-0.96 and 0.57-0.89, respectively. The increase in
capitula number/plant, capitula diameter, seed diameter, and 1000-seed weight induced by both
N and P fertilizer application could be attributed to the role of N and P in the physiological
stimulation of meristematic regions of actively growing plant parts (Salisbury & Ross, 1996)
such as young leaves and flower buds, followed by translocation of assimilates to plant
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reproductive parts (Malhotra et al., 2018). In safflower, the translocation and storage of pre-
anthesis (vegetative phase of growth) assimilates into the seed is a crucial physiological process
during the development of reproductive structures such as capitula and seeds (Koutroubas et
al., 2004; Koutroubas & Papakosta, 2010). Sreekanth et al. (2021) reported that application of
50 N + 60 P kg/ha produced a maximum number of capitula/plant (24.5/plant) and the number
of seeds/capitulum (29.53) of safflower plants. The increase in capitula number/plant and seed
number/capitulum was attributed to better growth of safflower plants due to the availability of
N and P which promoted photosynthesis leading to more photo-assimilates produced and
translocated to the formation and development of capitula and seed (Sreekanth et al., 2021).
Haliloglu & Beyyavas (2019) in Turkey reported that application of 50, 100, and 150 kg N/ha
to safflower plants significantly increased capitula number/plant, the number of
seeds/capitulum, and 1000-seed weight with an application of 100 and 150 kg N/ha giving the
highest capitula number/plant, number of seeds/capitulum and 1000-seed weight, respectively.
Whereas in Brazil, Santos et al. (2018) reported that application of 50, 100, 150, 200, 250, 300,
350, and 400 kg N/ha to safflower significantly increased capitula number/plant but N had no
significant effect on 100-seed weight. Application of N above 400 kg/ha significantly
decreased yield components (capitulum number/plant and 100-seed weight) due to N toxicity
(Santos et al., 2018). While Sampaio et al. (2016) in Brazil reported that application of 0 N +
OP,8N+10P, 16 N+20P,24 N+ 30 P, and 32 N + 40 P kg/ha to safflower plants had no
effect on capitula number/plant and 1000-seed weight. The lack of response of safflower plants
to fertilizer applied by Sampaio et al. (2016) could be due to the low nutrient application rate
compared to the results of Santos et al. (2018) still in Brazil. Mazhani (2017) reported a
significant increase in capitula number/plant with an application of 75 N + 50 P kg/ha in
Botswana. However, N application at 75 kg/ha increased safflower capitulum diameter and

100-seed weight but had no significant effect on seed number/capitulum (Mazhani, 2017).
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From literature, there is significant variation in the recommended amount of N and P to be
applied for optimum safflower production which could be attributed to differences in soil types,
climatic conditions, genotypes, and agronomic practices (irrigated or rainfed) (Siddiqui & Oad,
2006; Abbadi & Gerendas, 2008; Mirzakhani et al., 2009; Golzarfar et al., 2012; Abd EI-

Mohsen & Mahmound, 2013; Emongor & Oagile, 2017; Santos et al., 2018).

Nitrogen and P are essential elements needed for photosynthesis and plant reproductive growth
such as flower formation and grain (seed) filling (Mengel & Kirkby; 2001; Marschner, 2005;
Malhotra et al., 2018). Phosphorus is reported to be portioned to the plant's fruiting zones,
where significant energy requirements are necessary for successful safflower capitula
formation (Marschner, 2005; Malhotra et al., 2018). Phosphorus is transported from the source
(leaves) to the sink (heads) via translocation (Marschner, 2005; Malhotra et al., 2018). The
larger increased leaf area and chlorophyll content induced by N and P application in the current
study provided a greater leaf surface area, rate of photosynthesis, and photosynthetic efficiency
resulting in the production of more photo-assimilates and dry matter accumulation leading to
high capitula number/plant, seed number/capitulum and 1000-seed weight. Nitrogen is reported
in literature to be an important nutrient for crop production because of its promoting effects on
dry matter production via its influence on leaf area development, maintenance, and
photosynthetic efficiency (Kirby & Mengel, 2001, Marschner, 2005; Attiaetal., 2011). Several
reports in literature indicate that N is one of the most affective factors in increased vegetative
growth, yield, yield components, and grain filling of safflower (Ahmed et al., 1985; Steer &
Harrriggen, 1986; Sary et al., 1987; Ezz El-Din, 1989; Koutroubas et al., 2004; Massignam et
al. 2009; Koutroubas & Papakosta, 2010; Attia et al., 2011; Santos et al., 2018; Sreekanth et
al., 2021). According to Borras et al. (2004), a shortage of assimilate supply results in a

significant decrease in grain filling time and grain weight.
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However, in winter the effects of N and P on safflower yield components in the current study
were negatively affected by the extremely low temperatures of -6.3-4.2°C which occurred on
two different days in July and August 2021. Abiotic stresses such as drought and low
temperature reduce water uptake of plants, water use efficiency, leaf area, leaf chlorophyll
content, photosynthesis, plant biomass, and seed yield (Hajihashemi et al., 2018; Wassan et al.,

2021; Marang et al., 2022; Zhang et al., 2022).

5.4 Effects of N and P application on seed yield and oil content

In the current study, the application of N and P fertilizers to safflower plants significantly (P <
0.05) interacted to increase seed yield. Application of 40 N + 50 P kg/ha significantly produced
the highest safflower seed yield of 1356 and 3528 kg/ha in summer and winter, respectively.
Nitrogen and P increased safflower seed yield because these macronutrients increased
vegetative growth (plant height, first branching height, primary branch number/plant, leaf area
and chlorophyll content, and dry matter) and yield components (capitula number/plant, capitula
diameter, seed number/capitulum, and 1000-seed weight) of safflower. Nitrogen and P are
macronutrients that are required in larger quantities for the completion of the plant’s life cycle
including safflower (Mengel & Kirkby, 2001; Marschner, 2005). Nitrogen and P affect the
growth, development, yield, and quality of crops (Marschner, 2005; Sanchez, 2007; Eckert,
2010). Nitrogen and P are major components of many essential plant organic compounds such
as chlorophyll and coenzymes (DNA and RNA) (Green et al., 1995; Raven et al., 1999; Heidari
& Mohammad, 2012), nucleic acids (DNA and RNA), amino acids, alkaloids, and some plant
hormones, and energy transfer compounds such as ATP (adenosine triphosphate) which allows
cells to conserve and use the energy released in metabolism (Green et al., 1990; Mengel and
Kirkby, 2001; Havlin et al., 2005; Marschner, 2005; Terrence; 2009). Phosphorus (P) is an
essential part of phospholipids which are important in cellular membrane structure (Marschner,

2005; Sanchez, 2007). Phosphorus is an essential component of adenosine triphosphate (ATP)
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(Mengel and Kirkby, 2001; Marschner, 2005; Havlin et al., 2005), synthesized through
respiration and photosynthesis, it contains a high energy phosphate group that drives most
energy-requiring biochemical processes (Marschner, 2005). For example, nutrient uptake and
transport within the plant, as well as their assimilation into various biomolecules, are energy-
intensive plant processes that necessitate the use of ATP. Adequate P nutrition enhances many
aspects of plant physiology, including the fundamental processes of photosynthesis, nitrogen
fixation, flowering, fruiting (including grain filling and seed production), and maturation
(Raven et al., 1999; Marschner, 2005; Akanbi et al., 2010). Phosphorus promotes the growth
and development of lateral roots and rootlets (Brady &Weil, 1996; Mengel & Kirkby, 2001;
Marschner, 2005; Akanbi et al., 2010). A good supply of N and P stimulates root growth and
development, the uptake of other nutrients, and encourages vegetative growth, giving leaves a
deep green colour (Marschner, 2005; Heidari & Mohammad, 2012). Because plants require
very large quantities of N, an extensive rooting system is essential to allow unrestricted uptake.
The above physiological roles of N and P in plants explain why the yield of safflower was

increased by N and P fertilizer application.

Sreekanth et al. (2021) reported that the application of 50 N + 60 P kg/ha to safflower plants
significantly produced the highest seed and biological yield compared to other treatments. They
attributed the high seed yield of safflower induced by N + P application to increased
capitulum/plant and increased N and P mining capacity of the safflower plants due to better
root development and increased translocation of photo-assimilates from the source to
meristems in plots applied with N and P fertilizer, which resulted in high seed yield (Sreekanth
etal., 2021). The increase in safflower seed yield due to N + P application was attributed to the
role of N and P in promoting cell division and elongation, vigorous root system development
for effective absorption of applied nutrients, and chlorophyll synthesis. The increase in

biological yield due to the application of 50 N + 60 P kg/ha was explained by the increase in
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plant height, and the number of branches/plants from the application of N and P fertilizers.
Safflower plants applied with 90, 120, and 150 kg N/ha produced seed yields of 1364, 1587,
and 1762 kg/ha, respectively, but control plants produced a seed yield of 1074 kg (Al-Zubaidy
& Al-Mohammad, 2021). While Santos et al. (2018) in Brazil reported that N fertilizer
application at 50, 100, 150, 200, 250, 300, 350, and 400 kg/ha significantly increased safflower
seed yields under irrigated and rainfed conditions. However, optimum safflower seed yield of
4216 and 2048 kg/ha was obtained by application of 200 kg N/ha under irrigated and rainfed
conditions, respectively (Santos et al., 2018). Golzarfar et al. (2012) reported comparable
results, when they found that safflower plants applied with 22 and 44 kg P kg/ha produced
2,392 and 2,642 kg/ha of seed, respectively, compared to control plants that produced 1936
kg/ha. Application of 150 kg N/ha to safflower plants produced a maximum seed yield of 3228
kg/ha (Golzarfar et al., 2012). An increase in safflower seed yield due to N and P fertilizer
application has been reported in literature (Dordas & Sioulas, 2008; Singh et al., 2013; Sandhya
Rani et al., 2014; Mazhani, 2017; Nathan et al., 2017, Haliloglu & Beyyavas, 2019; Sofy et al.,

2020).

The difference in safflower seed yield between summer and winter was attributed to differences
in days to physiological maturity. In summer and winter, the safflower crop took 103 and 169
days after emergence, respectively to physiological maturity. The longer growth period in
winter resulted in more vegetative growth, dry matter accumulation, and yield components of
safflower than in summer (Emongor et al., 2013; Emongor et al., 2017; Moatshe, 2019;
Moatshe et al., 2020). The longer growth period in winter than summer was attributed to low
air temperatures, especially at night. Similar results have been reported in literature (Emongor
et al., 2013; Hassan et al., 2015; Tahmasebpou et al., 2016; Emongor et al., 2017; Moatshe,
2019; Moatshe et al., 2020). Emongor et al. (2013) in Botswana reported that the safflower

genotype ‘Kiama’ took 106 and 142 days after sowing to physiological maturity in summer
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and winter, respectively. While Moatshe (2019) also in Botswana reported that safflower took

100-116 and 135-147 days after sowing depending on genotype and plant density.

The results of the current study on seed yield in both summer and winter were low compared
to the average yields of 2000-3600 and 4000-5600 kg/ha in summer and winter, respectively
(Emongor et al., 2013; Oarabile, 2017; Moatshe et al., 2016; Emongor et al., 2017; Moatshe,
2019). The low yields in summer were explained by heavy rainfall which occurred during
flowering and physiological maturity. Waterlogging adversely affects safflower flowering and
capitulum set which is a dryland plant (Kolte, 1985; Dajue & Mindel, 1996; Emongor, 2010).
Pollination and seed set are negatively affected by prolonged rainfall during seed set, resulting
in a considerable loss in seed yield (Mindel et al., 1992; Dajue & Miindel, 1996). Prior to
harvesting, heavy rains opened the capitula in the current study causing most of the seeds to be
damaged or destroyed, hence leading to decreased seed yield. During the winter study, the seed
yield was reduced due to frost which occurred at the end of the elongation phase of growth,
however plants recovered from the low-temperature stress. Low-temperature stress below -2°C
at the flowering stage significantly reduces safflower seed yield (Emongor, 2010; Emongor &
Oagile, 2017; Grains Research and Development Corporation [GRDC], 2017; Bergman &

Kandel, 2019).

The most essential economic trait of safflower is its oil content because for commercial
production, knowing the seed oil content is crucial and it determines the success of safflower
production (Dajue & Mundel, 1996; Bassil & Kaffka, 2002; Singh & Nimbkar, 2006; Emongor
et al., 2017). For commercial production of safflower oil for food, pharmaceutical, and other
industrial purposes the minimum seed oil content should be 28% (Dajue & Miindel, 1996;
Bassil & Kaffka, 2002; Singh & Nimbkar, 2006; Emongor, 2010; Singh & Singh, 2013;
Emongor et al., 2017). In the current study application of 40 and 25 kg/ha of N and P,
significantly increased safflower oil seed content in summer. Safflower plants applied with 40

95



and 25 kg/ha of N and P, produced seed oil contents of 43.9 and 46.1%, respectively in summer.
While in winter the highest seed oil content of 71.8% was produced by safflower plants applied
with 0 N + 25 P kg/ha. The increase in seed oil content of safflower with the application of N
and P fertilizers was attributed to the increase in vegetative growth, dry matter accumulation,
yield components, and uptake of N and P of safflower as induced by N and P application in the
current study. Nitrogen and P caused a favourable effect on plant growth and development of
safflower due to proper partitioning of the photosynthates from source to sink resulting in high
seed yield and oil content. The oil content increased successively with an increase in P
application because it is a constituent of phospholipid and is essential for the biosynthesis of
oil (Salisbury & Ross, 1996; Marschner, 2005; Bates et al., 2013; Kong et al., 2020). Plants
biosynthesize and store fatty acids mostly as triacylglycerol (TAG) in their seeds to support
seedling development as a carbon and energy resource (Kong et al., 2020). The biosynthesis of
TAG requires P since it’s a constituent of the molecule and plays an important role in
carbohydrate metabolism (Salisbury & Ross, 1996; Marschner, 2005; Bates et al., 2013; Kong
et al., 2020). TAG (often familiar to many people as vegetable oils) is a highly energy-rich
natural resource, as it has higher energy compared to carbohydrates and proteins (Kong et al.,
2020). Sofy et al. (2020) in Iraq reported that safflower plants applied with 50 and 100 kg
P.Os/ha significantly produced seed with a high oil content of 30.0 and 32.6%, respectively,
but control plants produced seed oil content of 28.7%. Mazhani (2017) in Botswana, reported
that application of N and P significantly increased safflower seed oil content, with a maximum
seed oil content of 49.1% obtained by application of 100 N + 50 P kg/ha while control plants
produced seed oil content of 21.9%. Singh & Singh (2013) reported that safflower plants
applied with N at 40-80 kg/ha and P at 40-80 kg/ha increased safflower seed oil content
compared to control plants. Safflower plants applied with N (40-80 kg/ha) and P (40-80 kg/ha)

produced seed oil content of 33.3-33.5 and 33.8-34.0%, respectively, but control plants
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produced seed oil content of 31.9-32.4% (Singh & Singh, 2013). While Arani et al. (2011)
reported that safflower plants applied with 50, 75, and 100 kg P/ha produced seed with
significantly higher oil content by 2.1, 3.8, and 4.6%, respectively, than seed oil content from
control plants. EI-Nakhlawy (1991) reported that application of 46 N + 46 P, 92 N + 46 P,
and138 N + 46 P kg/ha decreased the oil content by 2.8%, 3.3% and 4.9%, respectively,
compared to the control plants. Golzarfar et al., (2011) reported that application of 75 N + 50
P, 75N+ 100 P, 150 N + 50 P, and 150 N + 100 P kg/ha to safflower plants had no significant

effect on the seed oil content.

5.5 Effect of N and P application on the N and P leaf content

Nitrogen and P are important components of the basic cell structure of plants. Plant
photosynthesis, growth, reproduction, and eco-physiological activities are heavily influenced
by leaf N and P concentrations and their stoichiometric relationship. Leaf N and P
concentrations, as significant functional features, play critical roles in revealing plant nutrient-
use strategies and their evolution in terrestrial environments. They also have an impact on
physiological and ecological processes in leaves as well as productivity at the ecosystem level
(He et al., 2014). In the current study, the safflower leaf N content was higher than the leaf P
content. This suggests that P was more limited than N or it could also mean that P was used in
other plant processes. The higher leaf N may be due to limited plant N fixation (Aerts &
Chapin, 1999) and limited N losses as dissolved organic N (Perakis & Hedin, 2002) or as
gaseous N (McCalley & Sparks, 2009), whereas the lower P may be due to soil fixation due to
the experimental site's low soil pH. Lower tissue nutrition content may also be related to high
nutrient utilization efficiency. Phosphorus is notorious for being the most limiting nutrient in
the soils of Botswana. Nitrogen and P application, as suggested by Emongor et al. (2012),

enhances nutrient uptake and partitioning within the plant, hence the increased leaf N and P
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contents. This could be an explanation for the increased leaf N and P contents of the safflower

leaves during the winter experiment.

5.6 Nutrient use efficiency

5.6.1 Effect of N and P application on nitrogen use efficiency

The total N (NO3z™ and NH4" ions) absorbed in relation to the total N available in the soil is
defined as the uptake efficiency (Moll et al., 1982; Gerloff & Gabelman, 1983; Baligar et al.,
1990). Safflower plants were more efficient in N uptake with low N input but in the presence
of P. Increasing N application above 40 kg/ha in the presence of P significantly (P < 0.05)
decreased NUpE in summer and winter. Safflower plants were efficient in the uptake of N at
the interaction of 40 N + 75 P kg/ha and 40 N + 25 P kg/ha which resulted in maximum N
uptake of 12.43 and 10.2 mg in summer and winter, respectively. The efficient uptake of N by
safflower plants at a low N (40 kg/ha) application rate in the current study, implies that the
plants were able to adapt to reduced nutritional status by increasing their physiological ability
to acquire the limiting nutrients. Plants thriving in nutrient-limited soils have evolved structural
traits and nutrient-absorbing mechanisms that enable them to grow (Morgan & Connolly,
2013). A change in root structure, which may increase the overall surface area of the root to
improve nutrient acquisition or increase the extension of the root system to access new nutrient
sources, is one of the most common responses to nutrient-limited soils (Morgan & Connolly,
2013). Singh & Singh (2013) reported that N uptake by safflower plants was highest at 80 kg
N/ha. The results of the current study confirm the findings of Abbadi (2007) and Koutroubas
et al. (2020). Abbadi (2009) reported that safflower plants were more efficient in NUpE at
lower N supplies compared to sunflowers. Koutroubas et al. (2020) reported that increasing N
(69, 138, 276 kg/ha) application above 69 kg/ha in sunflower significantly decreased NUpE.
The differences between the maximum NUpE obtained at different N rates in the study of Singh

& Singh (2013) and the current study may be due to other external factors such as soil type and
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pH, agronomic practices, and climatic conditions (Tao et al., 2018). Soil pH affects nutrient
availability for example in acidic soils, the levels of Al, Mn, Fe, and H* are usually phyto-toxic
resulting in a deficiency of N, P, K, and Ca that support good plant growth (Baligar & Fageria,
1997; Mengel & Kirkby, 2001; Marschner, 2005). The reduced NUpE at higher N rates may
be because of excess salt (salinity) accumulation affecting N uptake and reduced permeability
of the roots, subsequently decreasing nutrient uptake (Frota & Tucker, 1978; Mengel & Kirkby,
2001; Silveira et al., 2001; Marschner, 2005; Debouba et al., 2006). Salinity is a major factor
responsible for low N availability (Debouba et al. 2006), because nitrate reductase activity in
leaves is reliant on nitrate flux from roots, and is significantly affected by osmotic shock caused
by NaCl (Silveira et al. 2001; Mokhele et al., 2012). Phosphorus application in the current
study improved the NUpE of safflower plants. Nitrogen and P interactions are known for their
synergistic interactions (Chapin & Shaver, 1989; Mengel & Kirkby, 2001; Aulakh & Malhi,

2005; Marschner).

The most significant obstacle in modern agriculture is maintaining and improving crop yields
while lowering production expenses. One method would be to improve nutrient utilization
efficiency. Nitrogen utilization efficiency (NUtE) is the effective remobilization and
translocation of N from vegetative parts of the plant to developing tissues representing strong
sinks for N during the seed-filling period which is predominantly present as protein (Masclaux-
Daubresse et al., 2010). Because inorganic fertilizers are costly, a crop that will make greater
use of fertilizer at a lower application rate will be ideal for a farmer. In the current study
safflower plants applied with 120 N + 75 P and 40 N + 50 P kg/ha had significantly the highest
NULE of 116.1 and 187.3 kg/ha in summer and winter, respectively. In summer, increasing N
application increased NUtE of safflower plants, though it was low compared to winter grown
safflower. The high NUtE in both summer and winter due to N and P application is partly

attributed to the high dry matter accumulation by the safflower plants. Nitrogen is a constituent
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of amino acids, which are required for the synthesis of proteins and other related compounds,
and it plays many roles in almost all plant metabolic processes hence explaining the high NUtE
of safflower plants applied with N fertilizers (Tucker, 1999; Marschner, 2005; Mokhele et al.,
2012). The results of the current study in summer disagree with those of Abbadi (2007), who
found that safflower was more efficient in utilizing N at low N rates than at optimal rates.
However, in winter, the results of the current study agreed with those of Abbadi (2007). The
differences in the NUtE may be attributed to the different soil textures that the trials were
carried out in summer (sandy clay loam) and winter (sandy loam). Soils with clay are known
to hold nutrients whilst those predominant in the sand are prone to nutrient loss through
leaching (Mengel & Kirkby, 2001; Marschner, 2005). This partly explains why at low N input
in winter, safflower plants were able to perform better than low N in summer in the current
study. High NUtE in summer due to high N input was due to the ability of the soil to hold N.
This implies that soil texture plays an important role when it comes to the nutrient efficiency
of a plant. The presence of P increased safflower's ability to utilize N which again, symbolizes
the importance of both N and P application to the safflower plants hence proving the synergistic

interactions of N and P.

The two basic components of NUE are NUpE and NUtE. In theory, NUE can be improved by
enhancing either NUpE, NUtE, or both (Ranjan et al., 2019). Food production through
minimum use of inorganic fertilizer to reduce their footprints in the environment is integral in
today's world, hence improving the NUE of cropping systems is needed (Ranjan & Yadav,
2019). In the current study, the NUE of the safflower plant decreased as the rate of N
application increased in both summer and winter. Application of 40 N +50 P kg/ha to safflower
plants in summer and winter resulted in significantly the highest NUE of 1.02 and 1.91 kg,
respectively. The decrease in NUE with an increase in N above 40 kg/ha was attributed to

elevated N. A negative correlation between the amount of applied N and NUE has been well
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established in several crops (Barbieri et al., 2008; Fageria, 2014; Koutroubas et al., 2014;
2020). The results of the current study agree with those of Shahrokhnia & Sepaskhah (2016)
who found high NUE of safflower at low N rates of 46 kg/ha. Soleymanifard et al. (2022) also
obtained a high NUE of safflower when N was applied at 50 % compared to 100%. Nitrogen
use efficiency was high in lower nitrogen rates in wheat and decreased with increased N

application (Sepaskhah & Hosseini, 2008; Faraj, 2011; Mehrabi & Sepaskhah, 2018).

The application of P resulted in the improvement of the NUE compared to when N was applied
alone in the current study. The N and P synergistic interactions are not only important for
improved yield but also for enhanced nutrient use efficiency. The high NUE at low N input
implies that the safflower plant does not require a large N input to produce a substantial quantity
and quality of seed yield and oil content. The results of the current study suggest that safflower
is an economic plant that can benefit farmers as it will lessen their economic burden due to the
low N requirement to produce optimum seed yield and oil content and reduce the N footprint

in the environment.

5.6.2 Effect of N and P application on phosphorus use efficiency

Phosphorus is an essential element required by the plant for increased productivity. The
application of P fertilizer is important and effective concerning yield formation in safflower
(Mindel et al., 1997; Abbadi & Gerendas, 2011; 2015). In the current study, the application of
N and P fertilizers increased PUpE. In both summer and winter application of 40 N + 25 P
kg/ha significantly increased PUpE by 7.0 and 34.9 mg, respectively. Application of P above
25 kg/ha decreased PUpE in the current study. Safflower plants were able to absorb more P at
low rates of P. The ability of the safflower plants to efficiently absorb the given P fertilizer at
the lowest P rates in the current study could be attributed to the plant's adaptability to
inadequate soil nutrients. The safflower plants may also have been able to establish long and
lateral roots, as P is known for its role in root development, which improved the surface area
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for nutrient absorption and thus improved the uptake efficiency. The decreased uptake
efficiency in both summer and winter at high P rates by the safflower plant could be attributed
to the unavailability of P due to acidic soils as P is deficient in acidic soils (Mengel & Kirby,
2001; Marschner, 2005). The addition of N fertilizer substantially improved P uptake, but as N
rates increased and P increased, a decrease in PUpPE was observed. The increased uptake
efficiency of P at low P fertilizer rates suggests that it can reduce the economic burden of inputs
on a farmer whilst improving yield. Abbadi (2007) and Abbadi & Gerendéas (2015) reported
that PUpE (Moll et al., 1982) in safflower was much less at low P supplies. Safflower had much
less P concentration compared to sunflower at low P supplies but outyielded that of sunflower
at their best levels because safflower accumulated less dry matter than sunflower (Abbadi and

Abbadi & Gerendas, 2015).

After uptake, the plant must be able to use the accumulated nutrients. In the current study,
safflower plants applied with 80 N + 75 P and O N + 75 P kg/ha had significantly the highest
PUtE of 0.12 and 0.7 mg in winter and summer, respectively. The maximum rate of application
of P fertilizer in both summer and winter enhanced the safflower plant's PUtE. Safflower was
able to produce more dry matter by using more of the accumulated P. The high PUtE of
safflower at higher rates of P indicated a high P requirement at optimal growth. The results of
the current study agree with those of Abbadi & Gerendas (2015) who found that safflower
required higher rates of P for optimal growth compared to sunflower. Plants with low
utilization efficiency were unable to produce sufficient dry matter. The addition of N improved

the utilization of P of safflower in winter, when N was increased, P was better utilized.

In agricultural cropping systems, phosphorus is one of the most limited nutrients. (Roberts &
Johnston, 2015; Guignard et al., 2017; Khan et al., 2018). Phosphorus deficiencies are
estimated in nearly 67% of world land designated for crop production (Dhillon et al., 2017).
Also, PUE for cereal production in the world is too low, varying between 15 and 30% (Dhillon
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et al., 2017). Given the importance of P fertilizers in agricultural productivity and their
association with population growth, PUE should be enhanced, particularly given the non-
renewable nature of P-reserves (Dhillon et al., 2017). In the current study, safflower plants
applied with 120 N + 75 P and 40 N + 25 P kg/ha had the highest PUE of 26.7 and 6.68 in
summer and winter, respectively. This indicated that for safflower to produce a high yield,
more and less P fertilizer was required in summer and winter. The high demand for P for a
significant output in summer may be costly for a farmer unlike in winter when costs may be
substantially decreased. The addition of N, on the other hand, improved the safflower plant's P
use efficiency. This could be because the presence of N aids in the uptake of P and, ultimately,
the usage of P, as Emongor et al. (2012) argued. As a result, when P was applied alone,
safflower plants were not efficient users of applied P Abbadi & Gerendas (2015) reported that
safflower’s agronomic P requirement was much higher than that of sunflower at their respective
best P supplies, which indicated high P requirement in safflower compared to sunflower at
optimal growth. Unlike that of safflower, the requirement of sunflower to produce the same
amount of achene decreased with decreasing P supply indicating that sunflower was more
efficient in utilizing external P than safflower at suboptimal, best, and high P supplies to

express achene yield (Abbadi & Gerendas, 2015).
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The results of the current study showed that nitrogen and phosphorus application increased
vegetative growth, yield components, seed yield, and oil content of safflower. Maximum
capitula number/plant, capitula diameter, seed number/capitulum, and 1000-seed weight were
produced by safflower plants applied with 40 N + 50 P and 40 N + 25 P kg/ha. Application of
40 N + 50 P and 80 N + 75 P kg/ha to safflower plants significantly increased the seed yield in
both summer and winter, respectively. Application of 120 kg N/ha and 25 kg P/haand O N +
25 P kg/ha significantly increased safflower seed oil content in summer and in winter,
respectively. The results revealed that winter grown safflower produced seed with high oil

content (71.8%) than summer grown safflower (43.9% and 46.1%).

6.2 Recommendations

From the results based on the performance of safflower as N and P influenced vegetative, yield
components, seed yield, and seed oil content it was concluded that application of 40 N + 50 P
kg/ha was recommended to maximize safflower production. However, it was also
recommended that this study be repeated in Southern Botswana for confirmation of the current
results. Also, fertilizer trials be done in other parts of the country where farmers are currently

growing safflower.
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APPENDIX

Appendix 1: Rainfall data (mm) for the first trial (2020-2021)

Day NOV DEC JAN FEB

1 18 3.5 19.9

10

11

12

13

14

15

135



16

17

2.7

18

19

20

21

22

20

23

13

24

25

26

13

27

17

27

28

29

30

31

Total

18

35.5

52.6

156

136




Appendix 2: Rainfall data (mm) for the second trial (2021)

Day Apr Sep Oct Nov

6 4.4 13.9

7 15.8

10

11

12

13

14

15

16

137



17

18

19

20

19

21

22

23

24

25

26

27

28

29

30

Total

4.4

29.7

19

138




Appendix 3. Temperature data (°C) for the second trial (winter 2021)

Month April May June July August September October November
Day Max | Min | Max | Min | Max | Min | Max | Min | Max Min | Max Min Max | Min Max Min
1 341 | 146|238 |85 |206 |51 |26 |65 |237 1 31.6 5.2 24.1 | 17 37.1 17.1
2 322 |138(215 (143|214 |1 25.7 128 |26.8 23 (294 13.9 28.7 | 136 |34.2 17.2
3 341 | 149|228 |89 |21.3|53 |269 |19 |237 7.1 1329 13.2 293 | 111 |36.1

4 30.2 | 156241 |78 |19.7 |63 |[279 |2 24.7 73 |31 13.1 285 |84 37.1 18.1
5 325 113126173 |185|18 |[259 |3 25.3 35 1303 18.5 27.2 | 153 | 3738 22
6 30.1 |155|26.7 |85 |19 |33 |183 |81 |28 4.7 |305 17.5 31.7 | 168 |375 214
7 259 |16.6 265123191 |6.3 |216 |51 |288 51 |29 12.3 28.1 | 179 |36.6 21.3
8 28.9 26 [12.7(19.1 |58 |223|39 |28 11 | 20.6 16.9 1 1 25.3 20.7
9 316 | 132247 |6 193195 |24 |43 | 294 8.7 |26.6 10.9 338 | 17.7 |32 14.5
10 31.7 | 13325563 |22 |71 |241|23 |252 7.7 |26 13.6 323 | 132 | 315 15.7
11 316 | 1441267 |54 |233 |4 232 |18 | 245 12.1 | 271 10 23.4 |15 18.5
12 233 [151 (28 |64 |251 |32 |257 |41 |287 7.7 (274 8.9 29.3 |10.7

13 30 143271 |49 |26.2 |46 |16.7 7.2 |27.7 6.3 |29.9 5 334 | 11.2 |3838

14 322 106|278 |43 |253 |31 |16.2|-42|179 11.9 | 331 10.8 36.3 | 129 |38 20.4
15 326 | 156291 |61 |249 |24 |182 |12 |20.2 12.3 | 35.3 13.5 37.2 | 153 |375 20.7
16 332 | 158(26.2 |61 |245|37 |185|35 |238 7.7 (344 11.1 36.3 |17.6 |39.1 20.2
17 22 16.6 | 255 | 6.8 | 26.1 |3 18 |1 26 9.8 | 284 11.1 30 15.8 21
18 25 9 254 134 1259|133 2312 30.1 8.7 222 14.7 28.1 | 145 |36.7 20.2
19 217 | 7.7 275|192 |20.7 125|189 |34 |275 46 | 275 10.9 21.2 | 14.2 17.5
20 256 [9.7 254163 |2031|9 19.7 | -0.7 | 29.9 51 |34 15.2 26.1 | 11.7

21 25 84 1275|163 |204 |44 |229|-0.1]|284 12.8 | 315 15.1 28.2 | 14.2

22 264 |78 (25563 |199 |27 |174 -3 |304 15 |24 15.3 30.2 | 16.3

23 279 |9 238191 (23 |42 |165|-1.8]|26.1 149 | 27.4 9.4 35.2 | 15.2

24 299 (85 (181 |24 |245|34 178 |0 27.2 13.6 | 30.8 12.1 316 | 15.8
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25 31 87 (231 |57 |262|31 |1/76 |16 |27/.1 14 | 33.9 13.2 28.5 | 16.3
26 302 |6 233 |36 26931 |18.1 |-0.8|26.8 12.8 | 34.6 14.3 29.2 | 17.6
27 314 |68 |25 |38 [263 |31 |198 |17 |328 15 | 329 16.4 28.7 | 18.6
28 306 |85 |26 |4 28.7 123 |[209 |-0.6 | 185 12.4 | 35.9 15.7 20.3 | 19.3
29 299 | 132|272 49 |288 |52 |242 |15 |212 -6.3 | 35.7 18.1 30.8 |17.3
30 22.7 | 15625 |23 |285|7.9 |23.7 |23 |24.2 5.5 |26.4 20.6 325 | 16.7
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