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Thesis Outline

This thesis is presented as a compilation of chapters. Chapters are prepared as manuscripts for scientific
publication; therefore, a certain amount of repetition is unavoidable. Some chapters are already published

articles. The thesis is structured as follows:

Chapter 1: This chapter provides a general introduction, problem statement, objectives, and the

significance of the study.

Chapter 2: This chapter provides a literature review on the importance of pearl millet, water use

efficiency, and morphophysiological plasticity of pearl millet in response to drought and heat stress.

Chapter 3: This chapter provides results on physiological and vegetative changes of Okashana 2 and

Kangara pearl millet in response to different irrigation regimes.

Chapter 4: This chapter provides results on the effects of water regimes on water use efficiency and

drought tolerance indices of pearl millet varieties in semi-arid Namibia.

Chapter 5: This chapter provides results on the effects of water regimes on the nutritional quality of

pearl millet grains cultivated in semi-arid conditions in Namibia.

Chapter 6: This chapter presents findings on the potential effects of climate change on the productivity
of pearl millet, using shared socioeconomic pathway (SSP) scenario tests under various projected future
climatic conditions.

Chapter 7: This chapter presents the synthesis and outcomes of the research as well as its implications

and Future Work.
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ABSTRACT

Pearl millet (Pennisetum glaucum (L.) R. Br.) is a C4 crop that is well adapted to semi-arid climates and is
a staple food in Namibia. However, declining yields due to climate variability and changes have raised
concerns regarding its sustainability and its ability to drive food security. In this study, the responses of
two local pearl millet cultivars, Kangara and Okashana 2, to different water regimes (100%, 75%, and 50%
crop evapotranspiration [ETc]) at the Mannheim Crop Research Station, Tsumeb, Namibia, during the
2023 and 2024 cropping seasons were investigated. A split-plot factorial design was employed to assess
morpho-physiological, yield, nutritional responses and water use efficiency (WUE) of pearl millet.
Additionally, the projected climatic conditions were used to estimate pearl millet yield and water
productivity under various climate change and planting date scenarios. Water stress significantly affected
plant height, leaf number, tillering, chlorophyll content, stomatal conductance, leaf temperature, panicle
traits, biomass, grain yield, and 1000-seed weight (p < 0.001). The 50% ETc regime significantly reduced
the growth and yield parameters, whereas the 75% ETc regime maintained acceptable productivity,
suggesting that it is an optimal irrigation strategy under water-limited conditions. Biomass yield (BY)
varied between 5.54 and 1.14 tons/ha in Season 1 and between 3.81 and 1.50 tons/ha in Season 2, while
grain yield (GY) ranged from 1.23 to 0.38 tons/ha in Season 1 and from 1.02 to 0.58 tons/ha in Season 2.
The highest yields were observed at 100% ETc, with a decline under increasing water stress. Okashana 2
exhibited a significantly higher harvest index under 50% ETc (p = 0.003), suggesting its ability to allocate
resources effectively under water stress. WUE for BY varied from 0.78 to 1.74 kg. ha/m3, whereas that of
GY ranged from 0.28 to 0.47 kg. ha/m3, with strong positive correlations between GY and BY (r = 0.88, p <
0.01), and between WUE-GY and GY (r = 0.80, p < 0.01). The nutritional composition was minimally
influenced by water stress. Although the moisture content remained unaffected in the first season,
significant differences were observed in the second season (p < 0.001), with the highest levels at 75% ETc
(6.63%) and the lowest at 50% ETc (2.10%). In the second season, the fat content varied significantly (p <
0.001), with the highest content at 50% ETc (4.99%) and the lowest at 100% ETc (2.11%). Several mineral
elements, including acid detergent fiber, calcium, potassium, magnesium, phosphorus, and iron (Fe), were

significantly affected by irrigation regimes (p < 0.05), with the highest Fe (76.61 mg/kg) recorded at 50%



ETc. Principal component analysis revealed distinct correlations under different water regimes,
highlighting the nutritional resilience of pearl millet.

To assess future climatic effects, the AquaCrop model was used under historical (1995-2014) and
projected (2020-2059) climate scenarios for two planting dates (15 December and 15 January). Future
projections indicate a decline in rainfall, rising temperatures, and higher reference evapotranspiration
(ETo). Water productivity is projected to decline by 22-35%, with dry yields decreasing from 0.94 to 0.81
tons per hectare in December and from 1.83 to 1.21 tons per hectare in January between 2020 and 2039.
The 15" of January is recommended as the planting date to maintain crop yield under future climate
conditions. These findings underscore the importance of optimising irrigation and planting strategies to
enhance pearl millet production and resilience under water-limited conditions. Therefore, this study
recommends adopting water-saving strategies such as deficit irrigation management to ensure the
sustainability and production of pearl millet, thereby promoting food security in water-scarce
environments. This study contributes to the scientific understanding of how water use and pearl millet
performance are affected by moisture levels. In addition, this study contributes to the development of

climate-resilient cropping systems suitable for dryland agriculture in Southern Africa.

Keywords: AquaCrop model, Agricultural water management, Climate change adaptation, Pearl millet,
Semi-arid Namibia, Water use efficiency, Water productivity



1 GENERALINTRODUCTION

1.1 Background

Climate change and population growth have significantly affected water availability worldwide,
particularly in regions with limited water resources. Water scarcity occurs when the available water
resources do not meet human or environmental demands (Lautze, 2014; UN-Water, 2024). This
phenomenon has become a significant concern in areas where rainfall is highly variable, leading to
competition among various water-using sectors. Moreover, climate change is projected to result in higher
temperatures and decreased precipitation in some regions, with varying impacts on water resources and
livelihoods (Maliva & Maliva, 2021), while in other regions, it will result in increased rainfall. The impacts
of climate change have been observed in sub-Saharan Africa (SSA), including reductions in crop yield

quality and quantity, with more significant impacts on smallholder farmers (Ayanlade et al., 2022).

Water scarcity poses a significant challenge to agricultural systems, particularly in SSA, where most rely
on rainfed agriculture. This issue arises because a substantial proportion of the received precipitation is
lost through surface runoff, deep percolation, and evaporation, leaving insufficient water available for
plant use (Soil Science Glossary Terms Committee, 2008; Rockstrom & Falkenmark, 2015). Although little
can be done to prevent the effects of climate change, adaptation and mitigation strategies can be
employed to mitigate these impacts, particularly concerning the limited water resources required for
global crop production, which is crucial for maintaining the food supply chain for humans and healthy
ecosystems. Effective irrigation water management strategies are necessary to counteract the effects of
limited rainfall and to enhance the productivity of various agroecosystems. Without proper water
management practices, allocations between sectors may conflict. To address the water scarcity crisis,
researchers and governments of various nations have invested substantial resources in investigating ways
to ensure proper water allocation, thereby reducing the impact of water scarcity while maintaining food
security in water-scarce environments. Comprehending and quantifying water demand and usage across
sectors in these areas is crucial for effective water resource management. Cultivating drought-tolerant
and resilient crop species, such as pearl millet, in drought-prone areas under climate change conditions

constitutes a potential mitigation strategy (Raut et al., 2023).



Pearl millet (Pennisetum glaucum (L.) R. Br.) is one of the staple foods in most sub-Saharan African (SSA)
countries (Upadhyaya et al., 2007; Pattanashetti et al., 2016; Zhang et al., 2021). Pearl millet offers several
health benefits, including a higher energy and fibre content than sorghum (Nambiar et al., 2011).
Additionally, it is higher in protein, has the potential to act as a probiotic when fermented, possesses
antioxidant, anti-aging, and anti-carcinogenic properties, and prevents non-communicable diseases (Dias-
Martins et al., 2018; Kaur et al.,, 2021; Rotela et al., 2021). India, China, and Nigeria are the largest
producers of pearl millet globally, highlighting its significance (Khairwal et al., 2007; FAOSTAT, 2022). In
terms of cultivation in the southern region, it is primarily grown in Botswana, Namibia, South Africa,
Zambia, and Zimbabwe (Upadhyaya et al., 2007). Pearl millet employs various morphological and
physiological mechanisms to resist drought, including osmotic adjustment, stomatal regulation, and
developmental plasticity during tillering and root growth (Merga, 2020). Although the crop is drought-
tolerant, studies have shown that low moisture levels hamper its productivity (Azare et al., 2020).
Appropriate water management through irrigation can enhance pearl millet productivity even in areas

that undergo drought (Kumar & Kumar, 2021).

Water use efficiency (WUE) and irrigation water management practices are key metrics for evaluating
crop efficiency in terms of water utilisation, addressing future demands, and promoting water
conservation in agriculture (Yuan et al., 2021). WUE is critical for agricultural productivity, particularly in
semi-arid regions with limited water resources. WUE is defined as the ratio of biomass produced or yield
to the quantity of water utilised (Hatfield & Dold, 2019). Three levels determine crop water use efficiency:
leaf water use efficiency, whole-plant water use efficiency, and yield water use efficiency (Medrano et al.,
2015). In this study, WUE was assessed at the whole plant level. Research on WUE and productivity of
crops in semi-arid regions has garnered substantial attention in recent years owing to the increasing

impact of climate change on agricultural productivity.

Numerous studies have shown that water stress circumstances frequently result in higher crop water use
efficiency (WUE), even though the yield is reduced (Farooq et al., 2019). Adaptive management strategies

such as irrigation water management, soil management, intercropping, and appropriate cultivar selection
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can help increase WUE (Farooq et al., 2019). In assessing pearl millet WUE, previous studies assessed
these at the seedling stage, intercropping pearl millet with other crops, and the effect of planting density
(Shirzad et al., 2020; Bani Hani et al., 2022; Pilloni et al., 2022; Bana et al., 2023). Furthermore, previous
studies have shown that irrigation practices such as varying the amount of plants given to pearl millet can
significantly influence plant growth, development, and yield in different environments, and consequently
WUE (Farooq et al., 2019; Lira et al., 2020; El-Tigani, 2022; Yadav et al., 2022). These studies highlight that
the agro-physiological and morphological such as plant height, leaf numbers, stomatal conductance,
chlorophyll content and yield responses of crops to irrigation, can differ depending on variety and
environmental conditions. These studies were conducted in different environmental conditions, which
affect the generalization of findings, thus necessitating crop evaluation in different environments,

particularly local cultivars under specific location environments.

In Namibia, pearl millet, locally known as Mahangu, is primarily cultivated in northern regions and is a
staple crop of significant socioeconomic importance. Pearl millet is the primary staple food for over 50%
of the population (Namibian Agronomic Board, 2021). This suggests that this crop holds a significant value
for communities in the country. There are two primary indigenous varieties, namely Okashana 2 (SDMV
93032) and Kangara (SDMV 92040) (Ipinge, 1998), which are primarily cultivated under rainfed conditions
under the highly vulnerable to variations in the weather patterns. Despite its inherent resilience, pearl
millet productivity in Namibia is often hampered by suboptimal water management practices, poor soil
fertility, and limited access to modern agricultural inputs and technologies. Irrigation is required for
optimal pearl millet production (Ausiku et al., 2020). To alleviate food insecurity, sustainable agricultural
production must be ensured while minimising the use of irrigation water in water-stressed environments.

Namibia is a semi-arid country with an annual rainfall of 250 mm (Liu & Zhou, 2021).

Previous studies have shown that Namibia is not an exception, as climate projections indicate a similar
trend of higher temperatures accompanied by low rainfall (Dirkx et al., 2008; Davis & Vincent, 2017). The
rainfall distribution in this country is highly variable in space and time, with the northern part receiving

approximately 650 mm per year, and the southern part receiving approximately 50 mm per year.



According to Namibia Hydrological Services, approximately 83% of water is lost through evaporation, 14%
is lost through transpiration, 2% is absorbed into the river system, and only 1% is absorbed underground,
which is later abstracted for livelihood activities. Approximately 80% of the country's water supply is
derived from unevenly distributed groundwater, with some areas having high water volumes and others
having low water volumes. Additionally, this water availability does not guarantee good water quality for
human activities such as agriculture.

Given the importance of pearl millet in ensuring food security and supporting rural livelihoods in Namibia,
it is imperative to understand its productivity and sustainability, and devise strategies to optimise its
production under changing climatic conditions. By assessing pearl millet WUE, this study intends to inform
and thus enable actions to maximise yield with minimum water input, which can be achieved by regulating
the amount of water administered to crops. This is particularly pertinent in Namibia, where frequent
droughts and unpredictable rainfall substantially affect agricultural productivity. Understanding these
responses can help optimise irrigation practices to enhance crop performance and resilience under
varying water availability conditions. Therefore, this study aimed to assess the water-use efficiency and

productivity of pearl millet under semi-arid conditions in Namibia.

1.2 Problem Statement

Food security and environmental sustainability are pressing challenges in the 21st century, particularly in
water-scarce regions such as sub-Saharan Africa (SSA). In these areas, limited rainfall and high
temperatures constrain water availability, making efficient water use in agriculture essential for sustaining
crop production (Moroke et al., 2010). In Namibia, where semi-arid conditions dominate, rainfall is highly
variable and temperatures are frequently high, further limiting the water resources and crop productivity.
Agriculture accounts for nearly half of national water withdrawals (Ihemba & Esterhuyse, 2020), while
rural households depend heavily on pearl millet (Pennisetum glaucum L.Br), locally known as Mahangu,

which is one of the staple foods.

Despite its importance, pearl millet production remains highly variable because of erratic rainfall. For

example, only 111 tons were produced locally in 2015/2016, compared to 2000 tons in 2021/2022, with
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substantial imports required in both seasons (Namibia Agronomic Board, 2021,
https://www.nab.com.na/agronomy/grain-statistics/#1657790629327-608520af-da3f, accessed 30 June
2025). Simultaneously, Namibia’s population has grown by over 43% since 2011 (Namibia Statistics
Agency, 2023), intensifying the demand for food and water resources. Vision 2030 identifies food security
and sustainable resource use as national priorities (Dubbeling, 2016), underscoring the urgency of

improving crop productivity without compromising water sustainability in semi-arid regions.

However, research on how different irrigation regimes affect the growth, yield, nutritional quality, and
water-use efficiency of Namibia’s local pearl millet cultivars (Kangara and Okashana 2) remains limited. In
addition, little is known about how future climate scenarios may influence the water productivity of pearl
millet. Addressing these knowledge gaps is critical for developing climate-resilient strategies to enhance

pearl millet yields and secure food production under Namibia’s increasingly variable climatic conditions.

1.3 Research Objectives

1.4.1 General Objective
To assess the influence of irrigation regimes on water use efficiency and productivity of pearl millet

cultivars under semi-arid conditions in Namibia.

1.4.2 Specific Objectives

1. To analyse the effects of irrigation regimes (100%ETc, 75%ETc and 50%ETc) on the agro-
physiological (stomatal conductance and chlorophyll content) and morphological (plant height,
leaf area, tiller number, panicle length, and total biomass) responses of two pearl millet cultivars
(Kangara and Okashana 2) under semi-arid conditions of Namibia.

2. To evaluate the drought tolerance indices and water use efficiency of pearl millet varieties in the

semi-arid conditions of Namibia.



3. To determine the effect of irrigation regimes on the nutritional quality of Okashana 2 and Kangara
pearl millet.

4. To assess the potential effects of climate change on the water productivity of pearl millet using
Shared Socioeconomic Pathways (SSPs) scenario tests under different projected future climatic

conditions.

1.4 Hypotheses

1. lIrrigation regimes significantly influence the agro-physiological and morphological responses of
Kangara and Okashana 2 pearl millet cultivars under semi-arid conditions.

2. Drought tolerance indices and water use efficiency of pearl millet are significantly affected by
varying water regimes in the semi-arid environment of Namibia.

3. lIrrigation regimes have a significant effect on the nutritional quality of Okashana 2 and Kangara
pearl millet cultivars.

4. Projected future climate conditions based on Shared Socioeconomic Pathways (SSPs) scenarios

will significantly alter the water productivity of pearl millet in semi-arid Namibia.

1.5 Significance of the Study

In recent years, the effects of unpredictable climatic conditions exacerbated by climate change on crop
production and water scarcity have become a growing concern in semi-arid environments, including
Namibia. In these environments, farmers often experience highly variable yields as the majority rely on a
rainfed system to cultivate crops such as pearl millet. Understanding how different irrigation regimes
affect the water use efficiency (WUE) and productivity of pearl millet under semi-arid conditions of
Namibia is crucial. This study offers insights into cultivar-specific responses to irrigation regimes, thereby
enhancing our scientific understanding of drought-tolerant crops and informing strategies for adapting to
and mitigating the effects of climate change. The findings of this study will help farmers in semi-arid
regions, particularly Namibia, to optimise their irrigation practices, improve crop yields, and conserve

water, ultimately leading to more sustainable agricultural practices. Furthermore, the results of this study
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will inform policies aimed at achieving some of the Sustainable Development Goals (SDGs), including Zero
Hunger (SDG 2), Responsible Food Production and Consumption (SDG 12), and Climate Action (SDG 13).
Moreover, policymakers can use this study to inform the development of science-based policies that
support sustainable agriculture and water use for optimal pearl millet production in Namibia. It is in this
light that this thesis contributes both theoretically and practically to the ongoing discourse on sustainable
agriculture production in water-limited environments and the face of climate change by comprehensively

exploring water use efficiency in pearl millet production.

1.6 Justification of the Study

Given its adaptability and importance, pearl millet is well-suited for improving and promoting water use
efficiency (WUE) in Namibia, but there is little known about the crop’s performance, particularly the local
cultivars (Okashana 2 and Kangara) in real water-stress situations. This lack of knowledge on basic agro-
morphological and physiological, yield, and nutritional responses to water stress has limited the strategic
and practical options for addressing pearl millet productivity in Namibia. It is therefore important to assess
pearl millet water use efficiency and productivity, and nutritional security, without compromising the

future.

1.7 Limitations of the Study

This study was conducted under field conditions over a limited period, and the climatic conditions during
the experiment may not fully reflect long-term averages. A two-season approach (September to
December 2023 and January to April 2024) was employed to capture seasonal variability within a single
cropping year. However, financial and logistical constraints prevented seasonal replication of the
experiment. Despite these limitations, the study employed rigorous methodologies and comprehensive

data analyses to ensure the reliability and validity of the findings.
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2 THE IMPORTANCE AND MORPHO-PHYSIOLOGICAL PLASTICITY OF
PEARL MILLET UNDER DROUGHT AND HEAT STRESS: LITERATURE
REVIEW

2.1 Introduction

Pearl millet (Pennisetum glaucum [L.] R. Br.) is a hardy and drought-tolerant cereal crop cultivated for the
production of food, feed, and raw industrial materials in arid and semi-arid regions worldwide (Burgarella
etal., 2018). Globally, pearl millet is ranked as the sixth most widely cultivated cereal crop following maize
(Zea mays L.), wheat (Triticum aestivum L.), rice (Oryza sativa L.), barley (Hordeum vulgare L.), and
sorghum (Sorghum bicolor L.) (Satyavathi et al., 2021; FAOSTAT 2022). It is gluten-free and a rich source
of essential nutrients, such as folic acid (46 mg/100 g), iron (75 mg/kg), zinc (43 mg/kg), tannins, phenolic
acids, and flavonoids, with health benefits to humans in the fight against cancer, diabetes, and heart
diseases (Hassan et al., 2021). It has a higher energy content (363.0 kcal/100 g) and crude fiber content
(2.3/100g) than sorghum, which has 329.0 kcal/100 g and 2.0g/100 g of energy and crude fiber,
respectively (Ullah et al., 2017; Nambiar et al., 2011; Pujar et al., 2020). Pearl millet has a higher protein
content of 11.6 g/100 g (Pujar et al., 2020) and exhibits probiotic, antioxidant, anti-aging, and anti-
carcinogenic properties, which may help reduce the risk of non-communicable diseases (Dias-Martins et

al., 2018; Kaur et al., 2021; Rotela et al., 2021).

Pearl millet is widely produced under poor soil fertility, elevated temperatures, and highly variable rainfall
conditions in arid and semi-arid environments. This crop is extensively grown in countries such as India,
China, Mexico, and Russia (Moreta et al., 2015). It is also cultivated in Nigeria, Niger, Mali, Senegal, Burkina
Faso, Uganda, Zambia, Angola, Namibia, and Botswana. Drought (DS) and heat stress (HS) are significant
constraints on crop production and quality, despite its well-established adaptation to dry environments (
Khairwal et al., 2007; Faye et al., 2019; Ozturk et al., 2021; Kapoor et al., 2022). Therefore, agricultural
water management is critical in water-stressed environments. Coincident drought and high-temperature

events frequently affect plants at any stage of growth. DS and HS alter plant physiological functions and
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biochemical pathways, leading to crop failure and poor crop productivity (Ndlovu et al., 2021). DS and HS
(>40 °C) during the reproductive stage reduce pollen viability, which consequently decreases fertility and
grain yield (Halilou et al., 2020; Sharma et al., 2021; Bani Hani et al., 2022). Additionally, DS and HS at the
post-flowering stage significantly reduce the height and yield of pearl millet (Narasimhulu et al., 2023)
although the effects of DS and HS vary based on the variety, and growth stage (Dietz et al., 2021) and

some pearl millet genotypes can restore grain yield under drought stress (Ghatak et al., 2021).

DS and HS adaptations are categorised as avoidance, tolerance, escape, and recovery (Shrestha et al.,
2023). Pearl millet has morpho-physiological plasticity traits that help to sustain cellular metabolism,
water absorption, reduced evapotranspiration, and oxidative stress under both DS and HS conditions
(Serba et al., 2020). However, the morpho-physiological plasticity of crops requires a comprehensive
understanding to develop effective crop management practices, including the development of
supplemental irrigation schemes to improve water management for stable production under fluctuating
environmental conditions (Yadav et al., 2012; Reddy et al.,, 2013). Complementary climate-smart
strategies, such as irrigation water management, are necessary to enhance the production and
productivity of pearl millet in a changing climate. Effective agricultural strategies include the integration
of the cultivation of climate-resilient varieties and improved agronomic practices such as intercropping,
efficient water management, soil improvement technologies, and weed and pest management (Varshney

et al., 2017; Debieu et al., 2018; Ausiku et al., 2020; Huang et al., 2021).

2.2 Methodology

A systematic review was employed to aggregate and assess information from a set of studies using
standardised techniques, including structured search methods, critical appraisal, and synthesis of selected
information (Kitchenham, 2004). Searches were performed using electronic databases, including the Web
of Science, Scopus, ScienceDirect, PubMed, and Google Scholar. The search only included articles
published in English. Boolean operators (AND, OR) were used to refine the results, and truncation (*) was

applied when appropriate. Search terms included keywords such as semi-arid conditions, drought
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resistance mechanisms, pearl millet productivity, irrigation management schemes, stress avoidance,
stress tolerance, stress escape, and stress recovery mechanisms and combinations of keywords such as,
"pearl millet" AND ("drought stress" OR "heat stress"), "Pennisetum glaucum" AND ("morphological traits"

OR "physiological traits"), Pearl millet" AND ("plasticity" OR "adaptation").

23 Pearl Millet Cultivation and Productivity

According to the World Bank, approximately 304,290 hectares of land were under cereal production in
Namibia in 2018 (World Bank 2018). The primary crops cultivated included white maize, pearl millet, and
wheat. A report prepared by the Agronomy and Horticulture Market Development Division under the
Namibian Agronomic Board indicated that the total domestic demand for grain (white maize, wheat, and
pearl millet) was 318,530 tons between April 2021 and February 2022, resulting in a total value of NS1.5
billion. Of the 318,530 tons, 110,380 tons were accounted for by local production, whereas 208,151 tons
were imported (Namibian Agronomic Board, 2022). Namibia, therefore, remains a net importer of staple

grain crops, thereby rendering the country’s food supply insecure.

Pearl millet belongs to the Poaceae family. This crop is cultivated in arid and semi-arid environments, as
it is vital for providing a climate-resilient and healthy meal option for humans (Pattanashetti et al., 2016;
Dias-Martins et al., 2018; Baby et al., 2020). It offers many benefits to communities, as more by-products
can be derived from it, such as bread, beverages, and snacks (Balasubramanian et al., 2012; Siroha et al.,
2016; Dias-Martins et al., 2018). Crop residues can also be used as fodder. Pearl millet can grow in a wide
range of soil conditions, particularly in arid and semi-arid regions (Satyavathi et al., 2021). It thrives in low-
nutrient soils and has a deep root system that allows it to survive water scarcity (Satyavathi et al., 2021).
However, waterlogged conditions can negatively affect pearl millet growth, particularly during seed

setting (Hirooka et al., 2021).

Drought-tolerant crops, such as pearl millet, exhibit specific physiological and biochemical properties that

enable them to cope with water stress. Previous studies on pearl millet have focused on the combined
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effects of fertilisation, salt stress, and water on various aspects of the crop in different agroecosystems
(Azare et al., 2020; Halilou et al., 2020; Lira et al., 2020; de C6 et al., 2023). Management practices also
influence pearl millet productivity in terms of yield. Intercropping was carried out to determine the effect
of irrigation regimes on field crops (including pearl millet) in Pakistan, and it was found that intercropping
reduced the yield of crops compared with sole cropping (Khalid & Khalil, 2020). In addition, technologies
have been widely developed and utilised as tools for technology transfer and decision support in
agricultural practices. For example, Ausiku et al. (2020) modeled and parameterised a crop model to
improve water use and yield. They recommended determining crop parameters for other pearl millet
varieties for irrigation management, long-term yield projections, and planning purposes. Pearl millet
undergoes different developmental stages before maturity, taking approximately 105-140 days to reach
maturity (Brouwer & Heibloem, 1986). The entire growth cycle is divided into four developmental stages.
The initial stage was defined as the period from sowing or transplanting to when the canopy covered
approximately 10% of the ground surface. Secondly, vegetative growth begins when the canopy partially
covers the ground and lasts until the full canopy cover reaches approximately 70-80%. The mid-season or
reproductive stage follows the end of the vegetative stage and lasts until maturity, encompassing stages
of blossoming and grain setting. Finally, the late-season stage begins once the mid-season stage ends and
continues until the last day of ripening and harvest (Brouwer & Heibloem, 1986). These stages on average

last 15, 25, 40, and 25 days, respectively (Allen et al., 1998).

2.4 Plant Water Relations

Plant-water relations encompass the processes by which plants extract water from the soil, utilise it within
their cells, and ultimately, lose water through their leaves (Passioura, 2010). The plant-water relationship
is influenced by the environmental evaporative demand and the physiology of the crop. Transpiration
pulls aid plant water movement. Transpiration pull is a biological process in which water is forced to pass
through xylem cells in response to evaporative demands (Chavarria & dos Santos, 2012; Lambers &
Oliveira, 2019). Similar to how plants in their natural habitats have adapted to water stress (Basu et al.,

2016), many crop species can adapt to or survive varying evaporative demands, depending on factors such
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as the cultivation area, type of soil, prevailing weather conditions, and seasons (Zivcak et al., 2016). Soil
water is often categorised into field capacity (FC), permanent wilting point (PWP), and available water
content (AWC). Field capacity refers to the amount of water remaining in the soil after it has been fully
saturated and undergone deep percolation. The permanent wilting point occurs when plants wilt due to
a lack of soil moisture and fail to recover after being provided with water. Available water content is the
guantity of water that the soil can store and is typically available for plant use (Assi et al., 2019). During
transpiration, water movement from the soil is facilitated by the stomata. Under soil moisture deficit
conditions, plants lose more water from their leaves and eventually wilt (Passioura 2010). Under water-
stressed conditions, plants significantly reduce transpiration by reducing leaf number, leaf size, and
stomatal size, as well as by shedding leaves, depending on the species, as an adaptation strategy to stress
(Anjum et al., 2011). All these adaptation strategies exhibited by plants mitigate the negative impacts of
water stress on the photosynthetic rate, thereby positively affecting water use efficiency (WUE) and, in
some instances, increasing yield potential (Blum, 2005; Basu et al., 2016). Stomata also control gaseous

exchange between the interior and exterior parts of the leaf (Lawson & Vialet-Chabrand, 2019).

2.5 Water Use Efficiency

Water-use efficiency (WUE) quantifies the effectiveness of crops in utilising available water to produce
biomass or yield per unit of water consumed (Sinclair et al., 1984; Sharma et al., 2015). Three levels
determine crop water use efficiency: leaf water use efficiency, whole-plant water use efficiency, and yield
water use efficiency. Leaf water use efficiency reflects the balance between carbon gain (photosynthesis)
and water loss (transpiration) at the leaf level, and is often measured as the ratio of CO; assimilation rate
to transpiration rate or stomatal conductance (Hatfield & Dold, 2019; Petrik et al., 2023). Leaf water-use
efficiency is classified into two categories: intrinsic water-use efficiency (WUEi) and instantaneous water-
use efficiency (WUEinst). Intrinsic WUE (WUEi) is defined as the ratio between leaf net carbon assimilation
rate (A) and stomatal conductance to water vapour (gs), i.e., A/gs. WUEi is a commonly used technique
for selecting water-efficient plants (Pimentel, 2022). In contrast, instantaneous WUE (WUEinst) is defined

as the ratio of the leaf net carbon assimilation rate (A) to the rate of leaf transpiration (E), that is, A/E
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(Flexas et al., 2010; Gago et al., 2014). These factors are influenced by the prevailing environmental
conditions surrounding leaves. For instance, increasing CO; levels can enhance leaf WUE, but this effect
diminishes under heat stress (Hatfield & Dold, 2019). Whole-plant-level WUE considers the ratio of total
biomass produced to total water transpired by the entire plant, encompassing all photosynthetic and non-
photosynthetic parts of the plant. Yield WUE is typically calculated as crop yield per hectare divided by

total transpiration or evapotranspiration (Hatfield & Dold, 2019).

Calculating the crop water demand is crucial for implementing effective water resource management
strategies in agriculture. Researchers can estimate the amount of water required at various stages in the
field and through modeling. The latter is used to overcome the challenges associated with the direct field
measurements of reference evapotranspiration (ETo) rates and potential evapotranspiration rates (ETc),
also known as crop water requirements (CWR), which is the quantity of water lost to the environment by
a specific crop. This depends on specific crop, climate, and soil data (Smith et al., 1998). These
measurements can be obtained using micrometeorological methods, such as Eddy Covariance (carbon
and water fluxes), cylindrical micro-lysimeters, weighing lysimeters, heat-pulse velocity, and the Penman-
Monteith method. Several computer models incorporating these methods have been developed and used
to determine the ETo, ETc, and CWR of different crops. Some commonly used models include the
CROPWAT model, Global Crop Water Model (GCWM) (Siebert & Doll, 2008), Water Requirements
Satisfaction Index (GeoWRSI) developed by the Food and Agriculture Organization of the United Nations
(Frere & Popov, 1979), and Decision Support System for Agrotechnology Transfer (DSSAT). Studies have
been conducted to determine the WUE of various crops globally (Gebrehiwot & Gebrewahid, 2016; Wang
etal., 2017; Kadigi et al., 2019; Leite et al., 2021; Onyango et al., 2021; Santiago-Arenas et al., 2021). While
numerous studies have been done in different agroecological zones, WUE assessments specific to the

climatic conditions of Namibia are required.
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2.6 Factors Affecting Crop Water Use Efficiency

2.6.1 Meteorological Factors

Climatic factors comprise several variables, including temperature, rainfall, humidity, wind speed and
direction, solar radiation, and carbon dioxide concentrations, that affect crop water needs in a particular
location. WUE tends to be higher in tropical and subtropical zones due to high relative humidity in these
conditions than in drier conditions (Mbava et al., 2020). Additionally, wind influences atmospheric water
vapour flux, gas exchange, and leaf temperature, which are dependent on the aerodynamic properties of
a crop, such as leaf area index (LAI), roughness, canopy structure, and density (Jones, 1999; Alekseychik
et al., 2017). Areas with hot, dry, windy, and sunny climates tend to use more water than those cultivated
in cool and humid climates (Allen et al., 1998). Furthermore, demand for irrigation tends to decrease

during rainfall events (Martello et al.,2015).

2.6.2 Edaphic Factors

The soil is the most important part of the terrestrial biosphere. It underpins species distribution,
productivity, and water and biogeochemical cycling processes (Rounsevell et al., 1999). Owing to the
varying properties of different soil types, WUE is correlated with the type of soil on which the crops are
cultivated. Mbava et al. (2020) highlighted that the amount of soil organic matter and soil bulk density
were positively correlated with WUE. Water percolates more easily in sandy soils than in clayey soils (Allen
et al., 1998; Easton & Bock, 2016). Therefore, crops cultivated in sandy soils require more water than
those in clay soils because of their higher infiltration rates. Ismail and Ozawa (2007) reported higher WUE
in clay soil crops than in sandy soil. The same trend has been observed in rice cultivated in clay and sandy
loam soils (Dou et al., 2016). Soil fertility also affects the quantity of water required by plants. Soils with
low fertility tend to have higher evaporation rates than those with high fertility (Allen et al., 1998). Prudat
et al. (2022) also highlighted that both sandy topsoil and shallow fragipans have positive effects on plant-

available water during dry periods in Namibia.
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2.6.3 Agronomic practices

Agronomic factors influencing crop water use efficiency include the growing season, water quality,
available irrigation water, pests, and diseases. The growing season and length affect crop water
requirements; crops grown during the rainy season require less irrigation water than those grown during
the dry season (Allen et al., 1998; Huang, 2008; Cao et al., 2021). The choice of irrigation system also
affects the water use in production. When the water supply is limited, drip irrigation is preferred because
of its high water application efficiency, with approximately 90 % taken up by plants compared with surface
irrigation (approximately 60 %) (Brouwer et al., 2001). Drip irrigation is typically used for row-planted
crops, such as trees and vineyards. This saves water because only the area around the plant root zone is
watered, unlike the sprinkler system. Additionally, tillage management has been found to affect WUE,

with tilled soil exhibiting greater WUE for pearl millet than no-till (Crookston et al., 2020).

2.7 Stress resistance mechanisms

2.7.1 Stress avoidance mechanism

Drought avoidance involves maintaining an elevated plant water potential even in the face of water
scarcity. This leads to changes in both the physical structure of plants and their internal biochemical
processes, such as changes in photosynthesis and stomatal conductance patterns (Anjum et al., 2011), as

well as modifications in leaf morphology and structure, and the development of deeper root systems.

2.7.1.1 Stomatal Control

Drought and heat stress, which are often inextricably linked, affect the rates of photosynthesis and
stomatal conductance in plants. Drought is a significant abiotic stressor that has detrimental effects on
both plant growth and crop productivity (Shivhare & Lata, 2019). Plant photosynthesis and stomatal
conductance are affected by various environmental factors and crop genotypes (Lawson et al., 2011;
Martinez-Gofii et al., 2023). Stomata facilitate photosynthesis (Blatt et al., 2022; Bassham & Lambers,
2024). Stomata are tiny openings on the leaf surface that regulate the exchange of gases such as water
vapour and carbon dioxide (Harrison et al., 2020). The number of stomata per unit area of the leaf is

known as the stomatal density (Miyazawa et al., 2006; Bertolino et al., 2019). Under drought conditions,
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plants generally adjust their stomatal pore apertures to minimise water loss, while maintaining optimal
CO, uptake for photosynthesis (Bertolino et al., 2019; Shrestha et al., 2023). As soil moisture decreases,
stomata tend to close, thereby reducing water loss through transpiration (Xu et al., 2023). Reduced
stomatal conductance represses the entry of CO; into the leaves, thus impairing photosynthesis (Kusumi
et al., 2012; Shrestha et al., 2023). Furthermore, plants generally respond differently to drought stress
depending on the photosynthetic pathway employed (Pearcy & Ehleringer, 1984; Hamim, 2005). Genetic
variations among pearl millet cultivars may also influence their ability to avoid water stress and the
subsequent photosynthetic and stomatal responses (lwuala et al.,2020). An adequate water supply
through irrigation can enhance the chlorophyll content of pearl millet leaves, leading to a greener
appearance and increased photosynthetic efficiency. Additionally, under prolonged water stress, pearl
millet leaves may undergo premature senescence (aging) and drop (Sade et al., 2018; Ruehr et al., 2019;
Seleiman et al., 2021).

2.7.1.2 Leaf Morphology and Structure

Under water-deficit conditions, plants employ various strategies to reduce transpiration loss, including
several where the leaf’s structure is changed in order to limit water loss or to respond to increases in
water availability (Seleiman et al., 2021). Leaves are the fundamental parts essential for photosynthesis,
and any changes in moisture availability can directly affect their development (Lawson & Milliken, 2023).
Adequate soil moisture promotes larger leaf size and greater leaf area in pearl millet (Crookston et al.,
2020). However, during drought stress, plants tend to reduce leaf expansion, thus reducing cell expansion
rates to conserve water and adapt to the stress (Hasanuzzaman et al., 2022; Laskari et al., 2022). A study
conducted on maize, sorghum, and pearl millet at ICRISAT, India, indicated that these crops might restrict
transpiration by reducing leaf area expansion rate (Choudhary et al., 2020). Leaf area shows the potential
of a plant's photosynthetic capacity and overall growth potential (Pallardy, 2010; Weraduwage et al.,
2015).

2.7.1.3 Plant Height and Growth Rate
Previous research has shown that moisture stress significantly affects pearl millet development and

growth. This was evidenced by various vegetative changes, including plant height, growth rate, and early
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growth stages. Lira et al. (2020) found a positive correlation between the amount of water irrigated (100%
ET) and the height of pearl millet; the plant achieved higher heights with increased water supply. This
could be due to elongation of the internodes and an increase in plant height. A similar response in terms
of growth in response to moisture availability was observed in other cereal crops like maize and sorghum.
In Irag, Al-Naily and Ibraheem (2020) evaluated the response of sorghum to water stress, and their results
showed a significant decrease in vegetative growth of sorghum under 50% irrigation. Vegetative
characteristics, such as plant height, stem height at the midpoint of the lower internode, and the number
of internodes, decreased in response to water supply. Sufficient moisture during maize germination and
seedling development is crucial because this stage promotes rapid germination and early root
development, thereby laying the foundation for a robust plant (Khaeim et al., 2022). The adverse effects
of heat stress on germinating pearl millet seeds were found to be intensified when imbibition occurred at
elevated temperatures (Yadav et al., 2016). Inadequate irrigation during this phase can lead to delayed
emergence, poor root establishment, and reduced growth rates (Li et al., 2022), consequently affecting
yield formation. Appropriate irrigation during the reproductive stage is crucial for optimal grain formation
and filling. Wang et al. (2023) found that water refill of maize under heat stress improved canopy
temperature, grain formation, and filling capabilities. Water stress at this stage can result in a reduced

grain set and a smaller grain size, negatively impacting the overall yield.

2.7.1.4 Tiller Production and Panicle Development

Tiller production refers to the formation of new shoots or branches from the base of the main stem,
whereas panicle development refers to the formation and growth of inflorescences (flowering structures)
that eventually bear the grain (Maiti & Bidinger, 1981; Ali et al., 2019; Lin et al., 2023). Water availability
has a direct impact on these processes, which are crucial for determining the crop yield and overall
performance. During drought stress, pearl millet and its wild ancestors exhibit plasticity characterised by
the asynchronous development of tillers (Vadez et al., 2012). Primary tillers tend to emerge from the leaf
axils of the main stem, whereas secondary tillers originate from buds located in the leaf axils of the
primary tillers (Shrestha et al., 2023). Furthermore, insufficient water during flowering and grain-filling

periods can lead to poor pollination, lower seed formation, and reduced grain weight. Additionally, during
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the DS and HS phases, pearl millet has been observed to optimise flower opening during cooler early
morning or late evening hours, thereby avoiding or reducing the effects of heat stress damage during this
period (Jagadish, 2020). Previous studies have concluded that water stress during panicle development
reduces the yield of the main panicle of pearl millet (Mahalakshmi & Bidinger, 1986; Addisie & Yemane,
2011; Kapoor et al., 2022). Adotey et al. (2021) found that a water deficit negatively affected the grain
numbers obtained at different positions within the sorghum panicle. Enough soil moisture supports
healthy panicle development, and grain filling can improve the harvest index by increasing the biomass
allocated to grains rather than stems and leaves. The harvest index is the ratio of grain yield to total

aboveground biomass (Hitsch & Schubert, 2023).

2.7.1.5 Root Morphology and Development

Root morphology and development are integral to pearl millet establishment and survival (Passot et al.,
2016). Different irrigation strategies can have varying effects on root growth and architecture, which, in
turn, influence the overall performance and productivity of the pearl millet crop. Pearl millet lateral roots
form on both primary and crown roots, contributing to the plant's ability to acquire water and nutrients
in arid regions (Passot et al., 2016). Compared to maize and sorghum, pearl millet displays a smaller root
system with thin roots (Rao & Ito, 1998). A significant positive correlation was observed between the
development of a deep root system and leaf relative water content, grain weight, and yield in winter
wheat under drought stress in the Great Plains of the United States (Awad et al., 2018). A modeling study
conducted by Faye et al. (2019) found that pearl millet redirects root growth toward deeper soil layers,
where more water is retained during drought conditions, while maize and sorghum develop steeper root
angles and deeper root systems under water deficit (Hostetler et al., 2024). Furthermore, a study
conducted in Mali showed that the pearl millet variety developed a good root system under drought
conditions and exhibited good root growth under more favorable conditions (Sanogo et al., 2022).
Increased root branching and root hair development enable better exploitation of the soil volume,
enhancing overall water and nutrient uptake efficiency (Kohli et al.,, 2022). Root hairs are delicate,
elongated structures that emerge from the root epidermis, thereby increasing the root surface area and

improving its ability to absorb water and nutrients (Wei & Li, 2016).
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2.7.2 Stress tolerance mechanism

Drought tolerance is the ability of a plant to maintain its physiological functions even under extreme
drought stress. This is achieved by adjusting the osmotic pressure, antioxidant defense system and
hormonal regulation to either minimise or restore the damage caused by stress (Yordanov et al., 2003;

Haghpanah et al., 2024).

2.7.2.1 Osmotic Adjustment

Osmotic adjustment is a physiological process that helps plants, including pearl millet, cope with water
stress caused by drought or inadequate irrigation (Chen & Jiang, 2010; Shrestha et al., 2023). It involves
the accumulation of osmolytes, such as soluble sugars and specific amino acids, within plant cells in
response to water deficits (Turner, 2018; Bhutto et al., 2023). Osmolytes are small organic compounds
that help to maintain cell turgor and cellular hydration, allowing plants to endure periods of water scarcity
(Sharma et al., 2019; Singh et al., 2015). When pearl millet is subjected to water stress, it experiences a
decrease in soil water availability, which is subsequently reflected within the plant. In response, pearl
millet initiates osmotic adjustment to maintain cellular water balance (Bani Hani et al., 2022; Shrestha et
al., 2023). In cells, it synthesises and accumulates osmolytes, such as proline, betaine, and soluble sugars,
to increase osmotic potential (Cattivelli et al., 2008; Bani Hani et al., 2022). Osmotic adjustment helps
prevent cellular dehydration during water stress, thereby reducing leaf senescence (Mahmood et al.,
2020). By accumulating osmolytes, pearl millet can maintain a higher osmotic potential than that of the
surrounding soil or environment. This reduces the gradient of water movement from plant cells, thereby
minimising water loss and preventing cellular dehydration. Osmotic adjustment also helps to protect cell
structures by accumulating proline during water stress (Yang et al., 2021). Accumulated osmolytes can be
rapidly metabolised during stress injury, and cellular hydration is restored more efficiently (Yang et al.,

2021).

The extent of osmotic adjustment in pearl millet can vary based on genetic factors, environmental

conditions, and severity and duration of water stress. Some pearl millet varieties may exhibit better
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osmotic adjustment capabilities, allowing them to more effectively tolerate water stress. Determining
how various cultivars or varieties respond to water stress conditions is pivotal for tailor-made decisions
or solutions for each case. For example, in a study conducted by Wasaya et al. (2022) on YBS-98 and BY-
18 pearl millet cultivars grown under full irrigation, regular irrigation, and drought stress at the flowering
stage, altered physiological responses were observed. Additionally, 0, 2, 4, and 6 mg L™ silicon (Si) levels
were applied to the leaves of pearl millet. During the 2018 and 2019 field studies conducted during the
Kharif season in Punjab, Pakistan, different physiological (proline content, SPAD-chlorophyll value, and
membrane stability index) and yield attributes were measured. The results indicated that terminal
drought stress decreased all agronomic attributes of pearl millet, except proline content. Proline content
increased under drought-stressed conditions. They concluded that foliar application of 6 mg L — 1 Si could
be the best option for attaining a sustainable millet yield under terminal drought conditions (Wasaya et

al., 2022).

2.7.2.2 Antioxidant Defense System

The antioxidant defense system is a complex network of enzymatic and non-enzymatic components that
protects plants from oxidative stress (Hasanuzzaman et al., 2020). Oxidative stress occurs when the
production of reactive oxygen species (ROS) exceeds the ability of the plant to neutralise and detoxify
them. ROS are highly reactive molecules that, when in high concentrations, can damage cellular
components, including proteins, lipids, and DNA, leading to cellular dysfunction and even cell death
(Hasanuzzaman et al., 2020; Raja et al., 2017). Many genes encoding ROS-scavenging enzymes are
activated in pearl millet in response to heat stress (Singh et al.,2024), suggesting that ROS production
increases during stress in general. For example, many genes encoding ROS-scavenging enzymes are

activated in pearl millet in response to heat stress (Huang et al., 2021).

Water stress can lead to the accumulation of ROS in plant cells, especially in chloroplasts and mitochondria
(Das & Roychoudhury, 2014), which are generated as by-products of photosynthesis and respiration,
respectively. Choudhury et al. (2022) found that drought stress elevates reactive oxygen species (ROS)

levels in the roots and shoots of pearl millet seedlings. In response, pearl millet activates various
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antioxidant enzymes to counteract and neutralise these harmful molecules. However, after exposure to
drought stress, key antioxidant enzymes such as catalase (CAT), guaiacol peroxidase (GPX), superoxide
dismutase (SOD), and glutathione reductase (GR) were suppressed, suggesting a breakdown in the plant’s
antioxidant defense system. Their study concluded that pearl millet was highly vulnerable to drought
stress during the early seedling stage (Choudhury et al., 2022). Water availability also influences the
concentration of non-enzymatic antioxidants in pearl millet. Compounds such as ascorbic acid (vitamin C),
glutathione, and tocopherols (vitamin E), serve as ROS scavengers and play a vital role in safeguarding
cellular structures from oxidative damage. Photosynthesis is a significant source of ROS in plants, and
maintaining a functional antioxidant defense system is essential to protect the photosynthetic machinery
from oxidative damage (Foyer, 2018; Hasanuzzaman et al., 2020). Water stress-induced oxidative damage

can negatively affect the growth and productivity of pearl millet (Choudhury et al., 2022).

2.7.2.3 Hormonal Regulation

Hormonal regulation of pearl millet plays an important role in plant growth, development, and adaptation
to environmental stress. Hormones are chemical messengers that control various physiological processes
in plants (El-Esawi, 2017). These hormones are auxins (IAA), cytokinins (CKs), abscisic acid (ABA),
gibberellins (GAs), and ethylene (ET) (El-Esawi, 2017). Changes in water availability can affect the
synthesis, transport, and signaling of different hormones in pearl millet. Abscisic Acid (ABA) is a crucial
hormone in the response of plants to water stress (Wani et al., 2016). When different pearl millet species
experience water deficit, it triggers the production and build-up of abscisic acid (ABA) (Qazi et al.,2025).
Elevated ABA levels facilitate stomatal closure, reduce water loss through transpiration, and conserve
water within the plant, thereby helping plants survive under water-stressed conditions (Wilkinson et al.,
2012). Gibberellins (GA) are growth-promoting hormones that influence stem elongation and flowering
(Wani et al., 2016). Just like other cereal crops, pearl millet may exhibit lower levels of gibberellins,

contributing to decreased plant height, tillering, and overall growth under water stress conditions.

Cytokinins (CK) are hormones that promote cell division and lateral bud growth (Sosnowski et al., 2023).

Ethylene is a hormone involved in plant growth and development, including fruit ripening, leaf abscission,
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and responses to environmental stresses (Groen & Whiteman, 2014; Wani et al., 2016). Under water
stress, ethylene production may increase, leading to premature senescence (aging) in leaves and other
plant tissues (Zia et al., 2021). Jasmonates regulate plant defense mechanisms against biotic and abiotic
stressors (Wani et al., 2016). Exogenous ABA and JA improve drought tolerance in pearl millet by
enhancing antioxidative enzyme activities (Awan et al., 2021). A study conducted by Javadipour et al.
(2021) on wheat revealed that drought stress affected certain physiological traits. Applying methyl
jasmonate (MelA) to wheat leaves may enhance grain yield and help offset the losses caused by drought
stress. They recommended using MelJA to reduce the effects of water stress on drought-tolerant cultivars.
Similarly, under water stress, jasmonate levels may increase in pearl millet, activating stress-related
defense mechanisms to protect the plant from damage. Auxins are hormones that influence root growth,
stem elongation, and tropic responses (Woodward & Bartel, 2005). Strigolactones (SLs) have been found
to regulate plant architecture, including shoot branching and tiller formation (Wu et al., 2022). Zhuang et
al. (2017) highlighted that axillary buds are affected by drought stress and could be associated with SL

signaling, leading to drought inhibition of tillering in perennial grass species.

2.7.3 Stress escape mechanism

Drought escape involves coordinating the timing of a plant's growth stage, life cycle, or planting to avoid
drought during the growing season (Yadav & Sharma, 2016). Because pearl millet evolved from its wild
progenitors under semi-desert conditions, it often has a shorter crop cycle than other cereals. This is
because it has a "built-in" drought escape mechanism, such as early flowering, acquired from its wild
progenitors, which results in a short grain-filling stage and small seeds (Vadez et al., 2012). In most crops,
the response to drought depends heavily on matching the plant phenology with the stress environment.
The primary mechanism by which pearl millet escapes drought stress involves changes in flowering
plasticity (Vadez et al., 2012; Shrestha et al., 2023). Thus, the ability of pearl millet to flower early is crucial
for escaping drought. The characteristics of asynchronous tiller development in pearl millet serve a dual
purpose: it serves both as a means of escaping drought conditions and as a recovery mechanism during
irregular drought stress in the vegetative phase (Craufurd & Bidinger, 1988; Vadez et al., 2012). This trait

enables plants to produce tillers and undergo flowering at distinct times, thereby assisting in effectively
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mitigating mid-season droughts (Mahalakshmi & Bidinger, 1986). Moreover, pearl millet has adapted its
flowering period to occur during the cooler periods of the early morning or late evening, aiming to
minimise the potential damage from heat stress that may occur during the flowering stage (Jagadish,
2020). Plasticity in tillering and flowering is a valuable attribute that can be harnessed to adapt to evolving

climates.

2.7.4 Stress recovery mechanism

Drought recovery refers to the ability of a plant to rejuvenate its metabolic processes once severe drought
has ended (Zheng et al., 2023). Moderate or partial water stress, in which pearl millet experiences an
intermittent water deficit followed by rehydration, can have complex effects on photosynthesis and
stomatal conductance. During the water deficit phase, the stomata partially close to reduce transpiration
losses. However, when water becomes available again, stomatal reopening, photosynthesis, and
conductance can recover to some extent, depending on the degree of drought (Xu et al., 2010). Kusaka et
al. (2005) found that drought-induced leaf folding 21 days after germination occurred in a pearl millet
accession known for its drought resilience (IP8210), but it recovered after rewatering. Pearl millet also
uses asynchronous tillering as a drought recovery mechanism (Shivhare et al., 2020; Shrestha et al., 2023).
Subramanian and Maheswari (1989) compared the physiological responses of pearl millet and sorghum
to water stress. Their study found that after rewatering, the stomatal conductance and transpiration rates

of pearl millet recovered more quickly than those of sorghum.

2.8 Effective irrigation schemes for pearl millet water use efficiency

Irrigation is crucial for pearl millet cultivation, particularly in areas with insufficient or unreliable rainfall.
Effective irrigation schemes can help optimise water use, enhance crop growth, and improve yield. Several
effective irrigation schemes are widely used, such as drip irrigation, sprinkler irrigation, subsurface drip
irrigation, furrow irrigation, wetting front detector systems, and scheduled irrigation.

Sustainable water management in pearl millet cultivation is crucial, particularly for implementing deficit
irrigation strategies. Irrigation regimes refer to the frequency, amount, and timing of water application to
plants to improve crop water use efficiency (WUE) by reducing the volume of water applied or the number
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of irrigation cycles (Tura & Tolossa, 2020). Several studies have highlighted the significance of drip

irrigation in pearl millet systems (Bhattarai et al., 2020; Crookston et al., 2020; Hiekal & Hossam, 2022).

Previous studies on drip irrigation assessment have found a noticeable increase in yield characteristics,
including seed production, straw yield, and overall biological yield, at higher irrigation levels (Bhunia &
Verma, 2016; Salem & Shoman, 2021. Pearl millet hybrids, when grown as a summer crop with irrigation
in the regions of Rajasthan, Gujarat, and Uttar Pradesh in India, have been documented to produce grain
yields of up to 4000-5000 kg per hectare in just 80—-85 days of maturation, whereas under harsh
environmental conditions, only 300—400 kg ha per of grain is harvested (Khairwal et al., 2007). However,
under these conditions, deficit irrigation, which involves purposefully delivering less water to the crop
than required, is vital for efficient water use while minimising water wastage (Fereres & Soriano, 2007;

Montazar et al., 2020).

The low productivity of pearl millet is primarily because of its cultivation under dry conditions and
inadequate water management under irrigation conditions (Kumar & Kumar, 2021). Deficit irrigation
strategies aim to optimise water-use efficiency by providing water when needed and reducing irrigation
during less critical growth stages (Fereres & Soriano, 2007). Adopting efficient irrigation techniques, such
as drip or sprinkler irrigation, can enhance the water-use efficiency in pearl millet cultivation. Additionally,
understanding the crop's growth stage and phenology enables informed decisions regarding when and
how much water to apply, ultimately saving water. Monitoring soil moisture levels and weather conditions
can also help adjust irrigation schedules. By optimising water-use efficiency and applying water
strategically, farmers can achieve both economic and environmental benefits, thereby safeguarding the

long-term sustainability of pearl millet cultivation.

2.9 Conclusion

Pearl millet is a highly resilient cereal crop with significant potential to enhance food and nutritional

security in arid and semi-arid regions. Its adaptability to harsh environments is underpinned by diverse
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morpho-physiological, biochemical, and genetic mechanisms that enable survival during drought and heat
stress. However, despite its inherent resilience, climate variability, prolonged drought episodes, and poor
agronomic practices continue to constrain productivity. Understanding the stress resistance mechanisms
employed by pearl millet, such as drought avoidance, tolerance, escape, and recovery, is essential for
optimising crop performance under water-limited conditions. Previous studies have shown that improved
irrigation regimes, soil fertility management, and the integration of stress-resilient cultivars can
significantly enhance water-use efficiency and yield stability. Moreover, physiological traits such as
stomatal regulation, osmotic adjustment, antioxidant defense, and hormonal signalling are valuable for
breeding and agronomic interventions. To ensure sustainable pearl millet production, climate-smart
agricultural strategies such as deficit irrigation, intercropping, and the use of improved crop varieties must
be promoted. Future research should integrate field experimentation, crop modelling, and genomics to
refine irrigation scheduling, identify high-performing cultivars, and analyse the responses of pearl millet
to climate change under varying environmental conditions. Ultimately, strengthening pearl millet systems

is crucial for sustaining livelihoods and building resilience in semi-arid farming communities.

2.10 References

Addisie, Y., & Yemane, G.-E. (2011). Response of pearl millet (Pennistetum glaucum) cultivars to post-
flowering drought stress. Inter. JPlant Physio Biochem3 (9), 150-154.

Adotey, R. E., Patrignani, A., Bergkamp, B., Kluitenberg, G., Prasad, P. V. V., & Jagadish, S. V. K. (2021).
Water-deficit stress alters intra-panicle grain number in sorghum. Crop Science, 61(4), 2680-2695.

Al-Naily, M. A. H., & Ibraheem, B. A. (2020). THE EFFECT OF SOME PLANT GROWTH RETARDANTS AND
WATER STRESS ON SOME TRAITS OF SORGHUM (SORGHUM BICOLOR L. MOENCH) STEM. Plant
Archives, 20(2), 1492-1499.

Alekseychik, P. K., Korrensalo, A., Mammarella, I., Vesala, T., & Tuittila, E. (2017). Relationship between
aerodynamic roughness length and bulk sedge leaf area index in a mixed-species boreal mire
complex. Geophysical Research Letters, 44(11), 5836-5843.

Ali, A., Xu, P., Riaz, A., & Wu, X. (2019). Current advances in molecular mechanisms and physiological basis

of panicle degeneration in rice. International Journal of Molecular Sciences, 20(7), 1613.

31



Allen, R. G., Pereira, L. S., Raes, D., & Smith, M. (1998). FAO Irrigation and drainage paper No. 56. Rome:
Food and Agriculture Organization of the United Nations, 56(97), e156.

Allen, R. G., Pereira, L. S., Raes, D., Smith, M., & W, a B. (1998). Crop evapotranspiration - Guidelines for
computing crop water requirements - FAO Irrigation and drainage paper 56. Irrigation and Drainage,
1-15. https://doi.org/10.1016/j.eja.2010.12.001

Anjum, S. A, Xie, X., Wang, L. C., Saleem, M. F., Man, C., & Lei, W. (2011). Morphological, physiological
and biochemical responses of plants to drought stress. African journal of agricultural research, 6(9),
2026-2032.

Assi, A. T., Blake, J., Mohtar, R. H., & Braudeau, E. (2019). Soil aggregates structure-based approach for
quantifying the field capacity, permanent wilting point and available water capacity. Irrigation
Science, 37(4), 511-522.

Ausiku, A. P., Annandale, J. G., Steyn, J. M., & Sanewe, A. J. (2020). Improving Pearl Millet (Pennisetum
glaucum) productivity through adaptive management of water and nitrogen. Water, 12(2), 422.
Awad, W., Byrne, P. F.,, Reid, S. D., Comas, L. H., & Haley, S. D. (2018). Great plains winter wheat varies for

root length and diameter under drought stress. Agronomy Journal, 110(1), 226-235.

Awan, S. A, Khan, |, Rizwan, M., Zhang, X., Brestic, M., Khan, A., & Huang, L. (2021). Exogenous abscisic
acid and jasmonic acid restrain polyethylene glycol-induced drought by improving the growth and
antioxidative enzyme activities in pearl millet. Physiologia Plantarum, 172(2), 809-819.

Azare, I. M., Dantata, I. J., Abdullahi, M. S., Adebayo, A. A., & Aliyu, M. (2020). Effects of climate change
on pearl millet (Pennisetum glaucum [LR Br.]) production in Nigeria. Journal of Applied Sciences and
Environmental Management, 24(1), 157-162.

Baby, T., Raheem, M. A,, Kumar, V. S., Gokari, P., Yadav, A., & Kaur, A. (2020). Pearl millet (Pennisetum
glaucum) production in the 21st century. Development, 8.

Balasubramanian, S., Singh, K. K., Patil, R. T., & Onkar, K. K. (2012). Quality evaluation of millet-soy blended
extrudates formulated through linear programming. Journal of Food Science and Technology, 49(4),
450-458.

Bani Hani, N., Aukour, F. J., & Al-Qinna, M. I. (2022). Investigating the Pearl Millet (Pennisetum glaucum)

as a Climate-Smart Drought-Tolerant Crop under Jordanian Arid Environments. Sustainability,

32



14(19), 12249.

Bassham, J. Alan and Lambers, . Hans. (2024). photosynthesis. Encyclopedia Britannica.
https://www.britannica.com/science/photosynthesis

Basu, S., Ramegowda, V., Kumar, A.,, & Pereira, A. (2016). Plant adaptation to drought stress.
F1000Research, 5.

Bertolino, L. T., Caine, R. S., & Gray, J. E. (2019). Impact of stomatal density and morphology on water-use
efficiency in a changing world. Frontiers in Plant Science, 10, 225.

Bhattarai, B., Singh, S., West, C. P., Ritchie, G. L., & Trostle, C. L. (2020). Water depletion pattern and water
use efficiency of forage sorghum, pearl millet, and corn under water limiting condition. Agricultural
Water Management, 238, 106206.

Bhunia, S. R., & Verma, I. M. (2016). Effect of crop geometry and drip irrigation levels on growth, yield and
water use efficiency of pearl millet (Pennisetum glucam) in irrigated western arid Rajasthan. Indian
Journal of Ecology, 43(1), 365—367.

Bhutto, L. A., Osborne, C. P., & Quick, W. P. (2023). Osmotic adjustment and metabolic changes under
drought stress conditions in wheat (Triticum aestivum L.) genotypes. Pakistan Journal of Botany, 55,
915-923.

Blatt, M. R, Jezek, M., Lew, V. L., & Hills, A. (2022). What can mechanistic models tell us about guard cells,
photosynthesis, and water use efficiency? Trends in Plant Science.

Blum, A. (2005). Drought resistance, water-use efficiency, and yield potential—are they compatible,
dissonant, or mutually exclusive? Australian Journal of Agricultural Research, 56(11), 1159-1168.

Brouwer, C., & Heibloem, M. (1986). Irrigation water management: irrigation water needs. Training
Manual, 3.

Brouwer, C., Prins, K., Kay, M., & Heibloem, M. (2001). Irrigation Water Management: Training manual no
5 Irrigation Methods. International Institute for Land Reclamation and Improvement and FAO, 5,
140.

Burgarella, C., Cubry, P., Kane, N. A., Varshney, R. K., Mariac, C., Liu, X., Shi, C., Thudi, M., Couderc, M., &
Xu, X. (2018). A western Sahara centre of domestication inferred from pearl millet genomes. Nature

Ecology & Evolution, 2(9), 1377-1380.

33



Cao, X., Xiao, J., Wu, M., Zeng, W., & Huang, X. (2021). Agricultural water use efficiency and driving force
assessment to improve regional productivity and effectiveness. Water Resources Management,
35(8), 2519-2535.

Cattivelli, L., Rizza, F., Badeck, F.-W., Mazzucotelli, E., Mastrangelo, A. M., Francia, E., Mare, C., Tondelli,
A., & Stanca, A. M. (2008). Drought tolerance improvement in crop plants: an integrated view from
breeding to genomics. Field Crops Research, 105(1-2), 1-14.

Chavarria, G., & dos Santos, H. P. (2012). Plant water relations: absorption, transport and control
mechanisms.

Chen, H., & lJiang, J.-G. (2010). Osmotic adjustment and plant adaptation to environmental changes
related to drought and salinity. Environmental Reviews, 18(NA), 309-319.

Choudhary, S., Guha, A., Kholova, J., Pandravada, A., Messina, C. D., Cooper, M., & Vadez, V. (2020). Maize,
sorghum, and pearl millet have highly contrasting species strategies to adapt to water stress and
climate change-like conditions. Plant Science, 295, 110297.

Choudhury, S., Moulick, D., Ghosh, D., Soliman, M., Alkhedaide, A., Gaber, A., & Hossain, A. (2022).
Drought-induced oxidative stress in pearl millet (Cenchrus americanus L.) at seedling stage: Survival
mechanisms through alteration of morphophysiological and antioxidants activity. Life, 12(8), 1171.

Craufurd, P. Q., & Bidinger, F. R. (1988). Effect of the duration of the vegetative phase on crop growth,
development and yield in two contrasting pearl millet hybrids. The Journal of Agricultural Science,
110(1), 71-79.

Crookston, B., Blaser, B., Darapuneni, M., & Rhoades, M. (2020). Pearl Millet Forage Water Use Efficiency.
Agronomy, 10(11), 1672.

Das, K., & Roychoudhury, A. (2014). Reactive oxygen species (ROS) and response of antioxidants as ROS-
scavengers during environmental stress in plants. Frontiers in Environmental Science, 2, 53.

de C¢, E. G., de Sousa, G. G., Gomes, S. P., Freire, M. H. da C., & da Silva, F. D. B. (2023). Strategies for the
management of irrigation with saline water and nitrogen fertilization in millet crop. Revista Caatinga,
36, 424-431.

Debieu, M., Sine, B., Passot, S., Grondin, A., Akata, E., Gangashetty, P., Vadez, V., Gantet, P., Foncéka, D.,

& Cournac, L. (2018). Response to early drought stress and identification of QTLs controlling biomass

34



production under drought in pearl millet. PloS One, 13(10), e0201635.

Dias-Martins, A. M., Pessanha, K. L. F., Pacheco, S., Rodrigues, J. A. S., & Carvalho, C. W. P. (2018). Potential
use of pearl millet (Pennisetum glaucum (L.) R. Br.) in Brazil: Food security, processing, health
benefits and nutritional products. Food Research International, 109, 175-186.

Dietz, K., Zérb, C., & Geilfus, C. (2021). Drought and crop yield. Plant Biology, 23(6), 881—-893.

Ding, Z., Majrashi, M. A., Ghoneim, A. M., Ali, E. F., Eissa, M. A., & Shal, R. El. (2022). Irrigation and biochar
effects on pearl millet and kinetics of ammonia volatilization from saline sandy soils. Journal of Soil
Science and Plant Nutrition, 22(2), 1546—1558.

Dou, F., Soriano, J., Tabien, R. E., & Chen, K. (2016). Soil texture and cultivar effects on rice (Oryza sativa,
L.) grain yield, yield components and water productivity in three water regimes. PloS One, 11(3),
€0150549.

Easton, Z. M., & Bock, E. (2016). Soil and soil water relationships. Produced by Communications and
Marketing College of Agriculture and Life Sciences, Virginia Tech.

El-Esawi, M. A. (2017). Introductory chapter: Hormonal regulation in plant development and stress
tolerance. Phytohormones-Signaling Mechanisms and Crosstalk in Plant Development and Stress
Responses.

FAOSTAT. (2022). FAO statistical yearbook. https://www.fao.org/3/cc2211en/cc2211en.pdf

Faye, A, Sine, B., Chopart, J.-L., Grondin, A., Lucas, M., Diedhiou, A. G., Gantet, P., Cournac, L., Min, D., &
Audebert, A. (2019). Development of a model estimating root length density from root impacts on a
soil profile in pearl millet (Pennisetum glaucum (L.) R. Br). Application to measure root system
response to water stress in field conditions. PLoS One, 14(7), e0214182.

Fereres, E., & Soriano, M. A. (2007). Deficit irrigation for reducing agricultural water use. Journal of
Experimental Botany, 58(2), 147-159.

Flexas, J., Galmés, J., Gallé, A., Gulias, J., Pou, A., Ribas-Carbo, M., Tomas, M., & Medrano, H. (2010).
Improving water use efficiency in grapevines: potential physiological targets for biotechnological
improvement. Australian Journal of Grape and Wine Research, 16, 106—121.

Foyer, C. H. (2018). Reactive oxygen species, oxidative signaling and the regulation of photosynthesis.

Environmental and Experimental Botany, 154, 134-142.

35



Frere, M., & Popov, G. F. (1979). Agrometeorological crop monitoring and forecasting.

Gago, J., Douthe, C., Florez-Sarasa, |., Escalona, J. M., Galmes, J., Fernie, A. R., Flexas, J., & Medrano, H.
(2014). Opportunities for improving leaf water use efficiency under climate change conditions. Plant
Science, 226, 108-119.

Gebrehiwot, K. A., & Gebrewahid, M. G. (2016). The need for agricultural water management in sub-
saharan Africa. Journal of Water Resource and Protection, 8(09), 835.

Ghatak, A., Chaturvedi, P., Bachmann, G., Valledor, L., Ram3ak, Z., Bazargani, M. M., Bajaj, P., Jegadeesan,
S., Li, W., & Sun, X. (2021). Physiological and proteomic signatures reveal mechanisms of superior
drought resilience in pearl millet compared to wheat. Frontiers in Plant Science, 11, 600278.

Groen, S. C., & Whiteman, N. K. (2014). The evolution of ethylene signaling in plant chemical ecology.
Journal of Chemical Ecology, 40, 700-716.

Haghpanah, M., Hashemipetroudi, S., Arzani, A., & Araniti, F. (2024). Drought tolerance in plants:
physiological and molecular responses. Plants, 13(21), 2962.

Halilou, O., Assefa, Y., Falalou, H., Abdou, H., Achirou, B. F., Karami, S. M. A., & Jagadish, S. V. K. (2020).
Agronomic performance of pearl millet genotypes under variable phosphorus, water, and
environmental regimes. Agrosystems, Geosciences & Environment, 3(1), e20131.

Hamim, H. (2005). Photosynthesis of C3 and C4 species in response to increased CO2 concentration and
drought stress. HAYATI Journal of Biosciences, 12(4), 131.

Harrison, E. L., Arce Cubas, L., Gray, J. E., & Hepworth, C. (2020). The influence of stomatal morphology
and distribution on photosynthetic gas exchange. The Plant Journal, 101(4), 768-779.

Hasanuzzaman, M., Bhuyan, M. H. M. B., Zulfigar, F., Raza, A., Mohsin, S. M., Mahmud, J. Al, Fujita, M., &
Fotopoulos, V. (2020). Reactive oxygen species and antioxidant defense in plants under abiotic
stress: Revisiting the crucial role of a universal defense regulator. Antioxidants, 9(8), 681.

Hasanuzzaman, M., Shabala, L., Brodribb, T. J., Zhou, M., & Shabala, S. (2022). Understanding the role of
physiological and agronomical traits during drought recovery as a determinant of differential
drought stress tolerance in barley. Agronomy, 12(9), 2136.

Hassan, Z. M., Sebola, N. A., & Mabelebele, M. (2021). The nutritional use of millet grain for food and feed:

a review. Agriculture & Food Security, 10, 1-14.

36



Hatfield, J. L., & Dold, C. (2019). Water-use efficiency: advances and challenges in a changing climate.
Frontiers in Plant Science, 10, 103.

Hiekal, M., & Hossam, A. (2022). Modernization drip irrigation systems to improve fodder crops
production and rationalizing groundwater in North Sinai-Egypt: case study. Misr Journal of
Agricultural Engineering, 39(1), 51-70.

Hirooka, Y., Awala, S. K., Hove, K., Nanhapo, P. I., & lijima, M. (2021). Effects of cultivation management
on pearl millet yield and growth differed with rainfall conditions in a seasonal wetland of Sub-
Saharan Africa. Agronomy, 11(9), 1767.

Hostetler, A. N., Morais de Sousa Tinoco, S., & Sparks, E. E. (2024). Root responses to abiotic stress: a
comparative look at root system architecture in maize and sorghum. Journal of experimental
botany, 75(2), 553-562.

Huang, B. (2008). Turfgrass water requirements and factors affecting water usage. Water Quality and
Quantity Issues for Turfgrass in Urban Landscapes. Council Agr. Sci. Technol. Spec. Publ, 27, 193—-
205.

Huang, D., Sun, M., Zhang, A., Chen, J.,, Zhang, J., Lin, C., Zhang, H., Lu, X., Wang, X., & Yan, H. (2021).
Transcriptional changes in pearl millet leaves under heat stress. Genes, 12(11), 1716.

Hatsch, B. W., & Schubert, S. (2023). Grain yield, harvest index, water-use efficiency and nitrogen
partitioning to grain can be improved by application of the plant growth regulator paclobutrazol to
maize plants with reduced N supply. Journal of Agronomy and Crop Science, 209(2), 261-272.

Ismail, S. M., & Ozawa, K. (2007). Improvement of crop yield, soil moisture distribution and water use
efficiency in sandy soils by clay application. Applied Clay Science, 37(1-2), 81-89.

Iwuala, E. N., Odjegba, V. J., Sharma, V., & Alam, A. (2020). Highlights of strategies adapted by two
Pennisetum glaucum (L.) R. Br. Races in a simulated drought stress experiment. Plant Gene, 23,
100238.

Jagadish, S. V. K. (2020a). Heat stress during flowering in cereals—effects and adaptation strategies. New
Phytologist, 226(6), 1567—-1572.

Jagadish, S. V. K. (2020b). Heat stress during flowering in cereals — effects and adaptation strategies. New

Phytologist, 226(6), 1567—1572. https://doi.org/10.1111/NPH.16429

37



Javadipour, Z., Balouchi, H., Movahhedi Dehnavi, M., & Yadavi, A. (2021). Physiological Responses of Bread
Wheat (Triticum aestivum) Cultivars to drought stress and exogenous methyl jasmonate. Journal of
Plant Growth Regulation, 1-16.

Jones, H. G. (1999). Use of infrared thermometry for estimation of stomatal conductance as a possible aid
to irrigation scheduling. Agricultural and Forest Meteorology, 95(3), 139-149.

Kadigi, R. M. J., Tesfay, G., Bizoza, A., Zibadou, G., & Zilberman, D. (2019). Irrigation and water use
efficiency in Sub-Saharan Africa. Gates Open Res, 3(587), 587.

Kapoor, C., Singh, S. P., Sankar, S. M., & Singh, N. (2022). Enhancing drought tolerance in pearl millet
(Pennisetum glaucum L.): integrating traditional and omics approaches. Euphytica, 218(7), 104.
Kaur, J. T., Kaur, K. T., Kaur, A. T., & Sandhu, S. S. (2021). Pearl Millet: Health Foods for the Future. In

Cereals and Cereal-Based Foods (pp. 19—40). Apple Academic Press.

Khaeim, H., Kende, Z., Joldnkai, M., Kovécs, G. P., Gyuricza, C., & Tarnawa, A. (2022). Impact of
temperature and water on seed germination and seedling growth of maize (Zea mays L.). Agronomy,
12(2), 397.

Khairwal, I.S., Rai, K. N., Diwakar, B., Sharma, Y. K., Rajpurohit, B. S., Nirwan, B., & Bhattacharjee, R. (2007).
Pearl millet crop management and seed production manual.

Khalid, S., & Khalil, F. (2020). Influence of irrigation regimes on competition indexes of winter and summer
intercropping system under semi-arid regions of Pakistan. Scientific Reports, 10.

Kitchenham, B. (2004). Procedures for performing systematic reviews. Keele, UK, Keele University,
33(2004), 1-26.

Kohli, P. S., Maurya, K., Thakur, J. K., Bhosale, R., & Giri, J. (2022). Significance of root hairs in developing
stress-resilient plants for sustainable crop production. Plant, Cell & Environment, 45(3), 677-694.

Kumar, P., & Kumar, A. (2021). Water management for improving pearl millet production under irrigated
environment: A review. Agricultural Reviews, 42(2), 225-229.

Kusaka, M., Lalusin, A. G., & Fujimura, T. (2005). The maintenance of growth and turgor in pearl millet
(Pennisetum glaucum [L.] Leeke) cultivars with different root structures and osmo-regulation under
drought stress. Plant Science, 168(1), 1-14.

Kusumi, K., Hirotsuka, S., Kumamaru, T., & Iba, K. (2012). Increased leaf photosynthesis caused by elevated

38



stomatal conductance in a rice mutant deficient in SLAC1, a guard cell anion channel protein. Journal
of Experimental Botany, 63(15), 5635-5644.

Lambers, H., & Oliveira, R. S. (2019). Plant water relations. In Plant physiological ecology (pp. 187-263).
Springer.

Laskari, M., Menexes, G., Kalfas, |., Gatzolis, |., & Dordas, C. (2022). Water stress effects on the
morphological, physiological characteristics of maize (Zea mays L.), and on environmental cost.
Agronomy, 12(10), 2386.

Lawson, T., & Milliken, A. L. (2023). Photosynthesis—beyond the leaf. New Phytologist, 238(1), 55—61.

Lawson, T., & Vialet-Chabrand, S. (2019). Speedy stomata, photosynthesis and plant water use efficiency.
New Phytologist, 221(1), 93-98.

Lawson, T., von Caemmerer, S., & Baroli, I. (2011). Photosynthesis and stomatal behaviour. Progress in
Botany 72, 265-304.

Leite, J. T., Amaral Junior, A. T. do, Kamphorst, S. H., Lima, V. J. de, Santos Junior, D. R. dos, Schmitt, K. F.
M., Souza, Y. P. de, Santos, T. de O., Bispo, R. B., & Mafra, G. S. (2021). Water use efficiency in
popcorn (Zea mays L. var. everta): which physiological traits would be useful for breeding? Plants,
10(7), 1450.

Li, X., Welbaum, G. E., Rideout, S. L., Singer, W., Zhang, B., Li, X., Welbaum, G. E., Rideout, S. L., Singer, W.,
& Zhang, B. (2022). Vegetable Soybean and Its Seedling Emergence in the United States. Legumes
Research; Jimenez-Lopez, JC, Clemente, A., Eds, 1-25.

Lin, C., Hang, T., Jiang, C., Yang, P., & Zhou, M. (2023). Effects of different phosphorus levels on tiller bud
development in hydroponic Phyllostachys edulis seedlings. Tree Physiology, tpad055.

Lira, J. B. de, Andrade, A. P. de, Rodrigues Magalhaes, A. L., Campos, F. S., Aradjo, G. G. L. de, Deon, D. S,,
Gois, G. C., Regitano Neto, A., Cunha, D. de S., & Tabosa, J. N. (2020). Production of pearl millet
irrigated with different levels of brackish water and organic matter. Communications in Soil Science
and Plant Analysis, 51(5), 701-709.

Mahalakshmi, V., & Bidinger, F. R. (1986). Water deficit during panicle development in pearl millet: yield
compensation by tillers. The Journal of Agricultural Science, 106(1), 113-119.

Mahmood, T., Abdullah, M., Ahmar, S., Yasir, M., Igbal, M. S., Yasir, M., Ur Rehman, S., Ahmed, S., Rana,

39



R. M., & Ghafoor, A. (2020). Incredible role of osmotic adjustment in grain yield sustainability under
water scarcity conditions in wheat (Triticum aestivum L.). Plants, 9(9), 1208.

Maiti, R. K., & Bidinger, F. R. (1981). Growth and development of the pearl millet plant. Sans Titre, 6.

Martello, M., Dal Ferro, N., Bortolini, L., & Morari, F. (2015). Effect of incident rainfall redistribution by
maize canopy on soil moisture at the crop row scale. Water, 7(5), 2254-2271.

Martinez-Gofii, X. S., Miranda-Apodaca, J., & Pérez-Lépez, U. (2023). Could buckwheat and spelt be
alternatives to wheat under future environmental conditions? Study of their physiological response
to drought. Agricultural Water Management, 278, 108176.

Mbava, N., Mutema, M., Zengeni, R., Shimelis, H., & Chaplot, V. (2020). Factors affecting crop water use
efficiency: A worldwide meta-analysis. Agricultural Water Management, 228, 105878.

Miyazawa, S.-I., Livingston, N. J., & Turpin, D. H. (2006). Stomatal development in new leaves is related to
the stomatal conductance of mature leaves in poplar (Populus trichocarpax P. deltoides). Journal of
Experimental Botany, 57(2), 373-380.

Montazar, A., Bachie, O., Corwin, D., & Putnam, D. (2020). Feasibility of moderate deficit irrigation as a
water conservation tool in California’s low desert alfalfa. Agronomy, 10(11), 1640.

Moreta, D. E., Mathur, P. N., van Zonneveld, M., Amaya, K., Arango, J., Selvaraj, M. G., & Dedicova, B.
(2015). Current issues in cereal crop biodiversity. Biotechnological Applications of Biodiversity, 1—
35.

Nambiar, V. S., Dhaduk, J. J., Sareen, N., Shahu, T., & Desai, R. (2011). Potential functional implications of
pearl millet (Pennisetum glaucum) in health and disease. Journal of Applied Pharmaceutical Science,
Issue, 62-67.

Narasimhulu, R., Veeraraghavaiah, R., Reddy, B. S., Satyavathi, C. T., Ajay, B. C., & Reddy, P. S. (2023). Yield
stability analysis of pearl millet genotypes in arid region of India using AMMI and GGE biplot. Journal
of Environmental Biology, 44(2), 185-192.

Ndlovu, E., Van Staden, J., & Maphosa, M. (2021). Morpho-physiological effects of moisture, heat and
combined stresses on Sorghum bicolor [Moench (L.)] and its acclimation mechanisms. Plant Stress,
2, 100018.

Onyango, C. M., Nyaga, J. M., Wetterlind, J., Soderstrom, M., & Piikki, K. (2021). Precision agriculture for

40



resource use efficiency in smallholder farming systems in Sub-Saharan Africa: a systematic review.
Sustainability, 13(3), 1158.

Ozturk, M., Turkyilmaz Unal, B., Garcia-Caparrés, P., Khursheed, A., Gul, A., & Hasanuzzaman, M. (2021).
Osmoregulation and its actions during the drought stress in plants. Physiologia Plantarum, 172(2),
1321-1335.

Pallardy, S. G. (2010). Physiology of woody plants. academic press.

Passioura, J. B. (2010). Plant—water relations. ELS.

Passot, S., Gnacko, F., Moukouanga, D., Lucas, M., Guyomarc’h, S., Ortega, B. M., Atkinson, J. A., Belko, M.
N., Bennett, M. J., & Gantet, P. (2016). Characterization of pearl millet root architecture and anatomy
reveals three types of lateral roots. Frontiers in Plant Science, 7, 829.

Pattanashetti, S. K., Upadhyaya, H. D., Dwivedi, S. L., Vetriventhan, M., & Reddy, K. N. (2016). Pearl millet.
In Genetic and genomic resources for grain cereals improvement (pp. 253-289). Elsevier.

Pearcy, R. W., & Ehleringer, J. (1984). Comparative ecophysiology of C3 and C4 plants. Plant, Cell &
Environment, 7(1), 1-13.

Petrik, P., Petek-Petrik, A., Mukarram, M., Schuldt, B., & Lamarque, L. J. (2023). Leaf physiological and
morphological constraints of water-use efficiency in C3 plants. AoB Plants, 15(4), plad047.

Pimentel, C. (2022). Agronomic practices to improve water use efficiency. Environ. Sci. Ecol. Curr. Res, 3,
1081.

Prudat, B., Fister, W., Bloemertz, L., Krenz, J., & Kuhn, N. J. (2022). The potential of fragipans in sustaining
pearl millet during drought periods in north-central Namibia. Geographica Helvetica, 77(1), 39-51.

Pujar, M., Gangaprasad, S., Govindaraj, M., Gangurde, S. S., Kanatti, A., & Kudapa, H. (2020). Genome-
wide association study uncovers genomic regions associated with grain iron, zinc and protein
content in pearl millet. Scientific Reports, 10(1), 19473.

Qazi, M., Kambara, K., Gupta, S. K., Takano, T., & Tsugama, D. (2025). Evidence that abscisic acid mediates
gene activation under dehydrating conditions in pearl millet. Bioscience, Biotechnology, and
Biochemistry, zbaf070.

Raja, V., Majeed, U., Kang, H., Andrabi, K. I., & John, R. (2017). Abiotic stress: Interplay between ROS,

hormones and MAPKs. Environmental and Experimental Botany, 137, 142-157.

41



Rao, T. P., & Ito, O. (1998). Differences in root system morphology and root respiration in relation to
nitrogen uptake among six crop species. Japan Agricultural Research Quarterly, 32, 97-104.

Reddy, A. A., Rao, P. P., Yadav, O. P., Singh, I. P, Ardeshna, N. J., Kundu, K. K., Gupta, S. K., Sharma, R.,
Sawargaonkar, G. L., & Malik, D. P. (2013). Prospects for kharif (Rainy Season) and Summer Pearl
Millet in Western India. Working Paper Series no. 36.

Rotela, S., Borkar, S., & Borah, A. (2021). Health benefits of millets and their significance as functional
food: A review. J. Pharma Innov, 10, 158-162.

Rounsevell, M. D. A., Evans, S. P., & Bullock, P. (1999). Climate change and agricultural soils: impacts and
adaptation. Climatic Change, 43(4), 683-709.

Ruehr, N. K., Grote, R., Mayr, S., & Arneth, A. (2019). Beyond the extreme: recovery of carbon and water
relations in woody plants following heat and drought stress. Tree Physiology, 39(8), 1285-1299.

Sade, N., del Mar Rubio-Wilhelmi, M., Umnajkitikorn, K., & Blumwald, E. (2018). Stress-induced
senescence and plant tolerance to abiotic stress. Journal of Experimental Botany, 69(4), 845-853.

Salem, E. M. M., & Shoman, H. E.-D. A. (2021). Impact of Irrigation Water Quantities and Soil Mulching on
Pearl Millet Performance under Heat Stress Conditions. Egyptian Journal of Agronomy, 43(3), 333—
345.

Sanogo, M. D., Coulibaly, S. B., Mariko, M., & Witcombe, J. R. (2022). Topcross pearl millet hybrids for
Africa: A case study for Mali. Experimental Agriculture, 58.

Santiago-Arenas, R., Dhakal, S., Ullah, H., Agarwal, A., & Datta, A. (2021). Seeding, nitrogen and irrigation
management optimize rice water and nitrogen use efficiency. Nutrient Cycling in Agroecosystemes,
120(3), 325-341.

Satyavathi, C. T., Ambawat, S., Khandelwal, V., & Srivastava, R. K. (2021). Pearl millet: a climate-resilient
nutricereal for mitigating hidden hunger and provide nutritional security. Frontiers in Plant Science,
1828.

Seleiman, M. F., Al-Suhaibani, N., Ali, N., Akmal, M., Alotaibi, M., Refay, Y., Dindaroglu, T., Abdul-Wajid, H.
H., & Battaglia, M. L. (2021). Drought stress impacts on plants and different approaches to alleviate
its adverse effects. Plants, 10(2), 259.

Serba, D. D., Yadav, R. S., Varshney, R. K., Gupta, S. K., Mahalingam, G., Srivastava, R. K., Gupta, R.,

42



Perumal, R., & Tesso, T. T. (2020). Genomic designing of pearl millet: a resilient crop for arid and
semi-arid environments. Genomic Designing of Climate-Smart Cereal Crops, 221-286.

Sharma, A., Shahzad, B., Kumar, V., Kohli, S. K., Sidhu, G. P. S., Bali, A. S., Handa, N., Kapoor, D., Bhardwaj,
R., & Zheng, B. (2019). Phytohormones regulate accumulation of osmolytes under abiotic stress.
Biomolecules, 9(7), 285.

Sharma, B., Molden, D., & Cook, S. (2015). Water use efficiency in agriculture: Measurement, current
situation and trends.

Sharma, S., Sharma, R., Pujar, M., Yadav, D., Yadav, Y., Rathore, A., Mahala, R. S,, Singh, I., Verma, Y., &
Deora, V. S. (2021). Use of wild Pennisetum species for improving biotic and abiotic stress tolerance
in pearl millet. Crop Science, 61(1), 289-304.

Shivhare, R., Asif, M. H., & Lata, C. (2020). Comparative transcriptome analysis reveals the genes and
pathways involved in terminal drought tolerance in pearl millet. Plant Molecular Biology, 103, 639—
652.

Shivhare, R., & Lata, C. (2019). Assessment of pearl millet genotypes for drought stress tolerance at early
and late seedling stages. Acta Physiologiae Plantarum, 41(3), 39.

Shrestha, N., Hu, H., Shrestha, K., & Doust, A. N. (2023). Pearl millet response to drought: A review.
Frontiers in Plant Science, 14, 1059574.

Siebert, S., & DA, P. (2008). The Global Crop Water Model (GCWM): Documentation and first results for
irrigated crops. Univ., Inst. of Physical Geography.

Sinclair, T. R. (2018). Effective water use required for improving crop growth rather than transpiration
efficiency. Frontiers in Plant Science, 9, 1442.

Sinclair, T. R., Tanner, C. B., & Bennett, J. M. (1984). Water-use efficiency in crop production. Bioscience,
34(1), 36-40.

Singh, S., Viswanath, A., Chakraborty, A., Narayanan, N., Malipatil, R., Jacob, J., ... & Thirunavukkarasu, N.
(2024). Identification of key genes and molecular pathways regulating heat stress tolerance in pear!
millet to sustain productivity in challenging ecologies. Frontiers in Plant Science, 15, 1443681.

Singh, M., Kumar, J., Singh, S., Singh, V. P., & Prasad, S. M. (2015). Roles of osmoprotectants in improving

salinity and drought tolerance in plants: a review. Reviews in Environmental Science and

43



Bio/Technology, 14, 407-426.

Siroha, A. K., Sandhu, K. S., & Kaur, M. (2016). Physicochemical, functional and antioxidant properties of
flour from pearl millet varieties grown in India. Journal of Food Measurement and Characterization,
10(2), 311-318.

Smith, M., Allen, R., & Pereira, L. (1998). Revised FAO methodology for crop-water requirements.

Sosnowski, J., Truba, M., & Vasileva, V. (2023). The impact of auxin and cytokinin on the growth and
development of selected crops. Agriculture, 13(3), 724.

Subramanian, V. B., & Maheswari, M. (1989). Comparison of physiological responses of pearl millet and
sorghum to water stress. Proceedings / Indian Academy of Sciences, 99(6), 517-522.
https://doi.org/10.1007/BF03053420

Tura, L. E., & Tolossa, T. T. (2020). Systematic review: effect of irrigation water quality and deficit irrigation
on crop yield and water use efficiency. Turkish Journal of Agriculture-Food Science and Technology,
8(5), 1201-1210.

Turner, N. C. (2018). Turgor maintenance by osmotic adjustment: 40 years of progress. Journal of
Experimental Botany, 69(13), 3223—-3233.

Ullah, A., Ahmad, A., Khalig, T., & Akhtar, J. (2017). Recognizing production options for pearl millet in
Pakistan under changing climate scenarios. Journal of Integrative Agriculture, 16(4), 762-773.
Upadhyaya, H. D., Reddy, K. N., & Gowda, C. L. L. (2007). Pearl millet germplasm at ICRISAT genebank-

status and impact. Journal of SAT Agricultural Research, 3, 5pp.

Vadez, V., Hash, T., Bidinger, F. R., & Kholova, J. (2012). Il. 1.5 Phenotyping pearl millet for adaptation to
drought. Frontiers in Physiology, 3, 386.

Varshney, R. K., Shi, C., Thudi, M., Mariac, C., Wallace, J., Qj, P., Zhang, H., Zhao, Y., Wang, X., & Rathore,
A. (2017). Pearl millet genome sequence provides a resource to improve agronomic traits in arid
environments. Nature Biotechnology, 35(10), 969-976.

Wang, W., Ding, Y., Shao, Q., Xu, J., Jiao, X., Luo, Y., & Yu, Z. (2017). Bayesian multi-model projection of
irrigation requirement and water use efficiency in three typical rice plantation region of China based
on CMIP5. Agricultural and Forest Meteorology, 232, 89—-105.

Wang, X., Luo, N., Zhu, Y., Yan, Y., Wang, H., Xie, H., Wang, P., & Meng, Q. (2023). Water replenishment

44



to maize under heat stress improves canopy temperature and grain filling traits during the
reproductive stage. Agricultural and Forest Meteorology, 340, 109627.

Wani, S. H., Kumar, V., Shriram, V., & Sah, S. K. (2016). Phytohormones and their metabolic engineering
for abiotic stress tolerance in crop plants. The Crop Journal, 4(3), 162-176.

Wasaya, A., Hassan, J., Yasir, T. A., Ateeq, M., & Raza, M. A. (2022). Foliar application of silicon improved
physiological indicators, yield attributes, and yield of pearl millet (Pennisetum glaucum L.) under
terminal drought stress. Journal of Soil Science and Plant Nutrition, 22(4), 4458—4472.

Wei, Z., & Li, J. (2016). Brassinosteroids regulate root growth, development, and symbiosis. Molecular
Plant, 9(1), 86—100.

Weraduwage, S. M., Chen, J., Anozie, F. C., Morales, A., Weise, S. E., & Sharkey, T. D. (2015). The
relationship between leaf area growth and biomass accumulation in Arabidopsis thaliana. Frontiers
in Plant Science, 167.

Wilkinson, S., Kudoyarova, G. R., Veselov, D. S., Arkhipova, T. N., & Davies, W. J. (2012). Plant hormone
interactions: innovative targets for crop breeding and management. Journal of Experimental Botany,
63(9), 3499-3509.

Woodward, A. W., & Bartel, B. (2005). Auxin: regulation, action, and interaction. Annals of Botany, 95(5),
707-735.

Wu, F., Gao, Y., Yang, W., Sui, N., & Zhu, J. (2022). Biological functions of strigolactones and their crosstalk
with other phytohormones. Frontiers in Plant Science, 13, 821563.

Xu, W., Cui, K., Xu, A., Nie, L., Huang, J., & Peng, S. (2015). Drought stress condition increases root to shoot
ratio via alteration of carbohydrate partitioning and enzymatic activity in rice seedlings. Acta
Physiologiae Plantarum, 37(2), 1-11.

Xu, Z., Tian, Y., Liu, Z., & Xia, X. (2023). Comprehensive Effects of Atmosphere and Soil Drying on Stomatal
Behavior of Different Plant Types. Water, 15(9), 1675.

Xu, Z., Zhou, G., & Shimizu, H. (2010). Plant responses to drought and rewatering. Plant Signaling &
Behavior, 5(6), 649—-654.

Yadav, A. K,, Arya, R. K., Singh, M. K., Kumar, D., & Panchta, R. (2016). Heat tolerance in pearl millet: A
review. Forage Res, 42(2), 65-81.

45



Yadav, S., & Sharma, K. D. (2016). Molecular and morphophysiological analysis of drought stress in plants.
In Plant growth. IntechOpen.

Yadav, O. P., Rai, K. N., Rajpurohit, B. S., Hash, C. T., Mahala, R. S., Gupta, S. K., Shetty, H. S., Bishnoi, H. R,,
Rathore, M. S., & Kumar, A. (2012). Twenty-five years of pearl millet improvement in India.

Yang, X., Lu, M., Wang, Y., Wang, Y., Liu, Z., & Chen, S. (2021). Response mechanism of plants to drought
stress. Horticulturae, 7(3), 50.

Ye, Q. Yang, X., Dai, S., Chen, G., Li, Y., & Zhang, C. (2015). Effects of climate change on suitable rice
cropping areas, cropping systems and crop water requirements in southern China. Agricultural
Water Management, 159, 35-44.

Yordanov, I., Velikova, V., & Tsonev, T. (2003). Plant responses to drought and stress tolerance Bulgarian. J
Plant Physiol, 2, 187-206.

Zheng, C., Bochmann, H., Liu, Z., Kant, J., Schrey, S. D., Wojciechowski, T., & Postma, J. A. (2023). Plant
root plasticity during drought and recovery: What do we know and where to go? Frontiers in Plant
Science, 14, 1084355.

Zhuang, L., Wang, J., & Huang, B. (2017). Drought inhibition of tillering in Festuca arundinacea associated
with axillary bud development and strigolactone signaling. Environmental and Experimental Botany,
142, 15-23.

Zia, R., Nawaz, M. S., Siddique, M. J., Hakim, S., & Imran, A. (2021). Plant survival under drought stress:
Implications, adaptive responses, and integrated rhizosphere management strategy for stress
mitigation. Microbiological Research, 242, 126626.

Zivcak, M., Brestic, M., & Sytar, O. (2016). Osmotic adjustment and plant adaptation to drought stress. In

Drought Stress Tolerance in Plants, Vol 1 (pp. 105-143). Springer.

46



3 AGRO-PHYSIOLOGICAL AND MORPHOLOGICAL RESPONSES OF PEARL
MILLET TO VARYING WATER REGIMES IN THE SEMI-ARID CONDITIONS OF
NAMIBIA

Ofentse Moseki  *, Grace Kangueehi !, Vasco Chiteculo 2, Matthias Zink > and Maliata Athon Wanga !
Faculty of Health, Natural Resources and Applied Sciences, School of Agriculture and Natural Resource
Sciences, Namibia University of Science and Technology, Private Bag 13388, Windhoek 9000, Namibia
Southern African Science Service Centre for Climate Change and Adaptive Land Management,
SASSCAL-Angola National Node, Rua da Granja, Cidade Alta, Huambo 13301, Angola

International Centre for Water Resources and Global Change, ICWRGC, UNESCO Category 2 Centre,
56068 Koblenz, Germany

* Correspondence: mosekiol4@gmail.com

Published article Agronomy Journal (MDPI), DOI: https://doi.org/10.3390/agronomy15020381

Abstract: Pearl millet (Pennisetum glaucum (L.) R. Br.) is a C4 plant adapted to semi-arid climates and is
one of the primary staple foods in Sub-Saharan Africa, including in Namibia. The decline in yields
associated with water scarcity over the years has been a national concern in the country. An experimental
field trial was conducted at the Mannheim Crop Research Station, Namibia, during the 2023 and 2024
cropping seasons to investigate the response of two local pearl millet cultivars (Kangara and Okashana 2)
to different water regimes (100%, 75%, and 50% crop evapotranspiration [ETc]) according to morpho-
physiological and yield parameters. Pearl millet was planted in a split-plot factorial design with four rows
per plot under the three water regimes, and the genotypes were planted in subplots. The results revealed
that the water regime had a significant effect on plant height, number of leaves, tillers, chlorophyll
content, stomatal conductance, leaf temperature, stem thickness, number of productive tillers, panicle
diameter, panicle length, dry panicle weight, biomass, grain weight, and 1000-seed weight of the two
pearl millet cultivars (p < 0.001). At 50% ETc, the water regime significantly reduced the growth and yield

parameters compared with the 75% ETc and 100% ETc water regimes, highlighting the significance of
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water in plant development and growth. The findings highlighted that both cultivars responded similarly
to water stress. This research has significant implications for the planning and production of pearl millet

under water-limited environments under changing climatic conditions.

Keywords: crop physiology; evapotranspiration; Namibia; pearl millet; water scarcity

3.1 Introduction

In recent decades, water availability has been declining owing to climate change and population growth,
particularly in arid and semi-arid regions, posing significant challenges to sustainable crop production
(Emediegwu et al., 2022; UN-Water, 2024). These challenges are acute in Sub-Saharan Africa (SSA), where
unpredictable rainfall patterns and high temperatures limit agricultural productivity (Emediegwu et al.,
2022). This is reflected in declining crop yields across the region due to drought stress. Drought stress
occurs when available soil water is limited for crop utilisation, whereas atmospheric conditions, such as
high temperatures, cause continuous water loss by transpiration or evaporation (Farooq et al., 2012).
Drought stress negatively affects key physiological, morphological, biochemical, and molecular processes
in crops, including growth phenology, water and nutrient uptake, and photosynthesis (Salehi-Lisar &
Bakhshayeshan-Agdam, 2016).

Pearl millet (Pennisetum glaucum (L.) R. BR.), a drought-tolerant crop, is promising for sustaining food
production under these challenging conditions because of its low water requirement compared to other
cereal crops. Millions of people in Sub-Saharan Africa and Asia consume millet as a staple diet (FAO, 2023).
However, pearl millet is susceptible to water stress at critical stages of development (Choudhury et al.,
2022; Emediegwu et al., 2022). Globally, crop production is frequently constrained by moisture stress
during the growing season in dryland environments, leading to significant reductions in economic yields
(Kapoor et al., 2022). Despite its resilience to arid environments compared with crops such as maize, rice,
and wheat, pearl millet faces the risk of yield loss due to frequent drought and heat stress (Kapoor et al.,
2022). For example, in Nigeria, erratic rainfall and poor crop management have reduced yields, leading to

crop failure in pearl millet production (Azare et al., 2020).
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The benefits of pearl millet extend beyond its role as a source of food. Its by-products, including fodder,
porridge, and snacks, contribute to food security and economic resilience (Siroha et al., 2016. It is
cultivated in several countries in Southern Africa, including Botswana, Namibia, South Africa, Zambia, and
Zimbabwe (Upadhyaya et al., 2007). Despite its importance, the physiological and agronomic responses
of local pearl millet cultivars under water deficit conditions remain underexplored, particularly in Namibia.
Given the sensitivity of crops to water stress, understanding how different water regimes affect their
physiological and yield traits is critical for improving productivity under semi-arid conditions.

Studies investigating drought tolerance in pearl millet and the effects of water relations on physiological
and biochemical traits under different environments have found that drought stress affects the growth
traits of pearl millet (Bello et al.,, 2019; Choudhury et al., 2022; Ateeq et al.,, 2024). Assessing crop
performance across diverse agroecological systems is crucial for optimising agricultural practices. Lincoln
et al. (2023) highlighted that agroecological niches and associated cropping systems are essential for
realising the potential of underutilised crops. Darmaun et al. (2023) highlighted the importance of
multidimensional and multiscale assessments in evaluating agroecological transitions, emphasising
adaptability to local conditions and social interactions. Considering the differences brought about by
agroecological zones, there is a dearth of information regarding the responses of different local cultivars,
such as Okashana 2 and Kangara, to varying irrigation treatments in Namibia, where both genetic and
environmental factors significantly influence crop yields. This is critical for ensuring food security under
the changing environmental conditions in Namibia.

In light of these gaps, this study sought to evaluate the effects of different water regimes on the
physiological and yield parameters of two pearl millet cultivars, Okashana 2 and Kangara, cultivated in
Namibia. We determined (i) the effect of different water regimes on pearl millet height, number of tillers,
number of leaves, chlorophyll content, stomatal conductance, and leaf temperature of pearl millet in
Tsumeb, Namibia, and (ii) the impact of the growing season, water regime, and variety on morpho-
physiological characteristics. We hypothesized that higher irrigation levels would enhance the agro-
morphological and physiological traits of both cultivars. Furthermore, it was anticipated that, owing to
their genetic differences, Okashana 2 and Kangara would exhibit distinct responses to different water

regimes for pearl millet in Namibia.
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3.2 Materials and Methods

3.2.1 Study Area

Namibia is a semi-arid country in Sub-Saharan Africa (SSA) (Byers, 1997; Lange, 1998). This study was
conducted at Mannheim Research Station experimental field sites in the Oshikoto Region, Namibia (Lat.
-19.168611 and Lon. 17.763056). Both crop production and livestock farming are practised in this area.
Namibia is characterised by highly variable rainfall and temperature in space and time (Figure 3.1),
recurrent droughts, and water scarcity. According to Namibia Water Corporation, Ltd. (NamWater)
(Namibia Water Corporation Ltd [NamWater], 2022), the annual rainfall varies between 550 mm and 600
mm in the north and 250 mm and 300 mm in the south. Nearly 80% of the country is supplied by
underground water, mainly because it is naturally protected from evaporation; hence, it depends on this
source. Evapotranspiration rates vary from 2600 mm per annum in the northeast to 3700 mm per annum
in the south. Higher evapotranspiration rates were observed between October and December. During the
September to December 2023 cropping season, the monthly maximum temperature ranged between 38
°C and 36 °C; the average temperature ranged between 28 °C and 25 °C, and minimum monthly
temperatures ranged between 18 °Cand 12 °C, which were obtained from the synoptic station of Tsumeb.
The corresponding rainfall measured during that period was in November and December with 7.2 mm
and 33.6 mm, respectively. Conversely, during the January to April 2024 cropping season, the maximum
monthly temperature ranged between 36 °C and 32 °C; the average monthly temperature ranged
between 25 °C and 22 °C, and minimum monthly temperatures ranged between 18 °C and 14 °C, while

the rainfall received during that period ranged from 63.3 mm to 18.8 mm.
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Figure 3-1. Map showing the study area at Mannheim Crop Research Station, Tsumeb, Oshikoto region,
Namibia.

3.2.2 Methodology

3.2.3 Experimental Design

First, the land was prepared by clearing debris, followed by the placement of the irrigation system. The
experiment was then laid out in a blocked split-plot design, with three irrigation treatments as the main
plot factor and crop cultivars (Kangara and Okashana 2) as the subplot factor, with four replicates. Before
sowing, soil samples were taken to make a composite sample that was analysed in the lab for fertility and
classification according to a previously described method (Walworth, 2011). Soil samples were collected
from five locations on each plot to create a composite. Polyethylene drip laterals (20 mm inside diameter)
were installed before planting in every plot, with emitters (rated at 1 L/h discharge) spaced every 0.2 m

on the laterals. Each plot was 3 m by 3 m, and a buffer zone with 1.0 m and 2.0 m spacing was provided
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between the plots and blocks (Figure 3.2). After irrigation, observations of emitter wetting patterns
showed complete closure between adjacent emitters on the same lateral side, and more than 85%
between rows, which ensured uniform wetting within the plots. Each plot consisted of four rows spaced
at 0.75 m; only the two middle rows were used for monitoring, while the other two were used as borders.
Several seeds were planted in each hole at a spacing of 0.15 m, and thinning was performed after
emergence to achieve a population of 30 plants, with one plant in each stand. The first trial season was

conducted from September to December 2023, and the second from January to April 2024.
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Figure 3-2. Experimental design for the September—-December 2023 and January—April 2024 growing
seasons. Numbers above the variety in each plot represent the plot number.

3.2.4 Treatments Determination
The crop evapotranspiration rate was computed using the CROPWAT 8.0 model (Smith et al., 1998), which

uses meteorological, soil, and crop factors as the inputs for the study area. Long-term monthly climate
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averages for the Oshikoto region were obtained from the National Aeronautics and Space Administration
(NASA) for 1991-2022 (https://power.larc.nasa.gov/data-access-viewer/, accessed on 15 August 2023)
(National Aeronautics and Space Administration (NASA), 2023). The data acquired were the mean monthly
minimum and maximum temperatures (°C), relative humidity (%), solar radiation/sunshine hours, rainfall
(mm), and wind speed (m/s). Crop data were obtained from existing databases and the literature, such as
the FAO database (Allen et al., 1998; Smith, 1993). These data were input into CROPWAT 8.0 model to
determine the potential evapotranspiration rate (ET,) of the area. The actual crop evapotranspiration (ET.)
was derived by multiplying the potential evapotranspiration (ET,) by the crop factor (K¢), based on both
growth stages and soil water measurements. A total of 75% and 50% of the ETc from CROPWAT 8.0
computation were used to determine the crop response to different percentages of water supplied in

addition to the control (100 ETc) (Table 3.1).

Table 3-1. The total amount of irrigation water supplied to Pearl Millet.

Treatment (ETc) Total Water Applied (mm)— Total Water Applied (mm)—
Season 1 (September to December 2023) Season 2 (January to December 2024)
50% 304.77 239.34
75% 457.16 359.02
100% 609.55 478.69

3.2.5 Data Collection
Agronomic trait data were collected using the pearl millet descriptor methods described by the
International Board for Plant Genetic Resources (IBPGR) and the International Crops Research Institute

for the Semi-Arid Tropics (ICRISAT) (IBPGR and ICRISAT, 1993).

3.2.5.1 Morphological Traits Data

Quantitative data were acquired through biometric parameter measurements, including plant height
(PH), stem thickness, number of leaves, and tillers. These data were collected at physiological maturity
from five plants in each plot, selected randomly. The plant height (PH) was measured from the base of
the plant to the tip of the panicle. The number of physiologically active leaves and tillers was counted and

recorded accordingly.
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3.2.5.2 Stomatal Conductance Measurements

Stomatal conductance was measured using the Decagon Leaf Porometer (SC-1; Decagon Devices Inc.,
Pullman, WA, USA). Readings were taken from the abaxial surfaces of the fully expanded and exposed
leaves. In each plot, three plants were randomly selected to take conductance measurements, which were
later averaged to get the conductance for each treatment. These readings were taken just before

physiological maturity at 83 days after planting.

3.2.5.3 Chlorophyll Content Measurements

Using a digital SPAD-502 Plus chlorophyll meter (Konica Minolta Sensing, Inc. Tokyo, Japan), the SPAD
values were determined (Minolta, 2009). The chlorophyll meter is a spectral instrument that measures
the difference in transmittance between red (650 nm) and infrared (940 nm) light passing through the
leaf, generating a 3-digit SPAD value. This value was used to take chlorophyll content readings from the
three uppermost, fully expanded leaves from each plot. Three SPAD values per leaf, including one value
around the midpoint of the leaf blade and two values 3 cm apart from the midpoint, were averaged to
give the mean SPAD value of the leaf as outlined by a previous study (Zhang et al., 2019). Readings were

taken just before physiological maturity at 83 days after planting.

3.2.5.4 Leaf Temperature Measurements

Leaf temperature measurements were taken using a non-contact laser infrared digital thermometer (EC-
Technology, N10IT001-5, Woodridge, IL, USA) between 1200 and 1300 hours when the plants were
exposed to concentrated sunlight radiation. Three plants were selected from each plot for the
measurements. Upper-top leaves fully exposed to the sun’s radiation were targeted. These readings were

taken just before physiological maturity at 83 days after planting.

3.2.5.5 Yield and Yield Attributes Measurements

At physiological maturity, several data were collected from the main stem. Stem thickness (ST) and panicle
diameter (PD) (cm) were measured using a Vernier caliper. Panicle length (PL) in centimeters was
measured from the lower panicle branch to the tip of the panicle. Aboveground biomass (B) and panicles

were harvested and air-dried for two weeks before weighing. The dry panicle weight (DPW) in grams was
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measured and recorded after drying before hand-threshing them. Grain weight (GW) was measured in
grams by weighing the grains per panicle, which was recorded after threshing. The grains were then
weighed using a balance scale, and thousand-grain weight (1000-GW) seeds were counted using an

electronic seed counter (Pfeuffer Contador GmbH, Kitzingen, Germany).

3.2.6 Data Analysis

The effects of the cropping season, water regime, and variety on morpho-physiological traits, including
plant height, number of leaves, number of tillers, leaf temperature, chlorophyll content, stomatal
conductance, and yield attributes of pearl millet, were analysed using a two-way factorial design with
analysis of variance (ANOVA) in R version 4.4.0 (R Core Team, 2021) (Equation (1)). Model assumptions
were tested by evaluating the normality of error distributions for each dependent variable using the
Shapiro—Wilk test (p < 0.05) and assessing the homoscedasticity of variances using the Levene test (p <
0.05). When a significant F-test was detected, a post-hoc analysis using Tukey’s Honestly Significant
Difference (Tukey’s HSD) at a 5% significance level was performed to identify the groups that showed
significant differences. Akaike information criteria (AIC) were used to compare potential models, with the
model with the lowest AIC score considered the best fit for describing the relationships between season,
water regime, variety, and their interactions with the morpho-physiological and yield traits studied (R
Core Team, 2021) (Sakamoto et al., 1986).

Yik = +a;i+ 8+ (aB);j + €ijx

where Y is the dependent variable; u is the overall mean of the dependent variable; a; is the effect of
the i-th level of the main effect A; 8;is the effect of the j-th level of the main effect B; (a8); is the interaction

effect of A and B, and g is the residual error (Martinez, 2015).
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33 Results

3.3.1 Effects of Water Regime, Variety, Season, and Their Interactions on the Morpho-
Physiological Traits of Pearl Millet Varieties

The results analysing the water regime had a statistically significant effect (p < 0.001) on plant height,
number of leaves, number of tillers, chlorophyll content, stomatal conductance, and leaf
temperature(Table 3.2). The variety had a statistically significant effect on plant height (p < 0.05). The
season had a statistically significant effect (p < 0.001) on plant height, number of leaves, tillers, and
chlorophyll content. Furthermore, there was a statistically significant interaction between the water
regime and season on plant height (p < 0.001) and number of tillers (p < 0.001). However, there was no
statistically significant difference in the interaction of the water regime by season on the other measured
plant parameters. There was a clear positive response between the water regime, season, and the
dependent variables, while with variety, there was no distinct difference for most of the measured

parameters.
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Table 3-2. Analysis of variance (mean squares) for physiological and vegetative traits of pearl millet.

Model DF  Plant Height (cm) No. of Leaves No. of Tillers Chlorophyll Content Stomatal Conductance Leaf Temperature
Term (SPAD value) (mmol_m_2_s_) (°C)

Water 2 3078.48 (<0.001) 131.94 (<0.001) 81.39(<0.001) 687.61 (<0.001) 90,047.00 (<0.001) 398.58 (<0.001)
Regime

(WR)

Variety 1 349.25(0.05) 0.15 (0.807) 0.18 (0.72) 0.47 (0.88) 4178.00 (0.26) 0.25(0.84)

(V)

Season 1 1333.47 (<0.001) 234.53 (<0.001) 201.38(<0.001) 1021.36 (<0.0010) 2346.00 (0.40) 47.73 (0.005)
(S)

WRxV 2 71.67 (0.43) 0.26 (0.90) 0.08 (0.94) 24.75 (0.27) 2068.00 (0.53) 0.15 (0.97)
WRxS 2 1199.87 (<0.001) 4.63(0.172) 13.47 (<0.001) 35.35(0.16) 2300.00 (0.49) 21.66 (0.03)
VxS 1 191.82 (0.13) 1.02 (0.53) 2.12 (0.21) 0.02 (0.93) 1100.00 (0.56) 0.43 (0.78)
WRxVx 2 76.71 (0.40) 1.61(0.53) 0.17 (0.88) 0.75 (0.96) 334.00 (0.90) 0.92 (0.85)

S

Residual 36 81.94 2.51 1.32 18.42 3201.00 5.56

Grand 149.18 10.97 5.43 44.45 297.61 34.27

Mean

CV (%) 6.1 14.4 21.1 9.7 19.0 6.9

S.Et 9.05 1.58 1.15 4.29 56.58 2.36

Note: DF: degrees of freedom brackets (p-values). Means were separated using Tukey’s Honestly Significant Difference (Tukey’s HSD)
test at p = 0.05.
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3.3.1.1 Interaction of Water Regime by Season on Pearl Millet Morpho-Physiological
Characteristics

Figure 3.3a,b shows the interaction effect of water regime and season on pearl millet growth and
development. The seasonal effect model had the lowest AIC compared to other model terms. Graph (a)
shows the relationship between plant length and the water regime across the two seasons. Statistically
significant differences in plant length were observed between the different water regimes in September—
December 2023 and January—April 2024. Plants under the 50% ETc treatment, September—December
2023, showed the shortest length, and from January to April 2024, plants showed similar height to those
in September—December 2023. It can be seen from the graphs that the 100% ETc treatment resulted in
longer plants, and September—December 2023 plants tended to be longer than January—April 2024 plants
in each water regime. Under the 75% ETc treatment in September—December 2023, plants were slightly
shorter than under the 100% ETc treatment, similar to the treatment with 100% ETc in January—April 2024.
Under the 100% ETc treatment, plant lengths were statistically different from those under 50% ETc in
September—December 2023. Plants have the highest mean length under 100% ETc in September—
December 2023 compared to January—April 2024. These results show the influence of water availability
on plant height. Higher water availability resulted in taller plants.

Graph (b) shows the relationship between the number of tillers (presented on a logarithmic scale) and
different water regimes across the two seasons. Under 50% ETc in September—December 2023, plants
showed a moderate number of tillers, whereas in January—April 2024, plants had the lowest number.
Higher water availability (100% and 75% ETc) resulted in a more significant number of tillers, as there
were no statistically significant differences between the two water regimes in either season. Under 75%
ETc in September—December 2023, plants also showed a higher number of tillers than in January—April
2024 plants under the same treatment. September—December 2023 plants had the highest number of
tillers, whereas in January—April 2024, plants had fewer tillers under the same treatment of 100% ETc.
There was a statistically significant difference between the seasons in this water regime, as indicated by
the different letters. However, September—December 2023 generally produced more tillers than January—

April 2024 across all water regimes.
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Figure 3-3. Interaction effect of water regime by season on pearl millet length (a) and number of tillers
(b). Means are separated by Tukey’s Honestly Significant Difference (Tukey’s HSD) test at p = 0.05.
Different superscript letters explain mean differences. Season 1 is September—-December 2023, and

Season 2 is January—April 2024. Whiskers represent standard errors.
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3.3.2 Effects of Water Regime, Variety, Season, and Their Interactions on the Yield and Yield
Attributes Response of Pearl Millet to Water Regimes
Table 3.3 shows that there was a statistically significant difference in the effect of the water regime on
stem thickness (F (2) = 16.215, p < 0.001), and there was no statistically significant interaction between
the water regime and season on stem thickness. There was a statistically significant interaction between
the water regime and season (F (2) = 12.228, p < 0.001) on the number of productive tillers. There was a
statistically significant difference in water regime (F (2) = 20.273, p < 0.001) and a statistically significant
difference in season (F (1) = 35.018, p < 0.001) on panicle diameter, and there was no statistically
significant interaction effect of water regime by season on panicle diameter; however, there was no
statistically significant interaction difference of water regime by season on panicle length. There was a
statistically significant difference (F (2) = 2.791, p < 0.05) in the length of the panicles. There was also a
statistically significant difference in the panicle length (F (1) = 17.774, p < 0.001). There was a statistically
significant difference (F (2) = 31.240, p < 0.001) between the water regimes and panicle weight; however,
there was no statistically significant difference in the water regime by season on the dry panicle weight.
There was a statistically significant interaction effect of the water regime and season on biomass (F (2) =
9.626, p < 0.001). There was also a statistically significant interaction effect of the water regime and
season on grain weight (F (2) = 3.536, p < 0.05). There was no statistically significant interaction effect of
water regime on the 1000-grain weight by season; however, there was a statistically significant effect of
water regime (F (2) = 62.411, p < 0.001), variety (F (1) = 5.404, p < 0.05), and season (F (1) = 37.208, p <
0.001). Overall, the water regime influenced all measured parameters; the variety affected panicle length
and 1000-seed weight; the season affected the number of productive tillers, panicle diameter, biomass,
and 1000-seed weight; and the interaction between water regime and season affected the number of

productive tillers, biomass, and grain weight of pearl millet.
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Table 3-3. Analysis of variance (mean square) of yield and yield attributes of pearl millet varieties evaluated at different water regimes

in the 2023 and 2024 seasons.

Model DF ST (cm) NP PD (cm) PL (cm) DPW (g) BM (g) GW (g) 1000-SW (g)
Term

Water 2 0.12 (<0.001) 18.51 (<0.001) 0.34 (<0.001) 5.71(0.07) 10,043.0 (<0.001) 99,558 (<0.001) 4521.0(<0.001) 80.58 (0.001)
Regime

(WR)

Variety (V) 1 0.01(0.28) 0.81 (0.15) 0.01 (0.46) 36.38 (<0.001) 109.0 (0.56) 2576 (0.25) 21.0(0.71) 6.98 (0.03)
Season (S) 1 0.0008(0.76) 7.32 (<0.001) 0.58 (<0.001) 1.08 (0.47) 391.0(0.28) 41,167 (<0.001) 169.0 (0.30) 48.04 (<0.001)
WR x V 2 0.004 (0.64) 0.60 (0.22) 0.002(0.91) 0.50 (0.78) 80.0(0.78) 4814 (0.08) 72.0(0.63) 3.24 (0.10)
WR xS 2 0.009 (0.31) 4.67 (<0.001) 0.020.32 5.36(0.09) 681.0 (0.14) 17863 (<0.001) 533.0(0.04) 0.39 (0.74)
VxS 1 0.01 (0.22) 0.03(0.79) 0.04(0.13) 2.05(0.32) 196.0 (0.44) 68 (0.85) 26.0 (0.68) 1.67 (0.26)
WRxVxS 2 0.001 (0.88) 0.34 (0.42) 0.02(0.40) 0.26(0.88) 416.0 (0.29) 90 (0.95) 138.0(0.41) 0.37 (0.75)
Residual 36 0.008 0.38 0.02 2.05 321.0 1856 151.0 1.29

Grand 0.58 2.95 2.51 20.71 70.75 164.17 48.88 9.72

Mean

CV (%) 15.0 21.0 5.1 6.9 25.3 26.2 25.2 11.7

SEx 0.09 0.62 0.13 1.43 17.93 43.08 12.30 1.14

Note: DF, degrees of freedom; ST, stem thickness; NP, number of productive tillers; PD, panicle diameter; PL, panicle length; DPW, dry
panicle weight; BM, biomass; GW, grain weight; SW, seed weight; brackets (p-values). Means were separated using Tukey’s Honestly
Significant Difference (Tukey SD) test at p = 0.05.
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3.3.2.1 Interaction of Water Regime by Season on Pearl Millet Yield and Yield Characteristics
Figure 3.4 shows the interaction effect of the water regime by season on yield and yield attributes. The
seasonal effect model had the lowest AIC compared to other model terms. (a) illustrates the interaction
between water regime (ETc) and season on the number of productive tillers in pearl millet. At 50% ETc,
both seasons had significantly fewer productive tillers than those under the higher water regime.
September—December 2023 showed more productive tillers than January—April 2024 under the 100% and
75% ETc regimes, highlighting that conditions in September—December 2023 favour tiller productivity.
Under 75% ETc, there was a similar trend to the 100% ETc regime, with September—December 2023 having
more productive tillers than January—April 2024. However, the overall number of tillers was slightly lower
than that at 100% ETc. Under 100% ETc, Tukey’s post-hoc test revealed that September to December 2023
had a significantly higher number of productive tillers than January to April 2024. The number of
productive tillers increased with a higher water regime, indicating a positive relationship between water
availability and pearl millet productivity.

(b) shows the relationship between the water regimes by season and biomass. Both seasons had the
lowest biomass at 50% ETc. The seasonal means were not statistically different in this water regime. The
biomass decreased as the water regime decreased from 100% to 50% ETc in both seasons. September—
December 2023 showed higher biomass than January—April 2024 across all water regimes, but the
difference diminished in the 50% ETc water regimes. Under 75% ETc, September—-December 2023 biomass
was not statistically significantly different from biomass at 100% ETc. The January—April 2024 biomass was
statistically different from that of September—December 2023 at 75% ETc. Under 100% ETc, September—
December 2023 had the highest biomass compared to January—April 2024. The results show that biomass
increased with increased water availability across the two seasons. Additionally, the seasonal effect was
observed, which indicates the importance of seasons in evaluating pearl millet productivity.

(c) illustrates the relationship between water regime, season, and grain weight (in grams) for the two
seasons. September—December 2023 had a lower grain weight under 50% ETc, whereas January—April
2024 had a slightly higher grain weight. However, the difference between the two seasons was not
statistically significant. Grain weight decreased as the water regime decreased from 100% to 50% ETc in

both seasons. September—December 2023 maintains a high grain weight at 100% and 75% ETc but
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significantly drops at 50% ETc. A similar pattern was observed between January and April 2024. Under
75% ETc, the mean was higher in September—December 2023 than in January—April 2024; however, the
difference was not statistically significant. Under 100% ETc, September—December 2023 and January—
April 2024 had high grain weights, but the results were not statistically different. The results show that
grain weight increased with higher water regimes, indicating a positive relationship between water

availability and grain weight.

(a) s

o

]

= cd

2

5 4 bd Season

o

o b . September — December 2023
o

“ January — April 2024
@

=)

E

= |

Z

50% 75% 100%
Water Regime (ETc)

64



(b)
400
ab
ad

o
i Season
8 ed . September — December 2023
_E & January — April 2024
m

200 c

0
50% 75% 100%
Water Regime (ETc)
(c)
a
100 o
ac

°

= bc

= Season

é B . September — December 2023

c January — April 2024

© :

O 50

0
50% 75% 100%

Water Regime (ETc)
Figure 3-4. Effect of water regime by season on pearl millet’s (a) number of productive tillers, (b) biomass,
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3.3.3 Changes in Yield and Yield Attributes of Pearl Millet Cultivars During the Two Studied
Seasons

Table 3.4 presents the data on the effect of different water regimes on the yield and yield attributes of
the two pearl millet cultivars (Kangara and Okashana 2) across the two seasons (2023 and 2024). Stem
thickness decreased with reduced water availability in both seasons; the number of productive tillers was
highest at 100% ETc and significantly lower at 50% ETc; and panicle diameter was highest at 100% ETc and
decreased with reduced water availability. Panicle length also decreased with reduced water availability
at 50% ETc. However, this difference was not statistically significant during the January to April 2024
season. Kangara had significantly shorter panicles than Okashana 2 in both seasons. The dry panicle
weight was significantly lower at 50% ETc than at 75% and 100% ETc. Both seasons showed highly
significant differences in biomass, with lower biomass observed in reduced water levels. Grain weight was
significantly reduced at 50% ETc compared with the higher water regimes. Both seasons showed
significant differences, with highly significant differences and significant differences between September
and December 2023 and January and April 2024. The 1000-seed weight decreased with reduced water
application. Both seasons show significant differences, with highly significant differences between January
and April 2024 and significant differences between September and December 2023. Furthermore, there
were no significant interactions between water regime and cultivar for yield and yield attributes in either

season.
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Table 3-4. Effect of water regime on pearl millet cultivars and their interaction on yield and yield attributes during the two studied

seasons.
Parameter Stem Thickness (cm) Number of Productive Tillers  Panicle Diameter (cm) Panicle Length (cm)
Season 1 2 1 2 1 2 1 2

A. Water Regime (ETc)

100 0.69° 0.66° 4.27° 3.14° 2.57° 2.75° 21.27° 20.71
75 0.55° 0.59° 4.24° 2.602° 2.37° 2.67° 21.19° 21.03
50 0.52° 0.48° 1.50° 1.93° 2.28° 2.46° 19.21° 20.83
F-test 0.004 <0.001 <0.001 0.002 0.003 <0.001 0.02 0.90

B. Cultivar

Kangara 0.56 0.58 3.49 2.66 2.42 2.58 19.48 20.19
Okashana 2 0.62 0.58 3.18 2.45 2.39 2.67 21.64 21.52
F-test 0.15 0.91 0.28 0.36 0.63 0.08 0.002 0.04

C. Interaction

AxB 0.66 0.92 0.16 0.88 0.80 0.38 0.89 0.78
Parameter Dry Panicles Weight (g) Biomass (g) Grain Weight (g) 1000-Seed Weight (g)
Season 1 2 1 2 1 2 1 2

A. Water Regime (ETc)

100 89.65° 88.89° 278.90° 187.59° 63.16° 57.52° 10.26° 12.04°
75 90.98° 70.48° 232.40° 129.68 ® 63.83° 49.61° 9.69° 12.05°
50 40.16® 44.31° 69.1° 87.38° 25.27° 33.90° 6.19° 8.07°
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F-test <0.001
B. Cultivar

Kangara 74.11
Okashana 2 73.09
F-test 0.90
C. Interaction

AxB 0.35

<0.001

64.36

71.42

0.30

0.78

<0.001

184.94

201.98

0.42

0.42

<0.001

128.75

141.02

0.38

0.13

<0.001

52.16

49.35

0.64

0.41

<0.001

46.93

47.08

0.97

0.89

0.001

9.28

8.15

0.02

0.13

<0.001

10.91

10.52

0.42

0.59

Means were separated using Tukey’s Honestly Significant Difference (Tukey SD) test at p = 0.05. Means with the same letters are not

significantly different. Season 1 is September—December 2023, and Season 2 is January—April 2024.
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3.4 Discussion

The seasonal variations observed in this study significantly affected the morpho-physiological parameters
and yield of pearl millet. Adequate water availability (100% ETc) during the vegetative and reproductive
phases enhanced photosynthesis, nutrient uptake, and biomass accumulation, supporting vigorous
growth and higher yields (Tables 3.2 and 3.3). However, adverse conditions, such as high temperatures
from September to December 2023 and reduced water availability (50% ETc), pose stress on the crop,
leading to reduced chlorophyll content, leaf numbers, and stomatal conductance, which subsequently
limits photosynthesis and assimilate transport to grains. This is in agreement with the findings of (Londhe
et al., 2020), who linked seasonal changes to plant growth and productivity variation in pearl millet.

Variations in water regimes further influenced specific growth characteristics, such as plant height,
number of leaves and tillers, leaf temperature, chlorophyll content, and stomatal conductance (Table 3.2).
Plants under 100% ETc treatment performed better than those under 75% and 50% ETc treatments across
these parameters. This could be attributed to the fact that adequate water facilitates nutrient
mobilization, cell elongation, and efficient transpiration, which collectively reduce heat stress and
enhance physiological processes (Chavarria & dos Santos, 2012). The findings of this study corroborate
those of (Saini et al., 2018; Yadav et al., 2022), who reported increased plant height with enhanced
irrigation and soil moisture availability. Furthermore, the results of this study are consistent with those of
(Lira et al., 2020), who demonstrated a linear increase in leaf number with increasing water availability.
Ausiku et al., (2020) found that lower water availability under rainfed conditions resulted in fewer leaves
and reduced yields, which is consistent with the findings of the present study. The reduced number of
leaves observed under water stress conditions in this study likely contributed to diminished
photosynthetic capacity and, consequently, lower yields. Phoura et al., (2023) reported similar trends for
pearl millet tiller production under well-watered conditions. The physiological basis for this phenomenon
is that water stress limits the energy available for tiller initiation because water scarcity reduces
photosynthetic activity and carbon dioxide uptake, both of which are essential for tiller development
(Beveridge et al., 2023). Additionally, under drought stress, pearl millet exhibits plasticity by delaying tiller

development to conserve resources (Vadez et al., 2012).
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Water-stressed plants experience reduced transpiration, resulting in higher leaf temperatures and
increased susceptibility to heat stress (Muller et al., 2021). In this study, as water was reduced (50% ETc),
plants showed elevated leaf temperature compared to 100% ETc. Higher leaf temperature at 50% ETc
could be attributed to less water evaporating, thereby cooling the leaf surfaces. The findings of this study
align with those of (Karthika et al., 2022), who found that soil moisture conservation strategies such as
mulching significantly influenced canopy temperature. Elevated leaf temperatures under water stress can
result in physiological damage, as demonstrated by (Fahad et al., 2017), who emphasised the critical role
of water in sustaining crop productivity under changing environmental conditions. The significant
decrease in chlorophyll content under reduced water availability emphasises the impact of drought stress
on photosynthetic capacity and, consequently, crop productivity. These findings are consistent with those
of (Shukla & Panda, 2023, who observed reduced chlorophyll contents under drought-stress conditions.
Drought-induced reductions in chlorophyll content may result from oxidative damage to chlorophyll
molecules because water stress increases the accumulation of reactive oxygen species (ROS) (Shanker et
al., 2022). Additionally, in this study, the stomatal conductance of pearl millet was reduced at 50% ETc.
This indicates that pearl millet closes its stomata to minimise water loss through transpiration under
severe water stress. While this adaptation conserves water, it can also limit carbon dioxide uptake,
potentially reducing photosynthesis and, consequently, plant growth and yield. These findings are
consistent with those of (EI-Sabagh et al., 2017), who reported a higher stomatal conductance under well-
watered conditions.

Yield attributes such as stem thickness, panicle size, biomass, grain weight, and 1000-seed weight were
also significantly affected by water availability, with well-watered conditions supporting thicker stems,
larger panicles, higher dry panicle weight, and better grain development (Table 3.4). From this study, yield
and yield attributes were drastically reduced at 50% ETc and were not statistically different at 75% ETc
and 100% ETc. These findings highlight that water availability is crucial for sustaining crop productivity,
especially under climate variability, as drought stress negatively affects photosynthetic efficiency, nutrient
uptake, and yield. A similar trend was reported by a previous study (El-Tigani, 2022). High levels of
irrigation resulted in high stem diameter. Furthermore, previous studies have shown that moisture stress

reduces the number of productive tillers produced by pearl millet (Kayalvizhi et al., 2021; Salem &
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Shoman, 2021). Moisture stress also reduces panicle length (Lira et al., 2020; Bakheit et al., 2021).
Photosynthetic activity is also diminished owing to reduced leaf area and stomatal closure, limiting the
carbon assimilation and energy production necessary for biomass accumulation (Farooqi et al., 2020). In
this study, stomatal conductance was reduced at 50% ETc, which affected the gaseous exchange for
biomass accumulation. The results of this study corroborate those of previous studies, which showed that
drought or reduced moisture negatively affected biomass accumulation in pearl millet (Choudhury et al.,
2022; de Almeida et al., 2022). Limited water availability critically affects the grain weight of pearl millet,
primarily by disrupting vital physiological processes essential for grain development (Tharanya et al.,
2017). During periods of water stress, reduced turgor pressure and impaired photosynthesis lead to lower
carbohydrate synthesis and translocation to the developing grains (Qiao et al., 2024). This resulted in
smaller, less dense grains with a diminished weight. Moisture stress during the grain-filling stage is
particularly detrimental because it directly curtails starch deposition and other vital nutrients in the grains
(Tengetal., 2023). Compared with other cereals, a similar trend in maize was observed by previous studies
(Halli et al., 2021; Zou et al., 2021). They found that, at reduced moisture levels, maize yields were still
higher, highlighting the adaptability of crops to moderate irrigation in semi-arid environments. (Allamine
et al., 2023) also found that deficit irrigation reduced the physiological and phenological parameters of
sorghum, consequently affecting yields.

This study emphasises the importance of a sufficient water supply to enhance crop resilience, optimise
yield potential, and support sustainable pearl millet production in arid and semi-arid regions. Water
availability significantly influences pearl millet growth, necessitating the adoption of efficient irrigation

practices such as drip and deficit irrigation to optimise water use without compromising productivity.

3.5 Conclusion

This study highlights that pearl millet growth and yield are highly sensitive to water availability, with water
stress inducing physiological changes that prioritise survival over productivity, resulting in reduced
morphological and physiological growth and yield. These findings highlight the critical impact of water
availability on key morpho-physiological parameters, such as plant height, leaf number, tiller production,

chlorophyll content, stomatal conductance, panicle length, biomass, and grain weight. Optimal water
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conditions (100% ETc) significantly enhance photosynthesis, nutrient uptake, and plant productivity. In
contrast, reduced water availability (50% ETc) triggers physiological stress responses, negatively affecting
growth and yield by limiting key processes such as stomatal conductance and chlorophyll synthesis. These
physiological changes prioritise resource conservation and reduce biomass accumulation and grain
production. These results emphasise the importance of effective water management in crop production,
particularly in drought-prone regions. Seventy-five percent of ETc is recommended as the most efficient
strategy for cultivating pearl millet in semi-arid environments. Developing and implementing optimised
irrigation strategies and selecting water-efficient crop varieties are essential to enhance the resilience and
productivity of pearl millet under varying environmental conditions. This study contributes to the growing
literature on improving crop water-use efficiency and adapting agriculture to water-limited environments.
Future work should focus on the long-term effects of water regimes, soil moisture depletion patterns,
testing the cultivar’s responses in different environments, and the role of soil microbes in pearl millet
growth and development under moisture-limiting conditions. Furthermore, studies comparing pearl

millet’s morpho-physiological changes to other cereal crops could broaden the applicability of this work.
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Abstract

Globally, water scarcity is a pressing issue that must be addressed to ensure both water and agricultural
sustainability. Improving water use efficiency (WUE) in pearl millet through effective agricultural practices
is imperative for ensuring food security and sustainability in water-scarce environments, such as Namibia.
This study aimed to determine the pearl millet water and irrigation requirements and the effect of
irrigation regimes on biomass and grain yield, and consequently on the drought tolerance indices and
WUE of pearl millet varieties in Namibia. This study was conducted at the Mannheim Crop Research
Station in Tsumeb, Namibia, between 2023 and 2024. A split-block design was used with three irrigation
regimes (100%, 75%, and 50% ETc) and two varieties (Kangara and Okashana 2). The total pearl millet
water requirement varied from 609.55 mm in 2023 to 478.69 mm in 2024. The results of biomass yield
(BY) ranged from 5.54 tons/ha to 1.14 tons/ha in Season 1 and between 3.81 tons/ha and 1.50 tons/ha in
Season 2, while the grain yield (GY) ranged from 1.23 tons/ha to 0.38 tons/ha in Season 1 and from 1.02
tons/ha to 0.58 tons/ha in Season 2. Okashana 2 had a significantly higher harvest index (42%, p = 0.003)
under 50% ETc, indicating drought adaptability. WUE for BY ranged from 0.78 to 1.74 kg.ha/m3, while
WUE for GY ranged from 0.28 to 0.47 kg.ha/m3. The BY was significantly and positively correlated with
grain yield (GY) (r = 0.77; p < 0.01). GY showed a strong positive correlation with BY (r = 0.88; p < 0.01).
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The WUE based on GY was positively correlated with both BY (r = 0.56; p < 0.01) and GY (r = 0.80; p <
0.01). There were no statistically significant differences in drought tolerance indices among the cultivars
studied. Considering the highly variable rainfall in Namibia, these findings suggest that irrigation water
can be reduced by approximately 25% throughout the pearl millet growth stages without affecting the

yield, thereby fostering resilience in semi-arid conditions under climate change.

Keywords: deficit irrigation, drought indices, irrigation regimes, grain yield, water use efficiency

4.1 Introduction

Pearl millet (Pennisetum glaucum (L.) R. BR.) is a drought-tolerant cereal crop predominantly cultivated
in arid and semi-arid areas under rainfed conditions. It is cultivated globally in India, China, Niger, Nigeria,
Burkina Faso, Mali, Ethiopia, and Sudan (Meena et al., 2021), and serves as a primary food source for
millions of people, with India being the largest producer (Kumar et al., 2021). Despite its resilience, the
global harvested area of pearl millet has declined over the past two decades from approximately 37
million hectares to 29 million hectares (FAOSTAT, 2024). This reduction ranged from 21 million hectares
to 19 million hectares in Africa, whereas in Southern Africa it decreased from 440,000 hectares to 238,000
hectares. In Namibia, the area has decreased significantly from approximately 421,000 hectares to
211,000 hectares (FAOSTAT, 2024).

As part of the staple foods in sub-Saharan Africa (SSA), pearl millet is crucial for food security, particularly
in regions where erratic rainfall and poor soil fertility limit agricultural productivity. Recently, highly
variable rainfall, high air temperatures, and water scarcity have been growing concerns exacerbated by
climate change, putting pressure on water resources and adversely affecting pearl millet systems. In SSA,
unpredictable rainfall patterns lead to drought and heat stress, which affect the morphological,
physiological, and biochemical processes of crops, such as pearl millet (Igbal et al., 2020). Despite its
known drought tolerance, pearl millet is particularly vulnerable to abiotic stressors during critical

reproductive stages such as germination, gametogenesis, and early embryo development (Gupta et al.,
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2015; Choudhury et al., 2022). Water stress during these stages can result in a reduced grain set, lower
grain weight, and significant yield losses (Jagadish et al., 2015; Siddique & Helen, 2020). Therefore,
supplemental irrigation is crucial in water-limited environments to alleviate the effects of recurring

droughts and to ensure sustainable crop yields (Crookston et al., 2020).

Many researchers have focused on the water-use efficiency of crops under changing environmental
conditions. Water use efficiency (WUE) is the ratio of crop yield (biomass or grain) to the amount of water
used, and is a crucial measure of crop performance under water-scarce conditions (Hatfield & Dold, 2019).
With the increasing frequency of droughts and erratic precipitation patterns caused by climate change,
improving the WUE is essential for sustainable agricultural practices. Enhancing WUE can boost crop
productivity by optimising irrigation schedules, selecting drought-tolerant varieties, and using soil
moisture conservation techniques (Rostamza et al., 2011; Hatfield & Dold, 2019). Numerous studies have
demonstrated that deficit irrigation can improve the WUE in pearl millet. For example, Salem and Shoman
(2021) demonstrated that moderate water stress could enhance WUE while maintaining satisfactory
yields. Pilloni et al. (2022) found that higher sowing densities enhance WUE during seasons with high
evaporative demand. Additionally, Bani Hani et al. (2022) highlighted the suitability of pearl millet in arid
environments, such as Jordan, owing to its natural drought tolerance and high WUE. Determining how
efficiently crops can utilise water in various environments is crucial for sustainable water management
and food security. Under drought conditions, the harvest index (Hl) is often lower, indicating that plants
allocate more biomass to roots and survive than to grain production. Hl is the proportion of grain yield to
the total biological yield (aboveground biomass), indicating the efficiency of the conversion of total
biomass into a harvestable product (Ludemann et al., 2023). Zhapayev et al. (2023) found that under
drought stress conditions, pearl millet allocates more resources to root growth and survival than to grain
production, resulting in a lower harvest index across different genotypes. Drought tolerance indices, such
as yield index (Y1), yield stability index (YSI), stress tolerance index (STI), stress susceptibility index (SSl),
mean productivity (MP), geometric mean productivity (GMP), harmonic mean (HM), and tolerance index
(TOL), are essential for evaluating crop varieties under water-stressed conditions. These indices facilitate

the selection of cultivars that can withstand drought-stressed conditions and optimise breeding strategies
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for environments with limited water availability (Rosielle & Hamblin, 1981; Bouslama & Schapaugh Jr.,
1984; Fernandez, 1993). Several studies have successfully applied these indices to compare genotypic
responses to drought across various agrosystems, thereby informing better crop management practices

(Farshadfar & Sutka, 2002; Negarestani et al., 2019; Khandelwal et al., 2024).

Water scarcity and food security are critical challenges in semi-arid regions such as Namibia. Although
previous research (Ausiku et al., 2020; Crookston et al., 2020; Pilloni et al., 2022; Bana et al., 2023; Souza
et al., 2023) has explored improving WUE in pearl millet across various growing environments using
different approaches such as intercropping and adjusting planting densities, few studies have examined
the effects of different irrigation levels without additional inputs on WUE and drought tolerance indices
in Namibia. Understanding crop responses in different agroecological zones is crucial to devising adaptive
strategies tailored to specific locations. Moreover, few studies have integrated drought tolerance indices
with water-use efficiency (WUE) under different water regimes at 100% ETc, 75% ETc, and 50% ETc,
leaving significant gaps in our understanding of how to enhance WUE and drought resilience in water-
limited environments, such as those found in Namibia. This study addressed these gaps by assessing the
WUE of two pearl millet cultivars, Kangara and Okashana 2, at 100% ETc, 75% ETc, and 50% ETc under
semi-arid conditions in Namibia. Specifically, this study aimed to determine the water requirements of
pearl millet and assess the impact of varying irrigation levels on grain and biomass yields, water use

efficiency (WUE), and drought tolerance indices.

4.2 Materials and Methods

4.2.1 Study Site Description

The study was conducted over two seasons at the Mannheim Crop Research Station in Tsumeb, Namibia
(Figure 4.1; Lat. -19.168611 and Lon. 17.763056). The first trial was conducted from September to
December 2023, and the subsequent trial was conducted from January to April 2024. During the first
season, the monthly maximum temperatures fluctuated between 38 and 36°C, with average
temperatures ranging from 28 to 25°C. The lowest monthly temperature varied from 18°C to 12°C. Rainfall
was recorded during November (7.2 mm) and December (33.6 mm). November was the warmest month,
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whereas September was the coolest month. In the second season, the monthly maximum temperatures

ranged from 32°C to 36°C, with average temperatures ranging from 22°C to 25°C and minimum

temperatures ranging from 14°C to 18°C. Rainfall during this season fluctuated from 63.3 mm to 18.8 mm.

January was the hottest month of this season, and April was the coolest month. The soil at the study site

was identified as a sandy clay loam, which represents Arenosols according to the World Reference Base

for Soil Resources (IUSS Working Group WRB, 2007).
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Figure 4-1. Map showing the study area, which was located at the Mannheim Crop Research Station,

Tsumeb, in Oshikoto Region, Tsumeb, Namibia.

4.2.2 Experiment Design and Trial Layout

The study employed a split-plot block design, with three main plots for irrigation treatments and two

subplots for crop cultivars (Kangara and Okashana 2), each replicated four times. Irrigation levels were
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calculated using CROPWAT 8.0, which uses the Penman-Monteith method, targeting 100%, 70%, and 50%
of crop evapotranspiration (ETc) requirements across various growth stages. The drip irrigation system
had 20 mm internal diameter polyethylene laterals with 1 L/h emitters at 0.2 m intervals. Buffer zones of
1 m were established between plots and 2 m between blocks. Post-irrigation checks revealed a complete
wetting pattern closure between neighboring emitters on the same lateral line and an overlap of over
85% between rows. Each plot consisted of four rows with approximately 15 plants per row; however, data
collection was limited to two central rows. Multiple seeds were initially planted per hole, followed by
thinning to achieve a final density of 30 plants, with one plant per hole. The initial trial was conducted

from September to December 2023, followed by a subsequent trial from January to April 2024.

4.2.3 Determination of Crop Water Requirement

This study estimated the water requirements for developing an irrigation schedule based on climate, crop
specifications, and soil conditions at the experimental site. The FAO Penman-Monteith method was
applied to calculate the reference evapotranspiration (ETo) and irrigation requirements using the
CROPWAT 8.0 model (Smith et al., 1998). Long-term monthly climate averages for the Oshikoto region
(1991-2022) were sourced from the National Aeronautics and Space Administration (NASA) database

(https://power.larc.nasa.gov/data-access-viewer/, accessed 25 July 2023). The climate data obtained

included mean monthly minimum and maximum temperatures (°C), relative humidity (%), solar radiation
(sunshine hours), rainfall (mm), and wind speed (m/s). Crop data were gathered from existing databases
and the literature, such as the FAO database (Allen et al., 1998; Smith, 1993). These data were then input
into the CROPWAT 8.0 model to calculate the region's potential evapotranspiration (ETo). The actual crop
evapotranspiration (ETc) was estimated by multiplying ETo by the crop coefficient (Kc), which was
determined based on crop growth stages. To evaluate the crop response to varying water supply levels,

75% and 50% of the ETc values computed from CROPWAT 8.0 were used alongside the control (100% ETc).
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4.2.4 Determination of Irrigation Runtime
The ETc per developmental stage was scaled down to a weekly period to determine the irrigation runtime
of the experimental plots. The attained ETc (mm/week) was divided by the drip flow rate (mm/h) to

determine the number of irrigation hours per week.

4.2.5 Soil Moisture Monitoring

The treatments received the same amount of water for 21 days after sowing. Thereafter, the available soil
moisture was determined using Diviner 2000 (Figures A-1 and A-2). Diviner 2000 access tubes were
manually installed 10 cm from the second drip line for each plot to measure and monitor moisture. A total
of 24 access tubes were installed in each of the 24 plots. Soil moisture readings were obtained daily using
a Diviner 2000 meter. The data recorded from the Diviner 2000 probe were calibrated using the default
calibration equation supplied by Sentek Pty Ltd. (Sentek Ltd, 2007). This equation provides the relative
data. The volumetric water content was recorded incrementally at depths of 10, 20, 30, 40, 50, 60, and
70 cm. This study used a depth of 20 cm to monitor available soil moisture. These readings were taken in
the early morning, between 7:00 a.m. and 9:00 a.m., almost daily, throughout the entire crop growth
period. All moisture data were downloaded regularly from the Diviner 2000 and stored in an Excel file for
calculation. The rainfall recorded during the study period was accounted for using the soil water balance

equations (4.1) and (4.2).
ET=AGW +IR+P Equation 4.1
IR=ET-P-AGW Equation 4.2
where AGW is the change in soil water content after a rainfall event, and IR + P are irrigation and rainfall,

respectively. The assumption was made that there was no substantial drainage and surface runoff

between the blocks; therefore, it was not taken into account in this calculation.
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4.2.6 Data Collection

Data on agronomic traits were collected following the pearl millet descriptor guidelines described by the
International Board for Plant Genetic Resources (IBPGR) and the International Crops Research Institute
for the Semi-Arid Tropics (ICRISAT) (IBPGR and ICRISAT, 1993). Five randomly selected plants were
collected from each plot at physiological maturity. Panicles and biomass were harvested and air-dried for
each treatment. Grain weight (GW) in grams was determined by weighing the grains from each panicle,
recorded after threshing, to obtain the yield per treatment. TBM was measured in grams as the sum of
the total dry matter of leaves and stems. The yield-based drought tolerance indices included yield index
(Y1), yield stability index (YSI), mean productivity (MP), geometric mean productivity (GMP), harmonic
mean (HM), tolerance index (TOL), stress susceptibility index (SSI), and stress tolerance index (STI) (Table
4.1). Drought indices were computed using the mean yield from 100% ETc as the non-stressed condition

and 50% ETc as the stressed condition.

4.2.7 Data Analysis

The collected data were subjected to descriptive statistical analyses using Microsoft Excel (version 16).
The effects of the cropping season, water regime, and variety on the grain yield of pearl millet were
analysed using a two-way analysis of variance (ANOVA) in R version 4.4.0 (R Core Team, 2021). Drought
tolerance indices were calculated using established standard formulas (Table 4.1) and water use efficiency
(WUE) (Equation 4.2). Drought indices were computed based on the reference yields under stress and
non-stressed conditions: 50% ETc and 100% ETc, respectively. The correlation matrix was computed using
Pearson’s correlation method to measure the linear relationship between the two variables. This was
calculated to determine the level of association between traits or variables. The data were pre-processed
to include only numeric columns and any rows with missing and/or omitted values (use = "complete.obs").
The resulting correlation coefficients were squared to obtain R-squared values, which indicated the

proportion of variance in one variable that could be predicted from the other.
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4.2.7.1 Harvest Index (HI)
The Harvest Index was calculated by dividing the grain yield (GY) by the biomass yield (BY), as shown in

Equation 4.1.

HI = & x 100 Equation 4.3
BY

4.2.7.2 Water-Use Efficiency (WUE)
The total seasonal water consumption per treatment was recorded, and the crop water-use efficiency
(kg/m3) for each treatment was calculated by dividing the grain yield and biomass (kg) by the total

seasonal irrigation water applied (mm). The values were calculated for each season.

Yield (Kg.ha)
Amount of water (mm)

WUE = Equation 4.4

4.2.7.3 Drought Tolerance Indices (DTI)

Drought tolerance indices assess plant tolerance to drought conditions and identify drought-tolerant
genotypes and varieties. Yield-based drought tolerance indices, including the yield index (Y1), yield stability
index (YSI), mean productivity (MP), geometric mean production (GMP), harmonic mean (HM), stress
tolerance (TOL), stress susceptibility index (SSI), and stress tolerance index (STI), were calculated (Table

4.1).

Table 4-1. Drought tolerance/susceptibility indices.

Indices Equation Reference
Yield Index (YI) v = Y (Gavuzzi et al., 1997)
Yield Stability Index (YSI) vS] = E (Bouslama & Schapaugh Jr, 1984)
YP
Mean Productivity (MP) MP = (Yp+7Ys) (Rosielle & Hamblin, 1981)
2
Geometric Mean Productivity (GMP) GMP = (Y, xY;) % (Fernandez, 1993)
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Harmonic Mean (HM) _ 2(YpxYy) (Farshadfar & Sutka, 2002)

HM =
Y, + Vs
Tolerance Index (TOL) TOL=(Y,—Ys) (Rosielle & Hamblin, 1981)
Stress Susceptible Index (SSI) SS] = 1—-(Ys+7Yy) (Mahalakshmi et al., 1988)
B SI

Where, SI = 1 — (=)
Yp

Stress Tolerance Index (STI) ST = (YsxYp) (Fernandez, 1993)

(Yp)®

Note: Yp, mean genotype yield under non-stressed condition (100% ETc); Ys, mean genotype yield under
drought-stressed condition (50% ETc); Yp means the mean of all genotypes' yield under non-stressed

conditions; Ys, the mean yield of all genotypes under drought-stressed conditions.

4.3 Results

4.3.1 Irrigation Water Requirements

Figure 4.2 (a and b) shows that, modeled at 100% ETc, crop water requirements varied from 36.95 mm/7
days in the initial stage to 67.30 mm/7 days in the late maturity stage (Figure 4.2a). The maximum
evapotranspiration rate (ETc mm/stage) of pearl millet occurred during mid-season. The total ETc during
the growing season from September to December 2023 was 609.55 mm. In contrast, during the January
to April 2024 growing season, pearl millet ETc varied from 29.62 mm/7 days in the initial stage to
approximately 52.51 mm/7 days in the mid-season stage (Figure 4.2b). The total ETc during this season
was estimated to be 478.69 mm, and the middle stage required more water than the other developmental

stages did.
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Amount (mm/7-days)
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Amount (mm/7-days)

Figure 4-2. Actual evapotranspiration (ETc) of Pearl millet at different developmental stages at the
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4.3.2 Biomass Yield Response to Water Regime

Figure 4.3 shows the biomass yield of Kangara and Okashana 2 pearl millet varieties at 100%, 75%, and
50% ETc. At 100% ETc, the biomass produced was higher than at 75% and 50% ETc for the September to
December 2023 (Season 1) and January to April 2024 (Season 2) growing periods. The biomass produced
at 100% ETc was not statistically different from that produced at 75% ETc. Okashana 2 had higher biomass
at 100% ETc during both growing periods. At 75% ETc, Kangara produced a higher biomass but did not
differ statistically from Okashana 2 in either season. Finally, in Season 1, at 50% ETc, Okashana 2 had a
higher biomass than Kangara did. In contrast, in season 2, Kangara had a higher biomass at 50% ETc than

Okashana 2. This indicated that the water regime and season significantly affected biomass production.
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Figure 4-3. Biomass yields of Pearl millet varieties (Kangara and Okashana 2) under different water
regimes. (a) September to December 2023 and (b) January to April 2024, growing period. All results are
presented as the mean = SE. Different superscript letters indicate statistical significance at P < 0.05, as

determined by Tukey's Honest Significant Difference (HSD) test.

4.3.3 GrainYield Response to Water Regime
Figure 4.4 presents the grain yield response of pearl millet varieties (Kangara and Okashana 2) under

different irrigation regimes. From September to December 2023, Kangara at 100% ETc had a higher grain
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yield, but this difference was not statistically significant compared with Kangara and Okashana 2 at 75%
ETc. Both varieties in the same growing period at 75% ETc had a higher yield than Okashana 2 at 100%
ETc, whereas both varieties had a lower yield at 50% ETc. From January to April 2024, the yields of Kangara
and Okashana 2 at 100% ETc and 75% ETc were not statistically different, but were significantly lower than

those at 50% ETc. Higher grain yields were recorded at 100% ETc.
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Figure 4-4. Grain yields of Pearl millet varieties (Kangara and Okashana 2) response to different water
regimes. (a) September to December 2023 and (b) January to April 2024, growing period. All results are
presented as the mean + SE. Different superscript letters indicate statistical significance at P < 0.05, as

determined by Tukey's Honest Significant Difference (HSD) test.

4.3.4 Harvest Index (Hl)

Figure 4.5 shows the harvest indices of Kangara and Okashana 2 planted under different water regimes.
The harvest index for the period from September to December 2023 (Season 1) ranged from 42% to 18%,
whereas for the period from January to April 2024 (Season 2), it ranged from 43% to 27%. In season 1,
there was no statistically significant difference between treatments and harvest index except for

Okashana 2 at 50% ETc and 100% ETc. The highest harvest index was observed in Okashana 2 under 50%
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ETc, and the lowest was observed in Okashana 2 at 100% ETc. In Season 2, there was no statistically

significant difference between the water regimes, varieties, and harvest index.
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Figure 4-5. Harvest index of Pearl millet varieties (Kangara and Okashana 2) under different water regimes.
(a) September to December 2023 and (b) January to April 2024, growing period. All results are presented
as the mean * SE. Different superscript letters indicate statistical significance at P < 0.05, as determined

by Tukey's Honest Significant Difference (HSD) test.

4.3.5 Biomass Water Use Efficiency

Figure 4.6 shows the biomass water use efficiency (WUE) of the pearl millet varieties under different water
regimes. In Season 1, biomass WUE ranged from 1.74 to 0.70 kg/ha/m3. The WUE of both varieties at
100% ETc and Okashana 2 at 50% ETc did not differ significantly in terms of biomass production. At 75%
ETc, Okashana 2 had a slightly higher WUE than Kangara did. In season 2, Okashana 2 had a slightly higher
WUE than Kangara in all the treatments. Okashana 2 showed no statistically significant difference from
the other treatments, and Kangara at 50% ETc was not statistically different from Okashana 2. Overall,

Okashana 2 at 50% ETc exhibited high water-use efficiency (WUE) in terms of biomass production.
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Figure 4-6. Biomass WUE of Pearl millet varieties (Kangara and Okashana 2) under different water regimes.
(a) September to December 2023 and (b) January to April 2024, growing period. All results are presented
as the mean * SE. Different superscript letters indicate statistical significance at P < 0.05, as determined

by Tukey's Honest Significant Difference (HSD) test.

4.3.6 Grain Yield Water Use Efficiency

Figure 4.7 illustrates the water use efficiency (WUE) of two different crop varieties, Kangara and Okashana
2, under various water application treatments over two consecutive growing seasons, 2023 and 2024. For
Kangara, WUE is highest at 75% ETc in Season 1 (0.48 kg/ha/m3), while in Season 2, WUE is highest at 50%
ETc (0.49 kg/ha/m3). In this variety, WUE was generally higher at 75% ETc than at 50% or 100% ETc, with
a notable increase in WUE at 50% ETc during the second season. For Okashana 2, WUE was highest at 75%
ETc in both Season 1 (0.45 kg/ha/m3) and Season 2 (0.71 kg/ha/m3). Lower WUE was observed at 100%
ETc in Season 1, but there was an increase in Season 2. Both varieties showed similar WUE at 75% ETc,
particularly during season 1. The results of this study indicate that 75% ETc tends to optimise WUE for
both Kangara and Okashana 2, with some differences in performance under water stress (50% ETc) and

full irrigation (100% ETc).
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Figure 4-7. Grain WUE of Pearl millet varieties (Kangara and Okashana 2) under different water regimes.

(a) September to December 2023 and (b) January to April 2024, growing period. All results are presented

as the mean * SE. Different superscript letters indicate statistical significance at P < 0.05, as determined

by Tukey's Honest Significant Difference (HSD) test.

4.3.7 Pearson’s correlations among pearl millet yield traits and WUE

The Pearson’s correlation coefficients (r) for the pearl millet yield traits and WUE experiments are

presented in Table 4.2. In Season 1, BY was significantly and positively correlated with GY in Season 2 (r =

0.77; p £0.01) and significantly and negatively correlated with Hl in Season 2 (r =-0.66; p < 0.01). GY was

significantly and positively correlated with BY (r = 0.88; p < 0.01), and HI was negatively correlated with

BY (r = -0.66; p < 0.01). WUE (GY) was significantly positively correlated with BY (r = 0.56; p < 0.01), and

WUE(GY) was positively and significantly correlated with GY (r = 0.80; p < 0.01).
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Table 4-2. Pearson’s correlation coefficients show pair-wise for biomass yield, grain yield, harvest index,

and WUE of two pearl millet varieties in Season 1 (above diagonal- shaded) and Season 2 (below diagonal).

Trait BY GY HI WUE (BY) WUE (GY)
BY 1.000 0.882** -0.664** 0.340 0.560**
GY 0.772%* 1.000 -0.364 0.269 0.800**
HI -0.663** -0.151 1.000 -0.138 -0.067
WUE (BY) 0.046 -0.143 -0.223 1.000 0.120
WUE (GY)  0.031 0.372 0.327 0.217 1.000

**_ Correlation is significant at the 0.01 level

Note: BY, biomass yield; GY, grain yield; HI, harvest index; WUE(BY), water use efficiency-biomass yield;

WUE(GY), water use efficiency-grain yield.

4.3.8 Drought Tolerance Indices (DTI)

Figure 4.8 compares the performances of Kangara and Okashana 2 in terms of drought tolerance indices
across the two seasons. (a) The YI, YSI, and STI of Okashana 2 were higher than those of Kangara, while
Kangara had a higher SSI than Okashana 2 in season 1. However, the differences in the drought tolerance
indices among the varieties were not statistically significant. (b) Kangara had a higher MP, TOL, Yp, and YR
than Okashana 2, while Okashana 2 had higher GMP, HM, and Ys; only TOL differed significantly, and only
during Season 1. (c) The YI, YSI, and STI of Kangara were higher than those of Okashana 2, whereas
Okashana 2 had a higher SSI than Okashana 2 in season 2. However, there were no statistical differences
in the drought indices. (d) MP, GMP, HM, Ys, and Yp of Kangara were higher than those of Okashana 2,

while the TOL and YR of Okashana 2 were higher than those of Kangara in season 2. However, there were
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no statistical differences in drought indices. This suggests that the evaluated varieties exhibited similar

performance under the studied conditions.
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Figure 4-8 (a-d). Drought tolerance indices of Kangara and Okashana 2 under stressed (50% ETc) and non-stressed

(100% ETc) conditions. (a) and (b) September to December 2023 (Season 1), and (c) and (d) January to April 2024

(Season 2) growing period. The y-axis is dimensionless as it represents the ratio of yield under stressful and non-
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stressful conditions. YI; Yield Index, YSI; Yield Stability Index, STI; Stress Tolerance Index, SSI; Stress Susceptibility
Index, MP; Mean Productivity, GMP; Geometric Mean Productivity, HM; Harmonic Mean, TOL; Tolerance Index, Ys;
Yield under stressed conditions, Yp; Yield under non-stressed conditions, YR; Yield reductions. All results are
presented as the mean + SE. Mean separation was determined by Tukey's Honest Significant Difference (HSD) test

at P <0.05.

4.4 Discussion

The results from this study indicate that the September-to-December growing period of pearl millet
required more water than the January-to-April planting season. The high crop evapotranspiration (ETc)
requirement from September to December 2023 (Season 1) could be attributed to the elevated
temperatures recorded during this period compared with the subsequent growing period from January to
April 2024 (Season 2). In both growing periods, more water was required during the mid-season stage,
which encompasses the flowering and grain filling of pearl millet (Figure 4.2). Flowering and grain filling
are often considered important for determining final grain yield. Water stress during these stages can
significantly reduce yield potential (Mahalakshmi & Bidinger, 1985; Das et al., 1996; Srivastava et al.,
2022). To mitigate the effects of prolonged dry spells, irrigation should be applied during periods of high-
water demand or critical growth stages, including tillering, flowering, and grain development (Khairwal et
al.,, 2007; Gangaiah & Yadav, 2024). The findings of this study revealed that the water regime had a
significant impact on biomass vyield, grain yield, and harvest index. A higher HIl indicates that the plant
allocates more biomass to the grain, which is desirable for crop productivity (Ludemann et al., 2023).
Conversely, a lower HI suggests that more energy is used for vegetative growth than for yield. However,
in this study, the evaluated varieties were not statistically different, indicating a similarity in their genetic

makeup.

Furthermore, as the quantity of irrigation water decreased, crop biomass and yield decreased, and
consequently, the WUE increased. At 50% ETc, both biomass and grain yield decreased significantly,
substantiating the importance of water in crop growth and development. In this study, the 75% ETc regime

was the most water-efficient for the pearl millet varieties tested under various irrigation regimes. The
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findings of this study align with those of previous studies on improving the water-use efficiency (WUE)
under deficit irrigation. For example, Rostamza et al. (2011) found that moderate water stress increases
water use efficiency (WUE) in pearl millet by promoting physiological adaptations, such as stomatal
regulation, which reduces water loss and enhances efficiency under water-limited conditions. Similarly,
Salem and Shoman (2021) demonstrated that applying 75% crop evapotranspiration (ETc) maintains
satisfactory yields while improving water use efficiency (WUE) in arid environments, which is consistent
with the results of the current study, which showed optimal WUE at 75% ETc for both cultivars. In the
Kashmar region, the highest grain yield and water productivity of pearl millet, at 3395 kg/ha and 0.87
kg/m3, respectively, were observed under full irrigation (Mokari & Taherian, 2020). When comparing pearl
millet with other grain crops, its WUE was lower than that of maize and sorghum (0.51 kg/m3) (Zengeni et
al.,, 2021). These results demonstrate variability among family crops. Proso millet also demonstrated
stable yields and WUE, averaging 0.30 kg/m? and 1.83 kg/m3 under non-irrigated conditions (Ventura et
al., 2022). These findings corroborate earlier work and advance the field by highlighting the versatility and
potential of moderate deficit irrigation (75% ETc) as a sustainable water management strategy under
moisture-limiting conditions. It offers a balance between maintaining the yield and conserving water

resources.

In this study, a positive correlation (Table 4.2) was observed between biomass yield (BY) and grain yield
(GY) (r =0.77; p £ 0.01), indicating that higher total biomass production tended to result in better grain
output. This emphasises the role of overall plant growth in supporting grain development. However, the
negative correlation between biomass yield and harvest index (HI) (r = -0.66; p < 0.01) suggests that, as
total biomass increases, the amount of biomass allocated to grain decreases. This implies that plants that
produce more vegetative biomass may allocate relatively less of their total growth to grain production,
thus lowering HI. Together, these findings highlight that while increased biomass supports higher grain
yields, it may not always translate into efficient resource allocation for grain production. The findings of
this study corroborate those of Zhapayev et al. (2023), who found a strong positive correlation between
biomass and grain yield, indicating an efficient assimilate distribution during grain filling. Li et al. (2023)

also found that over time, increases in biomass accumulation have contributed more to vyield
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improvements than changes in the harvest index, which has approached its upper limit. Correlation and
path analyses revealed that Hl, biological yield, and number of productive tillers could serve as effective
selection criteria for yield improvement in pearl millet (Rajpoot et al., 2023). The positive correlation
between water use efficiency and grain yield (WUE(GY)) with both biomass yield (BY) (r = 0.56; p < 0.01)
and grain yield (GY) (r = 0.80; p < 0.01) indicated that improvements in total plant growth and grain
production contributed significantly to water use efficiency. As the plant produces more biomass and
allocates a substantial portion to grain, it maximises the yield per unit of water used, thereby enhancing
WUE(GY). A strong correlation with GY suggests that grain yield is critical in determining WUE(GY),
underscoring the importance of reproductive output in water-limited environments. These results
corroborate those of Triki et al. (2023), who found a positive correlation between water-use efficiency, as

measured by grain yield and biomass yield, in pearl millet varieties.

Drought tolerance indices (DTIs) provide a quantitative measure of the capacity of a genotype to
withstand drought. In this study, the DTIs for Kangara and Okashana 2 pearl millet cultivars were
calculated, including the yield index (YI), yield stability index (YSI), stress tolerance index (STI), stress
susceptibility index (SSl), mean productivity (MP), geometric mean productivity (GMP), harmonic mean
(HM), tolerance index (TOL), yield under stress conditions (Ys), and yield under non-stress conditions (Yp).
The drought indices of the two varieties were not statistically different from each other, indicating that
the two varieties were likely not genetically different. Previous studies have used these indices to evaluate
and compare how different genotypes perform (Negarestani et al., 2019; Kumawat et al., 2020; Vaezi et
al., 2020). These indices are instrumental in identifying high-yielding genotypes that perform well under
both non-stress and drought-stress conditions.

The results of this study indicate that improved water availability contributes substantially to grain yield
and maximizes the yield per unit of water used. This study emphasises the significance of understanding
the environmental factors and genetic basis of drought tolerance, and leveraging this knowledge to
develop pearl millet varieties that can withstand drought stress. Such advancements are vital for ensuring

food security in arid and semi-arid regions such as Namibia.
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4.5 Conclusion

This study assessed the water use efficiency (WUE) and drought tolerance indices (DTIs) of pearl millet
cultivars in a semi-arid region of Namibia. The results demonstrated that water regime had a significant
effect on biomass vyield, grain yield, and harvest index (HI). Moderate deficit irrigation (75% ETc) has
emerged as the most water-efficient regime, maintaining satisfactory yields while also employing an
efficient water management strategy. Water use efficiency based on grain yield (WUE(GY)) was positively
correlated with both biomass yield (r = 0.56) and grain yield (r = 0.80), indicating that grain production
plays a pivotal role in maximising water productivity. The drought tolerance indices further revealed that
both varieties remained stable under the studied climatic conditions. This study emphasises the need to
integrate efficient water management strategies, such as aligning the cropping season of the mid-season
developmental stage of pearl millet with the expected high rainfall period, deficit irrigation, and genetic
improvements, to develop drought-tolerant varieties. These strategies are crucial for sustaining pearl
millet production in arid and semi-arid regions and ensuring food security under changing climatic
conditions. Future studies should investigate the performance of additional pearl millet cultivars under
various water regimes and agroecosystems to identify genotypes with improved drought resilience and
higher water-use efficiency. Additionally, long-term studies assessing the combined effects of prolonged
drought stress and soil fertility management can provide valuable insights into sustainable water and crop

management practices.
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Abstract

Recurrent dry spells and high temperatures can affect plant growth and productivity. The objective of this
study was to determine the effects of water stress, comprising 100%, 75%, and 50% of crop
evapotranspiration rate (ETc), on the nutritional quality of Kangara and Okashana 2 pearl millet varieties.
The experiment was conducted from September 2023 to April 2024, employing a split-plot design based
on a randomized complete block design with four replicates and two sampling periods. The soil texture at
the experimental site was classified as sandy clay loam with an overall composition of 54.31% sand,
15.92% silt, and 29.77% clay. The nutritional quality of pearl millet includes moisture, fat, crude fiber (CF),
acid detergent fiber (ADF), potassium (K), magnesium (Mg), calcium (Ca), phosphorus (P), zinc (Zn), and
iron (Fe), using standardized scientific methods was determined. From September to December 2023, the
water regime did not significantly affect the grain moisture content; however, Kangara exhibited higher
moisture levels than Okashana 2 (p < 0.001). The fat content was significantly influenced by the water
regime (p = 0.02), with the highest at 100% ETc (5.10%) and the lowest at 75% ETc (3.90%). No significant
effects were observed for the crude fiber (CF), acid detergent fiber (ADF), or mineral content. Water stress
significantly affected several nutritional traits from January to April 2024. The moisture content differed

significantly (p < 0.001), with the highest (6.63%) at 75% ETc and the lowest (2.10%) at 50% ETc. Fat
106



content was also significantly affected (p < 0.001), with the highest content at 50% ETc (4.99%) and the
lowest at 100% ETc (2.11%). Significant differences were observed for ADF (P = 0.04), Ca (P = 0.02), K (P <
0.001), Mg (P = 0.005), P (P < 0.001), and Fe (P = 0.003). The highest Fe (76.61 mg/kg) occurred at 50%
ETc, while the lowest (41.83 mg/kg) occurred at 100% ETc. Under drought-stressed (50% ETc) conditions,
positive associations and correlations were observed between ADF and CF, Mg, K, P, and moisture,
whereas ADF was negatively correlated with moisture. Under non-stressed conditions (100% ETc), positive
correlations were observed between CF and ADF, Ca and Mg, and Zn and Fe. In contrast, negative
correlations existed between moisture and K and between fat and CF. Principal component biplots
showed significant variance explained by Dimension 1 (Dim1) and Dimension 2 (Dim2) for both conditions.
Fe and fat clustered together, indicating a positive correlation at 100% ETc, whereas Ca and Zn exhibited
a strong positive correlation at 50% ETc. These findings suggest that water regime affects the nutritional
composition of pearl millet; however, moderate water regimes of 75% and 50% ETc enhance certain

mineral and fibre contents, which indicates its resilience to water stress.

Keywords: Climate change, Dietary fiber, Drought resilience, Micronutrients, Nutritional quality, Pearl

millet, Water stress

5.1 Introduction

Climate change profoundly affects global food security, with water availability being a key limiting factor
for agricultural productivity under field conditions (Ostmeyer et al., 2020). In the coming years, the
challenges of water scarcity and reduced irrigation water availability are expected to escalate owing to
rising agricultural demands, pollution of natural water sources, and the intensifying effects of climate
change. Increasing temperatures and erratic rainfall contribute to prolonged drought conditions, severely

reducing crop productivity and yield (Ostmeyer et al., 2020). However, the impact of water stress extends
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beyond yield, as it can also significantly affect the nutritional quality of crops such as pearl millet. Drought
stress has been shown to influence protein content and composition, starch biosynthesis, and
micronutrient concentrations, such as iron and zinc, in pearl millet (Satyavathi et al., 2021; Yogi et al.,
2023). As the global population increases and climate change worsens, there is an increasing need to
develop sustainable agricultural practices that can maintain and enhance the nutritional quality of pearl
millet under water-stressed conditions (Dube et al., 2021).

Pearl millet (Pennisetum glaucum (L.) R. Br.), a vital cereal crop extensively cultivated in the arid and semi-
arid regions of Africa and Asia, is renowned for its resilience to harsh environmental conditions, including
elevated temperatures and poor soil fertility. However, recurrent droughts during the growing season
significantly threaten productivity, particularly in rain-fed systems. Pearl millet is highly nutritious and
provides a rich source of energy and essential nutrients (Pei et al., 2022). It contains carbohydrates,
proteins, fats, dietary fiber, ash, and essential micronutrients including iron and zinc. Additionally, these
nutrients offer superior digestibility and bioavailability compared with other cereals. Micronutrient
deficiencies, mainly iron and zinc deficiencies, pose a significant public health challenge, especially in
developing countries where people rely heavily on grains as a primary source of nutrition (Nakandalage &
Seneweera, 2018).

Recently, increasing attention has been directed towards combating micronutrient deficiencies, primarily
because they have a significant impact on human health and productivity. Pearl millet’s gluten-free
properties, its role as a probiotic for maintaining gut health, and its potential benefits in lowering
cholesterol make it an essential dietary option in regions with limited food diversity. Furthermore, its rich
phytate and polyphenol content provides antioxidant activity, contributing to its nutritional value
(Satyavathi et al., 2021). Despite these benefits, the nutritional quality of pearl millet is not static and can
be affected by environmental factors such as water stress.

Previous studies have primarily focused on the effects of water stress on yield, crop nutrition, drought,
and heat stress physiology (Makarana et al., 2019; Narasimhulu et al., 2023. However, the effects of
drought on the nutritional composition of pearl millet have received relatively little attention. Gaining
insights into how the nutritional profile of pearl millet responds to water stress is crucial for guiding future

agricultural practices and nutritional planning, especially for local cultivars. Drought conditions not only
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decrease crop yields but also alter the nutritional quality of plants and the bioactive compounds they
contain (Choukri et al., 2020. For crops that play a significant role in the diet of millions of people in water-
scarce regions, these changes could have critical implications for food security and nutrition.

Despite its importance as a staple food, research on the effects of water stress on the nutritional
composition of pearl millet is limited. There is a need for a comprehensive investigation into how water
stress affects the nutritional profile of pearl millet grains, particularly with regard to minerals such as iron
and zinc, which are essential for human health. Understanding these changes is crucial for developing
climate-resilient agricultural systems that can maintain yield and nutritional quality under water-limited
conditions. This study aimed to fill this knowledge gap by investigating how water stress affects the
nutritional quality of pearl millet, providing important insights for breeding programs and agricultural

practices to enhance resilience and nutritional value in challenging environments.

5.2 Materials and Methods

5.2.1 Study site
Field trials were conducted at the Mannheim Research Station in the Oshikoto region, located in north-

central Namibia, at an elevation of 1234 m above sea level (MASL).

5.2.2 Determination of soil composition
The soil samples were collected from each treatment group. Four samples were collected from each
treatment at depths of 0—30 cm and mixed to obtain a composite sample. A composite sample was used
for both the chemical and physical analyses. Soil sampling was performed using a steel cylinder core
sampler with a volume of 100 cm3. Soil samples were dried at a temperature not exceeding 35 °C and then
sieved through a 2 mm sieve for physicochemical analysis.
Physicochemical analyses were conducted to determine soil texture and chemical composition. Soil
texture classification was based on the proportions of sand, silt, and clay particles, following the USDA
classification system. Soil composition was assessed by measuring pH, electrical conductivity (EC), sodium
(Na), potassium (K), calcium (Ca), magnesium (Mg), phosphorus (P), organic matter (OM), organic carbon
(OC), and carbonate at Analytical Laboratory Services (PTY) LTD, Windhoek, Namibia, and the Soil
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Laboratory for the Ministry of Agriculture, Water and Land Reform, Windhoek, Namibia. EC was
determined in the supernatant of the 1:2.5 soil-to-water suspension before measuring the pH, and pH
was measured in a 1:2.5 soil-to-water ratio suspension on a mass-to-volume basis. Available phosphorus
was determined using the Olsen method, and exchangeable cations (K, Mg, Na, and Ca) were measured
using atomic absorption spectrophotometry. OM was determined by measuring the weight loss of the
dried samples when they were heated in a muffle furnace at 360 °C for four hours. OC was determined
using the Walkley-Black method (sulfuric acid-potassium dichromate oxidation). The carbonate estimate

was determined by applying 10% hydrochloric acid to dry soil and observing the effervescence.

5.2.3 Nutritional composition of pearl millet

Grain samples of Okashana 2 and Kangara cultivated under three irrigation regimes (100%, 75%, and 50%
ETc) were collected for laboratory analysis after the two growing periods of 2023 and 2024, respectively.
Grains from five randomly selected plants in each treatment group were selected for nutritional analysis.

The seeds were milled prior to analysis of their nutritional composition using standard procedures.

5.2.3.1 Moisture Content Determination

Moisture content was determined according to the Association of Official Analytical Chemists (AOAC,
2000) using the official method No. 925.10 by the oven drying method (Model: DHG-9140A; Zenith et al.,
China).

5.2.3.2 Crude Fat Determination
The crude fat content was determined using the Soxhlet method, as described in the Association of Official

Chemists International (1995) and the official method 4.5.01 (920.39).
5.2.3.3 Crude Fibre and Acid Detergent Fibre Determination
Crude fibre and acid detergent fibre were analysed according to the Association of Official Analytical

Chemists International (AOAC) 1995 Method 4.6.01 (962.09).

110



5.2.3.4 Minerals (Mg, K, P, Ca, Fe, and Zn)

Mineral concentrations were determined according to the methods described by AOAC (1990), using
atomic absorption flame spectroscopy. After destroying the organic matter through dry ashing, the
residue was dissolved in a mixture of hydrochloric and nitric acids, and the elements were analysed from

the same solution using an atomic absorption spectrophotometer.

5.2.4 Statistical Analysis

The data obtained were analysed using one-way and two-way analysis of variance (ANOVA) in R version
4.4.0 (R Core Team, 2021) to test the effect of water regime (100% ETc, 75% ETc, and 50% ETc) and variety
on the nutritional composition of pearl millet and their interaction. Pearson’s correlation test was
conducted to assess the significance of the degree of association between moisture content, crude fat,
crude fiber, acid detergent fiber, and mineral elements. Significant differences between treatments were

determined using Tukey’s honest HSD test at a 95% confidence level.

5.3 Results

5.3.1 Soil texture and pH

The soil texture and pH values are summarized in Table 5.1. The soil texture at the experimental site was
heterogeneous, with an overall composition of 54.31% sand, 15.92% silt, and 29.77% clay. The sand
composition differed significantly across the treatments, with the highest sand composition of 55.93%
observed under 50% ETc and the lowest of 53.23% under 100% ETc. The silt composition did not differ
significantly. The clay compositions were highly statistically different. The highest clay composition was
31.35% under 100% ETc, whereas the lowest was 28.13% under 50% ETc. The mean soil pH across the
different water regimes was not statistically different. The mean pH was 8.59. The lowest pH was 8.53

under 50% ETc, whereas the highest was 8.67 under 100% ETc.
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Table 5-1. Mean values for soil texture and pH results for the 50%, 75% and 100% ETc irrigation regimes

treatments during the 2023/2024 season.

Water Regime (ETc) Sand (%) Silt (%) Clay (%) Texture pH

50% 55.93b 15.93 28.13° Sandy clay loam  8.53
75% 53.78° 16.40 29.83P Sandy clay loam  8.57
100% 53.23° 15.43 31.35¢ Sandy clay loam 8.67
Grand Mean 54.31 15.92 29.77 Sandy clay loam 8.59
p-values 0.005 0.21 <0.001 0.37
s.e.d 0.63 0.50 0.51 0.10

Note: P-values are probability values corresponding to a variance ratio; s.e.d: standard errors of mean

differences. Means are differentiated using Tukey's Honestly Significant Difference (Tukey's HSD) test at

p = 0.05. Superscript letters denote significant differences between means.

5.3.2 Chemical properties of soil

The chemical properties of the soil are listed in Table 5.2. There were no statistically significant differences

in soil chemical properties between the study plots. However, there was only a statistically significant

difference in K concentration (P = 0.003). These results highlight the homogeneity of soils under the study

conditions.

Table 5-2. Mean values and significant tests for soil chemical properties for the 50%, 75%, and 100% ETc

irrigation regimes treatments during the 2023/2024 season.

Water Regime ECw oM (o]@ P K(ppm) Ca Mg Na Carbonate
(ETc) (uS/cm) (%) (%) (mg/kg) (mg/kg) (mg/kg)  (mg/kg) (estimate)
50% 450.50 1.02 059 3.30 317.75  3703.75 75.00 23.75 5to10
75% 499.00 1.06 061 0.78 274.50® 3700.75 75.75 57.75 5to10
100% 413.75 1.02 059 0.00 226.75° 3701.00 75.75 51.50 5to10
Grand Mean 454 1.04 060 1.36 273 3702 75.50 44.3 5t0 10
p-values 0.73 0.87 0.87 033 0.003 0.99 0.62 0.13
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s.ed 107 0.09 0.05 2.17 18.93 25.2 0.87 15.79

Note: P-values are probability values corresponding to a variance ratio; s.e.d: standard errors of
differences of means. Means are differentiated using Tukey's Honestly Significant Difference (Tukey's

HSD) test at p = 0.05. Superscript letters denote significant differences between means.

5.3.3 Mineral content of Okashana 2 and Kangara varieties during the September to

December 2023 growing period
The mineral compositions of Okashana 2 and Kangara during the September to December 2023 growing
period are presented in Table 5.3. The water regime had no statistically significant effect on grain moisture
content; however, the variety showed a statistically significant difference in grain moisture content (p <
0.001). The moisture content ranged from 8.91% to 10.07%. Kangara demonstrated a higher moisture
content than Okashana 2. Water regime had a statistically significant effect on fat content (p = 0.02). The
highest fat content was 5.10% at 100% ETc, followed by 4.65% at 50% ETc, and 3.90% at 75% ETc. Water
regime and variety did not have a statistically significant effect on crude fiber (CF), acid detergent fiber
(ADF), calcium (Ca), potassium (K), magnesium (Mg), phosphorus (P), zinc (Zn), or iron (Fe). No interaction
effect of water regime and variety was observed on the assessed parameters. This finding indicates that

the studied minerals remained stable across water regimes during the growing period.

Table 5-3. Mineral content of Okashana 2 and Kangara varieties during the September to December 2023

growing period.

A. Water
Regime
NUTRITIONAL COMPOSITION OF PEARL MILLET
(ETc)
Moist ADF Zn
Fat (%) CF (%) Ca (%) K (%) Mg (%) P (%) Fe (mg/kg)
(%) (%) (mg/kg)

100% 9.22 5.10° 2.01 4.54 0.01 0.48 0.09 0.31 51.73 57.84
75% 10.07 3.90° 2.45 4.85 0.01 0.50 0.10 0.33 54.40 68.57
50% 8.91 4.65% 2.20 4.62 0.01 0.43 0.10 0.37 54.81 73.15
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Grand Mean 9.40 4.55 2.22 4.67 0.01 0.47 0.10 0.34 53.65

SE 1.11 0.66 0.56 0.62 0.002 0.09 0.01 0.04 9.17
LSD (5%) 1.39 0.83 0.71 0.8 0.002 0.11 0.01 0.05 11.54

Sig 0.21 0.02 0.43 0.67 0.24 0.44 0.29 0.07 0.82
B. \Varieties
Kangara 10.94 4.50 2.40 4.68 0.01 0.44 0.10 0.34 53.77
Okashana 2 7.86 4.60 2.04 4.65 0.01 0.50 0.10 0.34 53.52
LSD (5%) 1.14 0.67 0.58 0.64 0.002 0.09 0.01 0.04 9.42

Sig <0.001 0.75 0.20 0.92 0.27 0.15 0.70 0.99 0.96
C. Interaction

AxB 0.003 0.09 0.81 0.44 0.98 0.65 0.008 0.10 0.20

66.52
14.39
18.11
0.21

63.24

69.80
14.78
0.35

0.82

Note: Values represent the mean of triplicate samples analysed (n = 3). LSD, least significant difference;
SE: Standard error. Means are differentiated using Tukey's Honestly Significant Difference (Tukey's HSD)

test at p = 0.05. Superscript letters denote significant differences between means.

5.3.4 Mineral content of Okashana 2 and Kangara varieties during the January to April 2024
growing period.
The mineral compositions of Okashana 2 and Kangara during the January to April 2024 growing period are
presented in Table 5.4. The water regime had a statistically significant effect (p<0.001) on moisture
content. The moisture contents at 75% and 100% ETc were not statistically significantly different from
each other, but were statistically different from the moisture content at 50% ETc. The highest moisture
content (6.63%) was observed at 75% ETc, whereas the lowest (2.10%) was observed at 50% ETc. Water
regime had a statistically significant effect on fat content (p<0.001). The fat content at 50% ETc and 75%
ETc was not significantly different, but it differed from the fat content at 100% ETc. The highest fat content
was 4.99% at 50% ETc, and the lowest was 2.11% at 100% ETc. The water regime had no statistically
significant effect (p = 0.40) on crude fiber (CF). The water regime had a statistically significant effect (p =
0.04) on ADF. ADF at 100% ETc was significantly different from that at 50% ETc, but was not significantly
different from that at 75% ETc. The highest ADF content (8.05%) was observed at 50% ETc, whereas the

lowest ADF content (5.88%) was observed at 100% ETc. The water regime had a statistically significant
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effect on calcium (Ca) content (p = 0.02). Ca content at 100% ETc and 75% ETc (0.007%) was not
significantly different from each other, but was different at 50% ETc (0.01%). The water regime had a
statistically significant effect (p<0.001) on potassium (K). The highest K content was 0.59% at 100% ETc,
and the lowest was 0.45% at 50% ETc. The water regime had a statistically significant effect (p = 0.005) on
magnesium (Mg). The highest Mg content was 0.10% at 50% ETc, and the lowest was 0.08% at 75% and
100% ETc. The water regime had a statistically significant effect (p<0.001) on phosphorus (P). The highest
P was 0.34% at 75% ETc, and the lowest was 0.25% at 50% ETc. The water regime had no statistically
significant effect on zinc (Zn). The highest Zn content was 50.86 mg/kg at 75% ETc, and the lowest was
43.30 mg/kg at 100% ETc. The water regime had a statistically significant effect on iron (Fe) content (p =
0.003). The highest Fe content was 76.61 mg/kg at 50% ETc and the lowest was 41.83 mg/kg at 100% ETc.
These results indicated that the water regime had a significant impact on several parameters during the
growing period. Notably, reduced moisture content affected the moisture content, K, and P. This suggests
that the studied pearl millet is stable in maintaining its nutritional composition even under reduced

moisture conditions.

Table 5-4. Mineral content of Okashana 2 and Kangara varieties during the January to April 2024

growing period.

A. Water
Regime
NUTRITIONAL COMPOSITION OF PEARL MILLET
(ETc)
Moist ADF Zn Fe
Fat (%) CF (%) Ca (%) K (%) Mg (%) P (%)
(%) (%) (mg/kg)  (mg/kg)
100% 6.57° 2.11° 2.82 5.88  0.007° 0.59° 0.08? 0.32° 43.30 41.832
75% 6.63° 4.32° 3.47 6.61** 0.007° 0.57° 0.08? 0.34° 50.86 52.47°
50% 2.10° 4.99° 3.58 8.05° 0.01° 0.45° 0.10° 0.25° 43.96 76.61°
Grand Mean 5.10 3.81 3.29 6.85 0.01 0.53 0.09 0.30 46.04 56.97
SE 1.10 0.72 1.01 1.29 0.002 0.04 0.009 0.03 6.44 13.64
LSD (5%) 1.38 0.91 1.23 1.63 0.003 0.05 0.01 0.04 8.10 17.16
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Sig <0.001 <0.001 0.40 0.04 0.02  <0.001 0.05 <0.001 0.12 0.003

B. Varieties
Kangara 4.91 3.83 3.20 6.86 0.01 0.55 0.09 0.30 44.78 50.02
Okashana 2 5.29 3.79 3.38 6.84 0.01 0.52 0.09 0.31 47.30 63.92
LSD (5%) 1.13 0.74 1.03 1.33 0.002 0.04 0.009 0.04 6.62 14.01
Sig 0.48 0.91 0.72 0.98 0.82 0.11 0.28 0.81 0.42 0.05

C. Interaction

A x B (Sig) 0.48 0.65 0.81 0.72 0.85 0.38 0.25 0.69 0.50 0.24

Note: Values represent the means of triplicate samples analysed (n = 3). LSD, least significant difference;
SE: Standard error. Means are differentiated using Tukey's Honestly Significant Difference (Tukey's HSD)

test at p = 0.05. Superscript letters denote significant differences between means.

5.3.5 Level of associations among nutritional components of pearl millet under drought-
stressed (50% ETc) and non-stressed (100% ETc) conditions
The levels of association between the assessed nutritional components under drought-stressed (50% ETc)
and non-drought-stressed (100% ETc) conditions are presented in Table 5.5. Under 50% ETc, significant
positive associations were observed between ADF and CF (r=0.91, p<0.001), Mg and K (r=0.62, p<0.05), P
and moisture (r = 0.91, p < 0.001), and Zn and moisture (r=0.75, p=0.01). This suggests that ADF has a
direct impact on CF content, and moisture content has a direct effect on P. ADF was negatively and
significantly correlated with moisture content (r =-0.80, p < 0.001), and P was negatively and significantly
correlated with ADF (r = -0.63, p = 0.05). Under 100% ETc, positive and significant correlations were
observed between CF and ADF (r=0.88, p<0.001), Ca and Mg (r=0.73, p<0.001), Mg and Zn (r=0.61, p=0.05),
and Zn and Fe (r=0.64, p=0.05). This suggests that the variables directly influence each other's content. A
significant negative association was observed between moisture and K (r=-0.70, p=0.05), fat and CF (r=-
0.76, p=0.01), fat and ADF (r=-0.83, p<0.001), and K and Zn (r=-0.59, p=0.05). This suggests that these

variables are independent of one another.

116



Table 5-5. Pearson correlation coefficients (r) showing the magnitude of associations of the nutritional
content of pearl millet varieties under drought-stressed conditions (50%ETc), upper diagonal and non-

drought-stressed conditions (100% ETc), lower diagonal conditions.

Moist Fat CF ADF Ca K Mg P Zn Fe
Moist -0.29 -0.51 -0.80** 0.29 -0.23  -0.16 0.91*** 0.75** -0.06
Fat 0.22 -0.07 0.05 -0.53 0.04 050 -051 -0.57 0.01
CF -0.05 -0.76** 0.91*** -0.11 0.00 0.06 -0.36 -0.07 0.27
ADF -0.20 -0.83***  (0.88*** -0.15 0.14 0.07 -0.63* -035 0.26
Ca 0.38 0.53 -0.29 -0.28 -0.33 -0.21 0.0 0.31 0.50
K -0.70* -0.50 0.35 0.33 -0.26 0.62* -0.42 -0.33 044
Mg 0.05 0.41 -0.12 -0.13 0.73***  -0.07 -0.51 -0.37 0.30
P -0.13 -0.22 0.06 0.18 -0.52 0.01 -0.45 0.55 -0.34
Zn 0.33 0.39 -0.02 0.05 0.38 - 0.61* -0.38 0.24
0.59*
Fe 0.27 0.53 -0.53 -0.38 0.32 -0.53 046 -0.23 0.64*

Note: Moist: Moisture, CF: crude fiber, ADF: acid detergent fiber, Ca: calcium, K: potassium, Mg:

magnesium, P: phosphorus, Zn: zinc, Fe: iron. *p=0.05, **p=0.01, ***p<0.001 significance.

5.3.6 Principal Component Analysis (PCA)

5.3.6.1 Non-stressful conditions (100% ETc)

The relationship between the nutritional components of pearl millet under non-stressful conditions (100%
ETc) is illustrated in Figure 5.1, using principal component biplots. The variables along the Dim1 axis
explained 41.5% of the total variance, indicating that these variables have a substantial influence on the
data proportion. Conversely, 21.6% of the variance was explained by variables on the Dim2 axis. Acute
angles between variables suggest a positive correlation, perpendicular variables indicate minimal or no
correlation, and variables in opposite dimensions indicate a negative correlation. Fe and fat were

clustered together, indicating a positive correlation; however, there was an inverse association between

117



K, ADF, CF, and fat and Fe, highlighting a potential trade-off wherein higher potassium accumulation may
limit fat and iron levels. Zn, Mg, and Ca were grouped together, suggesting similar variability and

contributions to the composition of pearl millet.

Moist

Dim2 (21.6%)

0.8- | ! !
-0.4 0.0 0.4 0.8
Dim1 (41.5%)
Figure 5-1. Principal component analysis biplot of nutritional contents under 100% ETc. Moist: Moisture,
CF: crude fibre, ADF: acid detergent fibre, Ca: calcium, K: potassium, Mg: magnesium, P: phosphorus, Zn:

zinc, Fe: iron.

5.3.6.2 Stressful conditions (50% ETc)

The relationship between the studied nutritional components of pearl millet under stressful conditions
(50% ETc) is illustrated in Figure 5.2, using principal component biplots. The variables along the Dim1 axis
explained 37.9% of the total variance, indicating that these variables had a significant influence on the
proportion of data. Conversely, 21.1% of the variance was explained by variables on the Dim2 axis. Acute
angles between variables suggest a positive correlation, perpendicular variables indicate minimal or no

correlation, and variables in the opposite dimensions indicate a negative correlation. Under the 50% ETc
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treatment, Ca and Zn exhibited strong positive correlations. The substantial influence of moisture on Dim1
suggests that water availability plays a critical role in nutrient availability and may be vital for managing
pearl millet under water-limited conditions. The relationship between fat, Ca, and Zn suggests that

cultivars high in Ca and Zn may exhibit lower fat contents.
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Figure 5-2. Principal component analysis biplot of nutritional contents under 50% ETc. Moist: Moisture,
CF: crude fibre, ADF: acid detergent fibre, Ca: calcium, K: potassium, Mg: magnesium, P: phosphorus, Zn:

zinc, Fe: iron.

5.4 Discussion

The escalating influence of climate change on temperature and precipitation patterns has significant
implications for crop production and, consequently, the nutritional composition of agricultural yields. The
results of this study highlight the effects of different water regimes (100%, 75%, and 50% ETc) and varieties
(Kangara and Okashana 2) on the nutritional composition of pearl millet. Water availability is integral to

nutrient and mineral mobilisation throughout a crop’s life cycle. The soil nutrient content significantly
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affects the nutritional composition of millets, with higher levels of soil nitrogen and phosphorus resulting
in increased essential amino acid and a-tocopherol contents (Wang et al., 2024). The soil texture at the
experimental site was heterogeneous, consisting of sandy clay loam with an overall composition of 54.31%
sand, 15.92% silt, and 29.77% clay (Table 5.1). The lack of statistically significant differences in soil
chemical composition indicated that the plots were laid in a homogeneous area, potentially resulting in

minimal interference from the treatments studied.

The findings of this study indicate that the water stress experienced during both growing seasons resulted
in a decrease in grain moisture content. This could be attributed to the reduced availability of water for
translocation to the grains at 50% ETc. Kangara exhibited a higher grain moisture content than Okashana
2 during the growing period from September to December 2023. This suggests that Kangara was more
water-retentive or less efficient in terms of water use than Okashana 2 during this period. In contrast,
from January to April 2024, Okashana 2 had higher grain moisture content, although the difference was
not statistically significant. This highlights the seasonal variability contributing to the differences in the
observations. The grain moisture content ranged from 2.10% to 10.07%. These values are lower than
those reported by Kulthe et al. (2016), who found that pearl millet contained 11.21-12.43 % moisture in
the genotypes studied. Jandu and Kawatra (2019) found that the moisture content of the pearl millet
varieties evaluated varied between 7.41% and 8.61%. These results demonstrate the influence of
heterogeneous genotypes and potential confounding environmental factors on the grain moisture
content in pearl millet. Furthermore, the results of this study corroborate those of Alam et al. (2021), who
found that drought stress during maize grain filling can result in decreased kernel water content, shorter
kernel-filling duration, and lower final kernel weight. Water availability positively affects grain moisture
content because plants with an adequate water supply maintain higher turgor pressure, which facilitates
nutrient and water transport to developing grains, consequently affecting grain yield and quality
(Seleiman et al., 2021). Conversely, drought conditions hinder the osmotic potential of plants, leading to

low nutrient absorption and thereby affecting crop development (Ashrafi et al., 2022).
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The study also found significant differences in fat content among the water regimes, with 75% ETc
showing the lowest fat concentration compared to 50% and 100% ETc from September to December 2023.
This trend could be attributed to the adaptive nature of pearl millet at 50% ETc, which triggers stress-
induced metabolic pathways. However, at 75% ETc, the conditions might not have been optimal for some
metabolic pathways, nor too stressful for some stress-induced metabolic pathways to be triggered. A
similar pattern was observed from January to April 2024, when the fat content was higher at 50% ETc.
Seasonal variations and water regimes influence the crude fat content by affecting plant metabolic
processes and resource allocation during grain development. Lipids also play crucial roles in stress
signalling and adaptation (Liang et al., 2023). In this study, the fat content varied between 2.11% and
5.10%. These results were slightly lower than those reported by Choudhary et al. (2016), who found that
the fat content of pearl millet ranged from 4.0% to 8.0%. This variation may be due to differences in
genotypic and environmental conditions. Adequate water availability supports lipid biosynthesis by
ensuring optimal enzyme activity and energy flow, which leads to increased fat accumulation. Generally,
primary metabolites, including lipids, decrease in response to increased water stress (Laftouhi et al.,
2024). Shegro et al. (2012) found that water stress alters lipid metabolism in sorghum and reduces fat
content in the grain. However, in this study, no clear relationship was established between water stress

and fat content in Kangara and Okashana 2.

The results showed no statistically significant difference between the water regime and CF in either
growing period; however, from January to April 2024, a statistically significant difference (p = 0.04) was
observed between the water regime and ADF. This suggests that water stress has little to no effect on
these traits in pearl millet. This resilience may be related to the crop's inherent drought tolerance
mechanisms, which prioritise the maintenance of essential functions even under water-limited conditions
(Manga et al., 2011). Other studies have similarly found that crops such as barley and sorghum exhibit
minimal changes in fiber content under drought stress, as the plants conserve resources for structural
integrity (Farooq et al., 2012). As water plays a crucial role in plant mineral mobilisation, drought stress
reduces the uptake of essential minerals, such as Mg, K, P, Ca, Fe, and Zn from the soil, potentially resulting

in decreased concentrations of these minerals in the grain. Pearl millet generally shows a minimal effect
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of the water regime on mineral composition. The lack of significant differences in micronutrient
concentrations (Ca, K, Mg, P, Zn, and Fe) across the water regimes from September to December 2023
indicates that pearl millet maintains its micronutrient profile, even under water-stressed conditions. From
January to April 2024, K and phosphorus levels were higher in higher water regimes (75% and 100% ETc)
and lower at 50% ETc. Ca and Fe levels were higher at 50% ETc and lower at 100% ETc, whereas Zn
availability was lower at 100% ETc. This finding aligns with reports on other cereals such as sorghum and
wheat, which also show relative stability in micronutrient content under drought conditions (Bouis &
Welch, 2010). Higher moisture levels may dilute iron uptake or distribution within the plant or grain,
possibly because of physiological changes in nutrient transport or assimilation caused by excessive water
availability. In contrast, Zou et al. (2020) found that drought can affect the uptake and distribution of
nutrients, particularly iron and zinc, within plants. However, the consistent micronutrient levels observed
in this study suggest that pearl millet, as a drought-resilient crop, can maintain its nutritional quality even
under suboptimal water availability, making it a valuable source for combating micronutrient malnutrition

in the context of climate change.

Correlation analysis between different traits is crucial for selection or crop improvement programs that
aim to achieve sustainable crop production under highly variable climatic conditions. In the present study,
the association between mineral composition traits was determined under stressed (50% ETc) and non-
stressed (100% ETc) conditions. From the results, under 50% ETc, a strong positive correlation was
observed between ADF and CF (r=0.91), P and moisture (r=0.91), and Zn and moisture (r=0.75), indicating
that some interactions occurred between them, whereas under 100% ETc, a positive correlation between
CF and ADF (r=0.88), Ca and Mg (r=0.73), Zn and Fe (r=0.64), and Mg and Zn (r=0.61). The order and
magnitude of associations between these traits under different water scenarios suggest that similar
physiological mechanisms and biochemical and soil factors control their mobilisation, uptake, and
transportation to pearl millet grains without affecting their accumulation in the grains. As shown in Table
5.2, at 50% ETc, soil P content was higher, which may highlight the role of soil P in the accumulation of P
in grains and in mitigating the adverse effects of water stress on grain moisture content. This

demonstrates the resilience of pearl millet varieties in extracting phosphorus from the soil despite limited
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water availability. Phosphorus is vital for plants to maintain water balance and to tolerate drought stress
(Khan et al., 2023). ADF and CF were highly correlated under both stressed and non-stressed conditions,
indicating the stability of these two components under various environmental conditions. ADF is a fiber
composed of cellulose and lignin (Van Soest & Robertson, 1979). This measure is linked to the digestibility
and energy content of forage and is used to determine the total digestible nutrients or net energy in hay,
haylage, and corn silage. Generally, forages with lower ADF levels tend to have a higher energy content
(Wright & Lackey, 2008). In this study, ADF ranged between 4.54% and 4.85% from September to
December 2023, and between 5.88% and 8.05% from January to April 2024 during the growing period.
Although there was no statistically significant difference between the water regime and ADF from
September to December 2023, the lowest ADF was recorded at 100% ETc, indicating that, with high water
availability, the energy level in pearl millet grains decreases. From January to April 2024, the ADF was
lower under 100% ETc.

In terms of seasonality, the ADF from September to December 2023 was lower than in the concurrent
season, indicating that higher energy levels in terms of ADF can be achieved during this period. These
results are consistent with those of Seydosoglu et al. (2023), who found ADF ratios ranging from 3.44% to
11.43% in the studied pearl millet genotypes. In this study, crude fiber (CF) ranged from 2.01% to 3.58%.
Previous studies have reported CF levels ranging from 1.67% in the HHB-67 improved variety (Jandu &
Kawatra, 2019) to 2.07-2.63% in other cultivars (Kulthe et al., 2016). The correlation results from this study
showed that Zn and Fe were positively correlated. These results corroborate those of Govindaraj et al.
(2022) and Kamble et al. (2022), who reported a positive association between Fe and Zn in pearl millet. A
strong positive correlation between Fe and Zn contents has been consistently observed across studies (r
= 0.58-0.81), suggesting the possibility of simultaneous improvement in both nutrients (Govindaraj et al.,
2022; Mahendrakar et al., 2019). Furthermore, an association between the Ca and Mg levels was
established in this study. Kavita et al. (2023) also found a positive correlation between Ca and Mg levels.
The correlation between these two macronutrients (Ca and Mg) can be attributed to their uptake,
translocation pathways, and physiological functions during plant growth and development. In this study,
Mg and Zn levels were positively correlated. Govindaraj et al. (2022) found a correlation between Mg and

Zn in some parental lines of pearl millet varieties.
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The principal component analysis biplot illustrates the trait associations of pearl millet under water-
stressed (50% ETc) and non-water-stressed (100% ETc) conditions. The longer vector lengths observed
under 100% ETc than under 50% ETc indicated wide variations among the water regimes and nutritional
traits. The short vectors showed minimal differences among traits observed under water-stressed
conditions. The correlation coefficients in Table 5.5 substantiate the PCA biplot results and show similar
directions between nutritional trait associations. A positive correlation is observed between ADF and CF,
Ca and Mg, Mg and Zn, and Zn and Fe in the 100% ETc biplot, consistent with the correlations in the
correlation matrix. Under water-stressed conditions, the PCA biplot depicted a positive correlation
between ADF and CF, P with moisture, and Zn with moisture. The results of this study suggest that the
associated traits remain stable under changing water conditions and can be genetically bred
independently of other traits without implications. Breeding programs can utilize these associations to
enhance the resilience and nutritional quality of pearl millet varieties across diverse environmental

conditions.

5.5 Conclusion

This study investigated the effects of water stress (100%, 75%, and 50% crop evapotranspiration rate) on
the nutritional quality of Kangara and Okashana 2 pearl millet varieties. The results showed the influence
of growing season on nutritional composition, with minimal significant differences in some nutritional
traits, such as ADF, Ca, Mg, and Fe. There were no varietal differences between the cultivars evaluated
(Kangara and Okashana 2). A significant positive association was found between nutritional traits,
including Ca, Mg, Zn, and Fe. These results suggest that the studied pearl millet varieties remain relatively
nutritionally stable under water-limited conditions, with implications for breeding programs aimed at
improving nutritional quality and drought resilience. Future studies should explore and evaluate the
mechanisms underlying nutritional traits in different environments. Other hybrid varieties should be
investigated for potential optimisation of nutritional quality under water-limited conditions and should

also be evaluated.
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ABSTRACT

Variations in temperature and precipitation resulting from climate change pose substantial risks to
agricultural yields. Although these changes cannot be prevented, adaptation and mitigation strategies can
help to sustain food production. This study examined the effect of climate change on pearl millet using
two planting dates (December 15 and January 15) under both historical and future emission scenarios
(SSP2-4.5 and SSP3-7.0) using the AquaCrop model under rainfed conditions in Namibia. Experimental
data from 2023 to 2024 were used for model calibration and validation, while climate projections from
Global Climate Models under SSP2 and SSP3 4.5 and 7.0 were applied for future scenarios. The results
indicate reduced precipitation and increased temperatures from 2020 to 2059 compared to 1995 to 2014,
accompanied by an increase in reference evapotranspiration (ETo). Water productivity (WP) is projected
to decline by 22% (2020-2039) and 11% (2040-2059) during the respective periods. It is expected to
decrease by 35% and 41%, respectively, in January. Dry yields for December planting are expected to
decline from 0.90 to 0.81 tons/ha (2020-2039) under SSP2-4.5 and SSP3-7.0, while January yields drop

from 1.83 to 1.21 tons/ha under the same scenarios. Between 2040 and 2059, the December planting
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yield is expected to vary between 0.83 and 0.81 ton/ha under SSP2-4.5 and SSP3-7.0, respectively.
Meanwhile, during the same period, the January yield is expected to vary between 1.14 and 1.2 tons/ha
under SSP2-4.5 and SSP3-7.0, respectively. The ratio of biomass produced under the December 15
planting date varied from 21% in the historical period to 18% in future scenarios, while under the January
15 planting date, biomass produced varied from 26% in the historical period to 21% and 22% in future
scenarios. These results underscore the crucial role of optimising planting dates in mitigating climate-
related risks. A planting date of January 15 is recommended to sustain future grain yield and biomass.
Furthermore, proper planning for more variable rainfall and potential water stress after 2040 is crucial for
sustaining yields under both climate scenarios. This study provides critical insights for the development
of climate-adaptive agricultural strategies that enhance crop and water productivity, thereby supporting

sustainable agricultural production.

Keywords: AquaCrop Model, Namibia, Pearl millet, Shared Socioeconomic Pathways, Water productivity
6.1 Introduction

Globally, climate change is increasingly recognised as a significant global challenge that affects agriculture
and food security (Masson-Delmotte et al., 2021). Among the crops resilient to climate change, pearl
millet (Pennisetum glaucum (L.) R. Br.) is a vital staple in regions facing water scarcity. Globally, pearl millet
accounts for approximately 75% of the total millet production. Approximately 97% of pearl millet
production is in Africa and Asia, with India being the largest producer among the nations, followed by
China, Nigeria, and Niger (Deevi et al., 2024; FAOSTAT, 2024). The Statistics Division (ESS) of the Food and
Agriculture Organization of the United Nations (FAO) indicated that the global area dedicated to
production has experienced variations in recent years, reflecting changes in yield and environmental
conditions during different periods. The same pattern was observed in Africa between 2004 and 2022,
with yields varying from 5046 to 8937 (100 g/ha). In southern Africa, the estimated yield value between
2004 and 2022 ranged from 1059 to 4333 (100 g/ha) (FAOSTAT, 2024). In Namibia, yields ranged from 809
kg/ha to 4,296 kg/ha (100 g/ha) during the same period. These trends can be ascribed to environmental
variability experienced in different years. According to projections from the International Food Policy

Research Institute's IMPACT model, global demand for millet is expected to increase from 48.5 million
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tons to 66.5 million tons between 2030 and 2050 (Deevi et al., 2024). This underscores the need for and
importance of integrating sustainable millet production into projected climatic conditions to meet
projected demand. Understanding the potential effects of climate change on the water productivity of
pearl millet is crucial for devising adaptive strategies to sustain agricultural productivity in the face of
evolving environmental conditions. Water productivity assessments contribute to the development of
practical strategies for water management and fostering agricultural resilience in semi-arid environments

(Ghimire et al., 2025), where water scarcity hinders agricultural sustainability.

Although pearl millet is known for its resilience in arid and semi-arid regions under rain-dependent
conditions, recent and recurring highly variable rainfall and high temperatures have affected its
productivity. It is a staple food crop in Namibia and is cultivated mainly in rainfed systems. However, the
adverse consequences of climate change, including altered rainfall patterns, high temperatures, and
severe weather events, are increasingly threatening the sustainability of pearl millet production
worldwide (Singh et al., 2017; Rama Rao et al., 2019). Climate change presents significant challenges to
global agricultural systems by influencing crop growth, development, and overall yields. Alterations in
temperature and rainfall patterns caused by climate change have a significant impact on physiological
processes that regulate the growth and productivity of pearl millet. Increasing temperatures can
accelerate or decelerate plant development, shorten the reproductive phase, and increase the frequency
of heat stress events during vital growth stages, thereby adversely affecting grain formation and yield
(Epa, 2017; Mangani et al., 2023). Moreover, changes in precipitation patterns, such as variations in the
timing, intensity, and spatial distribution of rainfall, can lead to either water shortages or surpluses,
thereby intensifying stressful conditions and reducing crop yield (Swarna et al., 2024). Increasing carbon
dioxide concentrations have been shown to enhance plant growth through the rapid expansion of leaf
area development, which can increase transpiration capabilities (National Research Council, Life Studies,
Commission on Geosciences, Committee on Climate Uncertainty, 1991). Furthermore, Epa (2017)
highlighted that laboratory experiments indicated that higher CO; levels could boost plant development
and yield. However, additional confounding factors, such as fluctuating temperatures, ozone exposure,

and limitations in water and nutrients, may offset potential yield increases. Exposure to high temperatures
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has been shown to decrease the number of spikes and florets per pearl millet plant (Djanaguiraman et al.,
2018), which affects potential yield. The complex interactions between environmental factors, plant
physiological responses, and agronomic management practices shape the influence of climate change on
pearl millet yield. Water availability, soil fertility, pests and diseases, and genotype-specific adaptations
play important roles in determining the resistance of pearl millet crops to climatic variability and
extremes. Additionally, the differential responses of pearl millet cultivars to varying climatic conditions
underscore the importance of genetic diversity and breeding efforts in developing climate-resilient

cultivars that can maintain yields under changing environmental conditions (Choudhary et al., 2023).

Given these complex interactions and the high cost of experimental equipment, further studies are
necessary to understand the potential effects of projected climatic conditions on pearl millet,
necessitating the use of simulation models. Understanding these different processes of plant physiology
requires more time, in terms of repeated crop measurements and other resources, to ensure the accuracy
of research. Simulation models are often employed because of the complexities and limitations of the
approaches used to determine the absolute consequences of environmental changes on crop vyields.
Different crop models and climate change scenarios have been proposed and widely used to determine
the effects of projected climate change on plants. Several models have been employed to predict various
indicators for different crops (Ullah et al., 2019; Sow et al., 2024; Vieira Junior et al., 2024). For example,
Ullah et al. (2019) utilised the CSM-CERES-Millet model to assess the impact of climate change on pearl
millet, revealing yield reductions under RCPs 4.5 and 8.5 in Pakistan. Assessing and implementing
appropriate management practices tailored to specific agroecological environments under changing
environmental conditions is essential for maximising yield potential and strengthening the resilience of
agricultural systems.

Recent studies have focused on calibrating and validating AquaCrop models for various crops under
diverse environmental conditions. The model has demonstrated strong capabilities in replicating the
productivity of crops, biomass, and water consumption for forage cactus, millet, and sorghum in Brazil’s
semi-arid regions (Pinheiro et al., 2024); perennial ryegrass in Colombia (Teran-Chaves et al., 2022); and

canola under moisture irrigation in South Africa (Dirwai et al., 2021). These studies reported high
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coefficients of determination (R* > 0.80) and good accuracy in predicting the crop parameters. These
findings demonstrate the potential of crop models in agricultural planning and decision-making for

improved water use and yield estimation.

Shared Socioeconomic Pathways (SSPs) are scenarios developed by global researchers to explore different
future pathways of societal development and their implications for climate change and other
environmental issues (Riahi et al., 2017). The SSPs outlined distinct narratives, each describing a diverse
trajectory of socioeconomic development, population growth, technological progress, and environmental
management. These scenarios range from sustainable development (SSP1) to a world of regional rivalry
and inequality (SSP3) to a fossil-fuelled development pathway (SSP5). The SSP framework is used in
conjunction with climate models to assess how various societal decisions may influence climate change,
along with adaptation and mitigation strategies (O’Neill et al., 2017). These scenarios serve as valuable
tools, allowing us to project the potential climate impacts on agriculture.

By subjecting pearl millet to SSP scenario tests, we simulated a range of probable future climates to
address fundamental questions regarding the impact of climate change on evapotranspiration rates,
physiology, yield, and overall water productivity of pearl millet in Namibia. Moreover, by integrating
experimental data and scenario-based modeling, this study provides insights into sustainable crop
production and water management under future climatic conditions. This study aimed to (1) investigate
how projected climate conditions influence the expansion of pearl millet canopies, closure of stomata,
and rates of evapotranspiration, and (2) examine how the timing of planting affects water productivity,

dry yield, and biomass production through simulations conducted using the AquaCrop model.

6.2 Materials and Methods

6.2.1 Description of the Model

The Land and Water Division of the Food and Agriculture Organization (FAO) developed the AquaCrop
model to evaluate the effects of environmental conditions and field management practices on crop
production (Steduto et al., 2009). It simulates plant—soil interactions by evaluating parameters such as
crop development, aerial biomass, transpiration, and grain yield in relation to water productivity (WP)
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(Raes et al., 2009; Salman et al., 2025). The model consists of four steps executed in series at each daily
time step, which are outlined by Raes et al. (2018). First, green crop canopy cover (CC), followed by
transpiration. The simulated aboveground biomass (B) (Equation 6.1) integrates all the photosynthetic
products that the crop assimilates during the season to simulate crop yield using a Harvest Index (HI). The
actual Harvest Index (HI) was calculated by modifying the reference Harvest Index (Hlo) during the
simulation using a factor that accounts for stress impacts (Steduto et al., 2009) after computing the

biomass (B). Crop yield (Y) was calculated using Equation (6.2):

B=WPxZTr Equation 6.1

Where B represents the total aerial biomass yield (kg m-2), WP denotes water productivity (kg (m-2 -

mm)), and Tr refers to the day-to-day crop transpiration rate (mm/day-1).

Y=HIxB Equation 6.2

where Y represents the crop yield, HI stands for the Harvest Index, and B denotes the biomass (kg m-2).

6.2.2 Model Parametrisation
The AguaCrop model (version 7.1) requires meteorological, crop, management, and soil data. To achieve
equilibrium between simplicity, precision, robustness, and ease of use, a minimal set of crop parameters

is required (Salman et al., 2025). The data were as follows:

6.2.2.1 Meteorological Data

The AquaCrop model requires daily, 10-day, or monthly records of maximum and minimum air
temperatures, relative humidity, wind velocity, precipitation, and hours of sunshine or solar radiation. The
daily ETo was determined from these elements using ETo calculation, which is an integrated module
derived from the FAO Penman-Monteith method (Allen et al., 1998). Namibia's monthly historical climate
data for 1995-2014 were obtained from the Climate Change Knowledge Portal. Additionally, the ensemble
mean of the projected climatic conditions was obtained from the same portal

(https://climateknowledgeportal.worldbank.org/country/namibia/climate-data-projections, accessed 05
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August 2024). The ensemble mean represents data that have been modeled using global climate models
from the Coupled Model Intercomparison Projects (CMIPs), which are managed by the World Climate
Research Program. The predicted climate data applied in this study were for two SSP-RCP scenarios (SSP2-
4.5 and SSP3-7.0). The data were presented at a spatial resolution of 0.25° x 0.25°, equivalent to 25 km x
25 km (Climate Change Knowledge Portal, 2024). SSP2-4.5 represents a moderate emission pathway in
which socioeconomic factors continue along historical trends without major shifts. Meanwhile, SSP3-7.0
represents a world with high greenhouse gas emissions, regional competition, and a resource-intensive
economy (Meinshausen et al., 2020; Shiogama et al., 2023). Hence, SSP2-4.5 and SSP3-7.0 for 2020 — 2039
and 2040-2059 were selected for future climate change impact assessments to model the projected
scenarios. Climate files (.CLI) were generated using meteorological data, including ETo (.ETo), and daily

minimum and maximum temperatures (. TMP) and files for relative humidity and rainfall data (.PLU).

6.2.2.2 Crop Data

The AquaCrop database contains crop files that are fully calibrated and classified into two categories:
conservative and non-conservative crop parameters. Conservative crop parameters remain relatively
stable over time and are not significantly affected by management practices, geographical locations, or
climate. Unless proven otherwise, these parameters were assumed to remain unchanged across different
cultivars. Conservative parameters included stress thresholds of canopy cover (CC) per seedling, typical
root expansion, pattern of water withdrawal, and normalised biomass water productivity (WP*). These
parameters were not altered during the modeling process because they were not measured during the
experimental studies. The FAO has determined and validated other parameters specific to crops, but not
tied to specific locations, for major crops such as pearl millet in various locations. Therefore, these were
used as default values in the model. In contrast, non-conservative or cultivar-specific parameters require
adjustments when selecting a cultivar or when environmental conditions differ from those assumed
during calibration. These parameters included growth cycle length and plant density. Data for these non-
conservative inputs were obtained from field data collected during two growing seasons (September to

December 2023 and January to April 2024). The simulation periods were linked to the growth cycle.
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6.2.2.3 Management Data

Management data are essential for modeling cultivation practices and field events, particularly those
related to field and irrigation management (Zhang et al., 2022). AquaCrop can be used to conduct
simulations for various irrigation methods, including rain-fed and irrigated systems. It is essential to
specify the irrigation method because it influences the simulation of soil moisture dynamics. In this study,
irrigation management was calibrated according to the irrigation schedule using a drip irrigation system
to administer 100%, 75%, and 50% of crop evapotranspiration (ETc), which was calculated during field
trials conducted from September to December 2023 and January to April 2024. These data were then
used to generate an irrigation file (.IRR) in AquaCrop. To develop a schedule, two critical variables must
be determined for each irrigation event: the application time and amount. Soil fertility was deemed
sufficient and not a limiting factor for the crop canopy, water efficiency, and biomass yield. Additional
field management practices included the following: (i) absence of weeds, (ii) no use of mulch, and (iii) zero

runoff.

6.2.2.4 Soil Characteristics Data

In AquaCrop, the soil profile consists of layers with distinct soil horizons, each possessing unique physical
properties along with groundwater information (Food and Agriculture Organization of the United Nations,
2017). Soil type in the study area was identified using the United States Department of Agriculture (USDA)
soil textural taxonomy (Taxonomy, 2014). The default soil horizon characteristics for the soil texture
identified in the study area remained unchanged in the AquaCrop database. The groundwater depth in
the study area was assumed not to influence crop growth through soil capillary pressure; therefore, it was

not taken into consideration. Soil information was used to generate a soil file from AquaCrop (.SOL).

6.2.3 Model Application

6.2.3.1 Model calibration, validation, and evaluation

Field data collected during the 2023 and 2024 cropping seasons were used to calibrate the model and
validate its performance. A comparison was made between the model predictions and observed data,
followed by an analysis of the validation statistics. The R, which represents how well the observed and
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simulated values align, was used to evaluate the model outputs. The R?value represents the variance in
the observed data as explained by the model. It ranges from 0 to 1, with higher values indicating a better
fit between the observed and simulated data. Generally, an R% greater than 0.5 is considered to represent
good collinearity between observed and simulated values (Moriasi et al., 2007). The root-mean-square
error (RMSE) and mean absolute error (MAE) were used to evaluate the model. RMSE was used to test
the differences between the forecasted and observed values. Simultaneously, the MAE determines the
mean of the absolute differences between the predicted and actual values, serving as an indicator of

prediction accuracy that does not account for the direction of the errors (Hodson, 2022).

6.3 Results

6.3.1 AquaCrop Model Calibration

6.3.1.1 Grain Yield Season 1 (September to December 2023)

Figure 6.1 compares the simulated and actual yields for the first cropping season (September-December
2023). The simulated yields ranged from 0.70 to 2.93 tons/ha, while the measured yields ranged from
0.76 to 2.88 tons/ha. The model-simulated pearl millet yielded well, with average simulation statistics for

yield of R?=0.97, RMSE = 0.10 (tons/ha), and MAE = 0.08 (tons/ha).
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Figure 6-1. The actual and simulated yields of pearl millet under different irrigation regimes during the
AquaCrop calibration (September to December 2023). RMSE: root mean squared, MAE: mean absolute

error.

6.3.2 AquaCrop Model Validation
6.3.2.1 Grain Yield Season 2 (January to April 2024)
Figure 6.2 shows the simulated and actual yield scenarios. The simulated yields ranged from 0.71 to 2.97

tons/ha, while the measured yields ranged from 0.96 to 3.00 tons/ha. Model performance was indicated

by an R? of 0.95, an RMSE of 0.12 (tons/ha), and an MAE of 0.10 (tons/ha).
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Figure 6-2. Relation between the actual and simulated yields of pearl millet under different irrigation
regimes during the AquaCrop validation (January—April 2024). RMSE: root mean squared, MAE: mean

absolute error.

6.3.3 Climate Scenario Simulations

6.3.4 Historical and Projected Meteorological Data

Historical and projected meteorological data are shown in Figure 6.3. The SSP2-4.5 and SSP3-4.5 scenarios
for the 2020-2039 project lower rainfall than the historical period, while the maximum average
temperature during the same period also shows an increase compared to the historical temperature.
Compared with the historical period (1995-2014), rainfall will decrease by 13.22, 12.05. 21.66 and
14.74mm for SSP2-4.5 (2020-2039), SSP3-7.0 (2020-2039), SSP2-4.5 (2040-2059), and SSP3-7.0 (2040-
2059), respectively. The maximum monthly temperature is expected to increase by 0.97 °C, 0.96 °C, 1.74
°C, and 1.86°C for SSP2-4.5 (2020-2039), SSP3-7.0 (2020-2039), SSP2-4.5 (2040-2059), and SSP3-7.0 (2040-
2059), respectively, compared to the historical period. The minimum monthly average temperature is
expected to increase by 0.83 °C, 0.88 °C, 1.56 °C, and 1.74°C for SSP2-4.5 (2020-2039), SSP3-7.0 (2020-
2039), SSP2-4.5 (2040-2059), and SSP3-7.0 (2040-2059), respectively, compared to the historical period.
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Figure 6-3. Average monthly rainfall, average monthly maximum and minimum temperature for the

historical and projected climate scenarios for Namibia.

6.3.5 Rain and Evapotranspiration during the crop-growing cycle
Figure 6.4 shows the rain, evapotranspiration, evaporation, and transpiration during the pearl millet
growth period for two planting dates (December 15 and January 15). (a) shows the planting date on
December 15™. The reference evapotranspiration (ETo) estimated during the historical period (1995-
2014) was 531.8 mm per growing period, while the highest ETo estimated for the same planting date was
554 mm under the SSP2-4.5 2040-2059 scenario. The highest rainfall is projected to be 212.8 mm under
the historical period of 1995-2014, while the lowest is estimated to be 199.5 mm under the SSP2-4.5 2040-
2059 scenario. (b) the historical period of 1995-2014, during the 15% of January planting date, the ETo
was lower at 449.3 mm and estimated to be the highest (513.9 mm) during the SSP2-4.5 2040-2059. The
highest rainfall was estimated to be 188.6 mm during the historical period of 1995-2014, and the lowest
rainfall was projected to be 178.1 mm during SSP2-4.5 for the period 2040-2059. The two planting dates
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assessed had a similar pattern of parameters evaluated; however, the 15" of December planting date

showed the highest ETo (554 mm, SSP2-4.5 2040-2059).
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Figure 6-4. Reference evapotranspiration and Rainfall during the pearl millet growing period for two

planting dates under the historical and future climate scenarios: (a) 15 December and (b) 15 January.

6.3.6 Canopy expansion and Canopy closure

Canopy expansion and closure owing to moisture stress are shown in Figure 6.5. In both scenarios, the

historical (1995-2014) canopy expansion was less limited by water stress than that in the other climate

change scenarios. (a) According to the 15th of December planting date, the historical period from 1995 to

2014 indicated that canopy expansion was less limited by water stress compared to other scenarios.

Between 2020 and 2039, under both the SSP2-4.5 and SSP3-7.0 scenarios, approximately 63% of canopy

expansion was limited by water stress. SSP2-4.5 and SSP3-7.0 (2040-2059) exhibit more limited canopy
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expansion due to water stress (64%). Regarding stomatal closure, the graph shows an increase from the

historical (50%) to future scenarios (55%). (b) Under the January 15 planting date, only 60% of the canopy

expansion was limited by water stress during the historical period, whereas in future scenarios, the canopy

expansion will be limited by approximately 62%. Approximately 52% of stomatal closure during the crop

cycle occurred during the historical period. Approximately 55% of the stomatal closure was modelled in

future scenarios. These show that the projected climatic conditions are likely to affect canopy expansion

and stomatal closure.
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Figure 6-5. Canopy expansion and stomatal closure of the pearl millet growing period for two planting
dates under the historical and future climate scenarios: (a) 15 December and (b) 15 January.

6.3.7 ET Water Productivity

Figure 6.6 shows the water productivity of pearl millet on two planting dates, the 15" of December and

the 15™ of January. (a) During the historical period (1995-2014), water productivity was higher than future
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climate scenarios (0.31 kg/m3), followed by SSP2-4.5 2020-2059 (0.29 kg/m3), SSP3-7.0 2040-2059 (0.28
kg/m3), SSP3-7.0 2020-2039 (0.27 kg/m?) and lastly SSP2-4.5 2020-2039 (0.27 kg/m3). (b) The historical
period (1995-2014) exhibits the highest water productivity of 0.73 kg/m3 compared to future scenarios,
followed by SSP2-4.5 (2020-2039), SSP3-7.0 (2020-2039), and SSP3-7.0 (2040-2059), all with 0.45 kg/m3,
and lastly SSP2-4.5 (2040-2059) with 0.43 kg/m3. The highest water productivity was simulated to be in

the 15™ of January planting date.
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Figure 6-6. Water productivity of pearl millet growing period for two planting dates under the historical

and future climate scenarios: (a) 15 December and (b) 15 January.

6.3.8 Dry yield

Figure 6.7 shows the modelled historical and future climate yield projections for the pearl millet. (a) The
historical period shows that yield was higher (0.90 tons/ha) than in future climate scenarios under the
15™ of December planting date. This is followed by SSP2-4.5 2040-2059 (0.83 tons/ha), SSP3-7.0 2040-
2059, and both SSP2-4.5 and SSP3-7.0 under 2020-2039 show a similar yield of 0.81 tons/ha. (b) For the

15" of January planting date, the historical period modelled the highest yield of 1.83 tons/ha, followed by
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SSP2-4.5 (2020-2039), SSP3-7.0 (2020-2039), and SSSP3-7.0 (2040-2059), with yields of 1.21 tons/ha and

1.14 tons/ha, respectively.

—
Q
—

Yield (ton/ha)

0.92

0.9
0.88
0.86
0.84
0.82

0.8
0.78
0.76

Historical SSP2-4.5 SSP3-7.0 S55P2-4.5 SSP3-7.0
1995-2014

2020-2039 2040-2059

Climate Scenarios

Yield {ton/ha)

1.8
1.6
1.4
12

0.8
0.6
0.4
0.2

L1

Historical S5P2-4.5 SSP3-7.0
1995-2014

2020-2039

Climate Scenarios

S5P2-4.5 SSP3-7.0

2040-2059

Figure 6-7. Yield of pearl millet growing period for two planting dates under the historical and future

climate scenarios: (a) 15 December and (b) 15 January.

6.3.9 Ratio of biomass produced

Figure 6.8 shows the projected changes in biomass ratio across different climate scenarios. (a) shows the

highest biomass production ratio of approximately 21% during the historical period (1995-2014), whereas

the future scenarios showed a significant decrease from the historical scenario. All the future scenarios

showed a similar biomass production ratio of 18%. (b) The historical period showed the highest biomass

production ratio, at 26%, followed by the 2020-2039 scenario for SSP2-4.5 and SSP3-7.0, at 21%. For 2040

and 2059, under both SSP2-4.5 and SSP3-7.0, the projected biomass production was 20%. This indicates

that, for the January 15 planting date, more biomass will be produced than for the December 15 planting

date, making January 15 a more suitable planting date in the future.
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Figure 6-8. Ratio of biomass produced during the pearl millet growing period for two planting dates

under the historical and future climate scenarios: (a) 15 December and (b) 15 January.

6.4 Discussion

This study investigated the potential impact of climate change on the water productivity of pearl millet in
Namibia's semi-arid regions, utilising the FAO AquaCrop model. The varying responses of pearl millet to
moisture stress and high temperatures affect its water productivity and overall performance. The
association between plant development and water use has been studied for centuries, evolving from
philosophical to modern scientific research (Brendel, 2021). Environmental factors such as solar radiation,
vapor pressure deficit, and soil water content influence transpiration rates and crop yields (Li et al., 2021;
Schreiner-McGraw & Baffaut, 2023).
The results of this study demonstrate that the AquaCrop model is effective in assessing the water
productivity of pearl millet. The results showed that the model-simulated pearl millet yielded well, with
an average coefficient of determination (R2) of 0.97. Additionally, the validation results showed that the
simulated yields remained relatively constant, ranging from 0.71 to 2.97 tons per hectare. These results
corroborate those reported by Berhane and Kefale (2018) and Sathyamoorthy et al. (2023). The AquaCrop
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model was successfully calibrated and validated to simulate the green vegetative cover, aboveground dry
matter, and grain yield of pearl millet across various sowing windows, nitrogen levels, and climate change
scenarios. Early sowing at 125% of the recommended nitrogen level resulted in the highest observed and
simulated grain and straw yields (Sathyamoorthy et al., 2023). In comparison, late sowing at 75% of the
recommended nitrogen level yielded the lowest yield. The AquaCrop model demonstrated good
predictive ability for pearl millet growth and productivity across various sowing dates and nitrogen levels
(Sathyamoorthy et al., 2023). According to Bello and Walker (2016), the AquaCrop model effectively
simulated canopy development, biomass accumulation, total evapotranspiration, and harvested grain
quantity for the two pearl millet accessions under rainfed and irrigated conditions. However, its accuracy
in representing the dynamic content of soil moisture for pearl millet was moderate and required

improvement.

Climate models projected higher temperatures and lower rainfall for 2020-2059 than for the historical
period (1995-2014). The SSP2-4.5 and SSP3-4.5 pathways showed a slight decline in the projected rainfall
after 2040 — 2059 and a slight increase in the maximum average temperature compared to the 2020-2039
scenarios. This may indicate challenges in pearl millet production if distribution becomes erratic. If rain
occurs in shorter, more intense periods or is unevenly distributed, it could lead to water stress or crop
damage, thereby affecting yield. The SSP2-4.5 scenario generally projects a stable to slightly declining
rainfall trend post-2040, whereas SSP3-7.0 shows a similar trend of slightly declining rainfall. However,
under a higher emissions scenario, other stress factors such as higher temperatures may exacerbate

evapotranspiration losses, thus affecting pearl millet production.

Previous studies have consistently demonstrated a strong relationship between evapotranspiration (ET)
and biomass accumulation in both crops and trees. For wheat and maize, a geospatial modeling approach
has demonstrated high correlations between evapotranspiration (ET), gross primary production, and yield
(Wang et al., 2023). Li et al. (2021) reported a logistic relationship between annual transpiration and
aboveground biomass of poplar trees. Similarly, Schreiner-McGraw and Baffaut (2023) demonstrated a

significant correlation among maize transpiration, biomass, and yield. On the other hand, Collins et al.

146



(2021) investigated the potential of reducing the transpiration rate under high atmospheric demand to
enhance wheat yields, finding yield increases of up to 2.6% across Australia. These findings underscore
the significance of understanding plant water use to enhance crop productivity and develop effective

water management strategies.

The results showed that water stress limited canopy expansion and stomatal closure in both planting date
scenarios. However, this limitation was more pronounced on the December 15™ planting date. These
results are in agreement with those of previous studies. According to Sankararao et al. (2022), a UAV-
based HSI sensor operating within the 400-1000 nm spectrum was utilised to detect water stress in a
pearl millet crop, revealing decreased canopy growth and stomatal closure when the plants experienced
water deficiency. Additionally, de Almeida et al. (2022) found that moisture stress affects the expansion
of the pearl millet canopy and stomatal closure, consequently affecting the yield and water productivity.
Stomatal conductance, photosynthesis, and transpiration are reduced in pearl millet under soil moisture
stress coupled with temperature variations, thereby affecting biomass production (Khanthavong et al.,
2022). Despite these effects, pearl millet employs short-term physiological adjustments, such as osmotic
regulation and stomatal conductance, along with long-term developmental plasticity in root growth and

tillering to mitigate drought stress (Shrestha et al., 2023).

The effects of climate change on pearl millet production in sub-Saharan Africa are highly variable, with
vapor pressure deficit, frequency of wet days, and temperature being the primary factors influencing yield
(Emediegwu et al., 2022). According to the results, future scenarios indicate that water productivity and
biomass production will be lower than in the historical period. This can be attributed to the projected high
temperatures, which result in a soil moisture deficit. These results corroborate those of previous studies,
which have shown that under limited water conditions, water productivity increases as irrigation levels
decrease, with the highest productivity observed at 40% water replacement (de Almeida et al., 2022).
Furthermore, combining soil mulching (7.2 tons/ha) with irrigation, which meets 75% of the water
requirement, can optimise pearl millet productivity in hyper-arid areas (Salem & Shoman, 2021). De

Almeida et al. (2022) found that the lowest irrigation amount decreased the biomass yield but increased
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the water productivity. Drought stress reduces pearl millet biomass and induces oxidative stress at the

seedling stage despite its tolerance to arid conditions (Choudhury et al., 2022).

The projected high temperatures could lead to more rapid soil moisture loss, increasing the risk of water
stress during the growing season and negatively affecting pearl millet productivity. Adaptation strategies,
such as adjusting planting times to align with shifts in rainfall and temperature patterns, can optimise crop
growth and minimise heat stress, thereby sustaining crop productivity. Planning for more variable rainfall

and potential water stress after 2040 is crucial to sustain yields under both climate scenarios.

6.5 Conclusion

This study provides an understanding of the potential implications of climate change on pearl millet water
productivity, as simulated using the FAO AquaCrop model under semi-arid conditions in Namibia. These
findings suggest that AquaCrop can be successfully used to project and plan crop productivity under future
climatic conditions. The results indicate that a decline in rainfall, projected increases in temperature, and
evapotranspiration rates are expected. These environmental changes are expected to result in reduced
canopy expansion, high rates of stomatal closure, reduced water productivity, lower yields, and reduced
biomass, which could affect food availability in the future. Therefore, climate adaptation and mitigation
strategies, such as adjusting pearl millet planting dates and irrigation water management in Namibia, will
be instrumental in ensuring food security in the future. Future studies should focus on evaluating
additional planting dates and assessing AquaCrop across different regions to develop tailored solutions

for each specific region.
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7 SYNTHESIS
7.1 Synthesis

This study aimed to assess the water use efficiency and productivity of pearl millet under the semi-arid
conditions of Namibia. The study was guided by four objectives: (1) to determine the effects of irrigation
regimes on the agro-physiological and morphological responses of Kangara and Okashana 2 pearl millet
cultivars, (2) to evaluate drought tolerance indices and water use efficiency under varying water regimes,
(3) to investigate the influence of irrigation regimes on the nutritional quality of the two cultivars, and (4)
to assess the potential effects of climate change on pearl millet water productivity using Shared

Socioeconomic Pathways (SSPs).

The results of this study show that across the two cropping seasons, irrigation regimes had a significant
influence on both physiological and yield responses of pearl millet. Under 100% ETc, both Kangara and
Okashana 2 maintained higher plant height, leaf number, number of tillers, chlorophyll content, and
stomatal conductance, which translated into increased biomass and grain yield. However, the 75% ETc
regime maintained acceptable productivity, suggesting that moderate deficit irrigation is an optimal
strategy for water-scarce conditions. While at 50% ETc, plant height, leaf number, number of tillers,
chlorophyll content, and stomatal conductance were significantly reduced. This pattern of reduced plant
height at 50% ETc might be attributed to reduced turgor pressure in cells, which directly limits cell
expansion, resulting into shorter stems. These results corroborate those of previous researchers who
found that low irrigation regimes significantly reduced plant growth, biomass production, and chemical
composition, and higher water availability generally improves these factors (Halilou et al., 2020; Lira et
al., 2020).

Higher WUE in this study was recorded at 75% ETc, which suggests that this irrigation regime might be an
optimum strategy for sustainable pearl millet production under the studied conditions. This may also
indicate that pearl millet still maintains its photosynthetic capacity, thereby enhancing WUE. Kangara and
Okashana 2 did not differ significantly in terms of drought tolerance indices assessed, which might be
associated with the similar genetic makeup and cross-pollination that might have occurred during

flowering. These findings corroborate those of Bhattarai et al. (2020), who found that pearl millet had
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high water use efficiency at 75% of evapotranspiration (ETc) compared to forage sorghum and corn under
limited irrigation. Furthermore, Salem et al. (2021) showed that pearl millet water use efficiency was high
at 75% of the water requirement when combined with 7.2 tons/ha soil mulch. This shows that under
proper agronomic practices, pearl millet WUE can be enhanced to conserve limited water resources
available in water-scarce environments.

Although growth and yield declined with reduced water regimes, the nutritional composition remained
relatively stable, with certain nutrients, such as Fe and Zinc, even enhanced. The increase in Fe content
and Zinc levels at 50% ETc reflects a degree of nutritional resilience that could sustain food quality under
climate change. This could be attributed to a smaller grain size at 50% ETc than at 100% ETc, which may
reflect that nutrients are concentrated in smaller grains than in bigger ones. Nutritional resilience under
stress confirms earlier studies showing that pearl millet maintains or even improves micronutrient content
under drought, strengthening its role as a climate-resilient staple for food security in arid regions. For
instance, Rai et al. (2017) found that both Fe and Zn concentrations increased under terminal drought
conditions than under irrigated conditions.

AguaCrop simulations under SSP scenarios projected reduced rainfall, rising temperatures, and higher
evaporative demand. Water productivity is expected to decline by 22-35%, with dry yields decreasing
substantially between 2020 and 2039. Planting date of 15 January emerged as the most resilient option,
mitigating yield losses under projected future climates as opposed to the 15 December planting date.
Results of this study are in agreement with a study conducted in West Africa, which also showed that
water productivity and yields of pearl millet are projected to decline by 10-20% in the future due to

increased temperature and moderate decreases in precipitation (Salack et al.,2015).

This study, by integrating field trials, physiological responses, water use efficiency (WUE), and nutritional
quality in response to varying moisture levels and climate modeling, demonstrated that pearl millet
exhibits both vulnerability and resilience under semi-arid conditions. This synthesis shows that moderate
deficit irrigation (75% ETc) balances productivity and resilience, while pearl millet’s nutritional stability

under drought reinforces its role as a climate-smart crop for food security in semi-arid Namibia.
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In Namibia, where rain-fed pearl millet systems remain vulnerable to climatic variability, the findings
highlight the need for site-specific data to devise sustainable water management strategies in crop
production and shifting planting dates as an adaptive strategy to climate variability and change. This study,
therefore, recommends late planting of pearl millet to attain sustainable yields. Policy makers and
extension services should also promote awareness of seasonal planting dates adjustments as a practical
adaptation strategy to enhance crop productivity and resilience under changing climate conditions.
Ultimately, this study contributes to the discourse on pearl millet water use efficiency and productivity.
Furthermore, the study adds to the scientific and practical understanding of how water use efficiency,
drought resilience, and climate-smart practices can be leveraged to optimise pearl millet productivity and

support food security in water-scarce environments like Namibia.

7.2 Implications for Water Management and Pearl Millet Production in
Namibia
Assessing pearl millet water-use efficiency and productivity in Namibia is crucial for agricultural water
planning and management to ensure sustainable crop production in the face of climate change and
increasing water scarcity. Agriculture is the primary consumer of freshwater globally, accounting for 80—
90% of all human withdrawals from rivers, lakes, and aquifers (Morison et al., 2008); therefore, efficient
water management in this sector is essential for national development, food security, and economic
sustainability. This study offers critical insights into pearl millet production under semi-arid conditions by
examining the effects of different irrigation regimes on two cultivars, Okashana 2 and Kangara. Given
Namibia’s highly variable and erratic rainfall, effective irrigation practices are crucial for bridging rainfall
deficit periods, enhancing crop vyields. Although full irrigation can maximise yields, deficit irrigation
strategies offer a viable alternative by improving water-use efficiency without significantly reducing
productivity. Precision agriculture tools, such as soil moisture sensors and weather-based irrigation
scheduling, further enhance irrigation efficiency by aligning water application with key crop growth
stages. Integrating drought resilience into pearl millet breeding programmes, particularly with drought-
tolerant varieties like Okashana 2, and incorporating weather forecasting into agricultural planning are

essential strategies for improving adaptive capacity. Strengthening collaboration among researchers,
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policymakers, and farmers, alongside policies that support the adoption of climate-smart farming
practices, is critical for enhancing resilience among smallholder farmers. In Sub-Saharan Africa, where
rainfall is highly variable and water resources are increasingly threatened by climate change and
population growth (Koutroulis et al., 2019), implementing efficient water demand management is

essential for the sustainability of the scarce water resource.

7.3 Conclusion

Pearl millet (Pennisetum glaucum (L.) R. Br.) is one of the vital staple crops in Namibia and is particularly
well-suited to the country’s semi-arid climate. However, declining yields, driven by increasing water
scarcity and climate change, pose serious threats to food and nutritional security. Given the increasing
threat of climate change and its adverse effects on crop productivity and food security in Namibia, the
findings of this study offer critical insights for sustainable pearl millet production. Water availability affects
plant growth and yield. The 50% ETc regime reduced plant height, leaf number, tillering, chlorophyll
content, stomatal conductance, panicle development, biomass, grain yield, and 1000-seed weight. In
contrast, the 75% ETc regime maintained acceptable yields, demonstrating that moderate deficit irrigation
could be a viable water-saving strategy without significantly compromising productivity. Yield data further
showed the sensitivity of pearl millet to water stress, with biomass yields ranging from 1.14 to 5.54
tons/ha and grain yields from 0.38 to 1.23 tons/ha across the two seasons. Water use efficiency values
showed that productivity per unit of water declined with increasing stress, reinforcing the need for
optimised irrigation management. Furthermore, the nutritional composition of pearl millet demonstrated
a degree of resilience under water stress. Although some components, such as fat content and moisture,
varied significantly, key mineral nutrients, including iron and phosphorus, were maintained or enhanced
under lower water regimes. This suggests that, although yields might be affected, the nutritional quality
of the crop can be preserved, supporting the role of pearl millet in addressing food and nutritional security

in arid and semi-arid environments. Model simulations using AquaCrop under future climate scenarios
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indicate rising temperatures, decreased precipitation variability, and reduced water productivity. These
projections suggest a potential 22—-35% decline in water productivity, with yield reductions particularly
pronounced during early planting dates. Notably, planting on January 15 yielded better results than
planting on December 15, suggesting that a strategic shift in the planting date can mitigate climate-related
yield losses. This study therefore recommends deficit irrigation (75% ETc) and optimised planting
schedules as effective adaptation strategies for maintaining pearl millet production under water-scarce

and changing climatic conditions.

7.4 Future Work

Future research should build on the findings of this study by exploring a broader range of pearl millet
cultivars beyond Okashana 2 and Kangara to determine the adaptability and water use efficiency (WUE)
of other varieties under similar semi-arid conditions. Furthermore, seasonal replication studies across
different environments would help to capture the variability in environmental conditions and their effects
on crop performance, offering a more comprehensive understanding of drought tolerance. Soil nutrient
availability, mediated by microorganisms, should also be studied to fully capture the mechanisms
underlying pearl millet growth and survival under various environmental conditions, including drought.
Additionally, future research should focus on incorporating advanced modeling techniques that account
for more detailed projections of climate change impacts under diverse socioeconomic scenarios. Finally,
studies on the socioeconomic such as cost-benefit analysis on conveying irrigation water for pearl millet
production, as well as the scalability of such practices for smallholder farmers, would provide important
insights for policy development and sustainable agricultural planning in water-scarce regions such as

Namibia.
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Figure A-1. Soil moisture content in the experimental plots during the September to December 2023 cropping period.
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Figure A-2. Soil moisture content in the experimental plots during the January to April 2024 cropping period.
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Figure A-3. Physiological and morphological responses of pearl millet developmental stages under different water
regimes during the 2023 season (a-f). Means were separated using the Least Significant Difference (LSD) test at P =
.05. Means followed by the same letter are not significantly different. Bars without letters indicate no significant
difference. Duncan’s Multiple Range test was used.
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Figure A-4. Physiological and morphological responses of pearl millet at different developmental stages under
various water regimes during the 2024 season (a-f). Means are separated by the Least Significant Difference (LSD)
Test at P = .05. Means followed by the same letters are not significantly different. Bars without letters are not

significantly different. Duncan’s Multiple Range test was used.
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