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Abstract: Pearl millet is a cereal crop vital for food security in Africa and Asia. It is widely
adapted for dual-purpose production, providing grain for human consumption and fodder
for livestock, particularly during dry seasons. This study aimed to evaluate three dual-
purpose pearl millet genotypes from Namibia and South Africa while exploring prospects
for future production practices. Growth analysis is essential for quantitatively assessing
crop growth, development, and production. A growth analysis study was conducted by
collecting and evaluating weather data, water use efficiency, and crop growth parameters
that are valuable for modelling, allowing for observing and quantifying strengths and
weaknesses between varieties for food and fodder or as dual-purpose varieties. The analysis
focused on water use, plant height, fractional radiation interception, panicle number, tiller
number, flowering date, stem diameter, panicle length, dry matter distribution, harvest
index, grain yield, and panicle diameter, under well-watered, supplementary irrigation, and
rainfed conditions. The landrace achieved a higher yield under well-watered conditions
than the hybrid and improved varieties. The hybrid pearl millet produced a greater
fodder yield than the improved short variety in well-watered and water-limited treatments.
The improved variety suits grain production, whereas the landrace and hybrid are more
suitable for dual-purpose production. The landrace performed well in rainfed and irrigated
situations across the three seasons. The landrace (Kantana) recorded the highest grain
yield (1.01 kg m~2), followed by the hybrid (Agrigreen) (0.97 kg m~2), while the improved
variety (Kangara) had the lowest grain yield (0.74 kg m~2).

Keywords: staple crops; yield components; hybrid; water use efficiency; well watered;
rainfed; crop evapotranspiration; agronomy

1. Introduction

Pearl millet (Pennisetum glaucum (I.) R. Br.) is an important staple crop in Asian
and African arid and semi-arid tropical regions [1-3]. Pearl millet is a C4 species, highly
photosynthetically efficient and tolerant to abiotic stresses such as drought and heat [4,5].
This dual-purpose crop exhibits vigorous growth with exceptional grain- and fodder-
yielding potential. Pearl millet is a food for millions of people worldwide, especially in
arid and semi-arid regions [6]. Increased crop productivity depends on crop nutrition,
water supply, genetics, management of diseases, weeds, and insects, as well as socio-
economic conditions. The significant increase in crop productivity over the twentieth
century was due to increased fertiliser use, according to Baligar, Fageria, and He [7], and

Agronomy 2025, 15, 767

https://doi.org/10.3390/agronomy15040767


https://doi.org/10.3390/agronomy15040767
https://doi.org/10.3390/agronomy15040767
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0002-2942-6748
https://orcid.org/0000-0002-9959-3234
https://doi.org/10.3390/agronomy15040767
https://www.mdpi.com/article/10.3390/agronomy15040767?type=check_update&version=2

Agronomy 2025, 15, 767

2 of 25

Fageria, Baligar, and Li [8]. Water deficits frequently limit pearl millet crop yields in semi-
arid regions. Conversely, irrigation boosts crop output and mitigates yield losses caused by
water scarcity [9,10]. In most agricultural systems, crop transpiration is somewhat shielded
from erratic rainfall events through soil water storage and adaptation of plants to increasing
soil water deficits.

Landraces have been described by Harlan [11] and Marone and Russo [12] as popu-
lations that have evolved in subsistence agricultural societies over centuries of artificial
human selection pressure mediated by human migration, seed exchange, and natural
selection. Moreover, a landrace is a “dynamic population of a cultivated plant that has
a historical origin, distinct identity and lacks formal crop improvement, as well as of-
ten being genetically diverse, locally adapted and associated with traditional farming
systems” [13,14]. These features are essential for pearl millet to survive under semi-arid
conditions. The low productivity of pearl millet landraces is mainly due to severe environ-
mental conditions of low rainfall and soil fertility. Such pearl millet landraces exhibit high
levels of vegetative vigour and nutritional quality, with high fodder yield production under
severe conditions and higher grain yields under adequate water supply conditions [15,16].

Early-maturing varieties with high grain yield potential, and harvest indices that reduce
risk in semi-arid regions and erratic rainy seasons have been developed. However, farmers
often realise the increased yield potential of these varieties due to water and nutrient stress
and sub-optimal plant populations [17-19]. Short-duration improved pearl millet cultivars
are grown in areas where a short growing season is experienced [20,21] or as a contingency
plan under crop failure situations, ensuring the farmer of at least some production [22-24].
Most farmers rely on multiple cultivars with variable growing cycle lengths as part of their
risk management strategies. In addition, several improved cultivars have been introduced
by national and international agricultural research organisations over the past years, some
of which potentially present starvation alleviation strategies in late rains because of their
short growth cycle [25].

According to Alvarez, de Juan Valero [26], water resources available for agriculture
will be reduced in quantity and quality in the coming years due to increased demand
for water by other sectors, high irrigation costs, negative environmental impacts, and
increasing aridity because of climate change. Irrigated agriculture consumes 70-80% of
fresh water in arid and semi-arid zones [26,27]. Thus, the limited availability of water in
semi-arid zones has contributed to increased interest in water conservation, particularly
among irrigated agriculture practitioners. To ensure the long-term viability of irrigated
agriculture, reasonable and responsible management practices are required. For these
and other reasons, optimising and developing practical applications to optimise resources
in irrigated agriculture by monitoring soil water status and irrigation water supply and
quality remain major challenges for irrigated agriculture [28].

Improving crop performance to achieve high economic yields requires appropriate
management of nutrients and water during the production cycle. Several new open-
pollinated and hybrid pearl millets have been developed to achieve high grain yields.
Agronomic variation among pearl millet genotypes has been reported by Khairwal and
Yadav [29], which may serve as a selection criterion depending on the purpose for which
pearl millet is being cultivated, either as a grain [30] or forage [31]. Research on pearl millet
for fodder has been centred on developing dwarf hybrids [32], appropriate row spacing [33],
controlling weeds [34,35], date of planting [36], and adaptability to local conditions [37].
Tall hybrids have high yields, while dwarf varieties are excellent for grazing but with lower
grain yields [30]. According to Alagarswamy and Gardner [38] and Prasad and Samota [39],
nitrogen (N) is the most important limiting nutrient for many economically important crops.
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In recent years, incorporating sensors in agricultural water management has estab-
lished improved irrigation management strategies. This has increased interest in targeting
a significant increase in yield produced per unit of irrigation water applied for most
crops [40-42]. Most soil water sensors estimate soil plant water status by providing data on
the potential or volumetric soil water content. In addition, some sensors also monitor the
concentration of soluble salts in the irrigation water and have often been used in irrigated
agriculture, especially in arid and semi-arid areas.

Pearl millet, recognised for its drought tolerance, represents a promising option for
maintaining food production in the face of challenging climatic conditions due to its
comparatively low water requirements relative to other cereal crops [16,43]. This growth
analysis study considered three pearl millet varieties: a landrace, a hybrid, and an improved
variety. Three pearl millet varieties with contrasting agronomic characteristics, namely,
Kantana, Kangara, and Agrigreen, were grown. Kantana is a landrace variety with a longer
time to maturity, high plant height, and a greater biomass. Landraces have high adaptation
to prevalent abiotic stresses. Kangara is an improved early-maturity variety released
in Namibia in 1998 [42], characterised by a high grain yield under rainfed conditions.
Agrigreen is a high-yield hybrid variety, predominantly grown as a fodder crop but is
also valued for its grain. Hybrids have been developed due to their yield superiority
over open-pollinated varieties; however, they are often outperformed by landrace and
improved varieties under rainfed conditions [44]. Notwithstanding their significance, the
agronomic responses of indigenous pearl millet cultivars under varying water regime
conditions remain inadequately studied, especially within the contexts of South Africa and
Namibia. It is essential to understand how varying water regimes influence physiological
characteristics and yield traits, as this knowledge is crucial for enhancing productivity in
semi-arid conditions.

This study was accomplished by gathering and analysing meteorological data, wa-
ter use, and crop growth characteristics for crop modelling and measuring the different
varieties” performance and weaknesses under water-limited conditions. The processes of
growth analysis further investigated which varieties are best suited for food, fodder, or
dual-purpose production under rainfed and irrigated conditions. The analysis of water
productivity could provide substantial water-saving opportunities and assist with devel-
oping strategies in rainfed and irrigated agriculture. This study aimed to measure and
analyse the growth response and development, grain yield, dry matter production, and
water use of different pearl millet genotypes grown under a wide range of water supply
conditions. The second objective was to collect data required for the parameterisation of
a crop growth model, so that predictions of use to producers could be strategically made
for the best planting date and variety for specific regions and agricultural management
systems. Therefore, the study provides more meaningful crop growth information from
these growth analyses for yield projections.

2. Materials and Methods
2.1. Site Description and Treatment Design

A three-year field experiment was conducted at the Hatfield Experimental Farm
(25°45' S, 28°16’ E, 1327 m) of the University of Pretoria, South Africa, from February 2016
to July 2018. The study area experiences a climate with an average annual temperature
of 12-26 °C and an average annual rainfall of 709 mm for the 12 years from 2006 to 2018.
Before planting the trial, composite soil core samples were collected to a depth of 0.6 m to
determine the basic soil physical and chemical properties (Table 1). The soil consisted of
Hutton sandy clay loam [45], typically reaching depths of over 1.2 m [42].
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Table 1. Soil physiochemical properties during growing seasons.
2016 2017 2018
0-0.4 0.4-0.6 0.6-1.0 0-0.4 0.4-0.6 0.6-1.0 0-0.4 0.4-0.6 0.6-1.0
?’;)tlylpe rties Unit Physical Properties
Clay % 22 30 32 24 32 33 16 26 27
Silt % 21 24 26 23 20 23 19 17 18
Sand % 57 46 4 53 48 44 65 57 55
Texture Sandy clay Sandy clay Clay loam Sandy clay Sandy clay Clayloam  Sandyloam Sandy clay Loam
loam loam loam loam loam
Bulk — 1251.10 1200.18 1232.40 1235.95 1127.10 1442.84 128370 1061 41(51.40) 1577.05
Density gm (15.38) (47.38) (83.75) (54.79) (6.22) (85.69) (20.39) O (86.15)
Eleld i m®m-3 0.30 0.34 0.36 0.31 0.33 0.35 0.27 0.30 0.31
apacity
Permanent
Wilting m3m~3 0.18 0.22 0.24 0.19 0.21 0.23 0.15 0.18 0.19
Point
Chemical Properties
{)_11{) (H0 6.80 (0.20) 6.70 (0.42) 6.84 (0.35) 6.76 (0.35) 6.86 (0.36) 6.91(0.15)
Navailabls  kem-2 0.0038 0.035 0.0043 0.0033 0.0042 0.003
gm (0.0006) (0.007) (0.0004) (0.0007) (0.0002) (0.0011)
CEC ME100g'  13.06(258)  14.89(2.69) 13.05(3.65)  15.66(3.02) 1097 (1.35)  14.11(2.94)
Basa
Saturation
Ca2t 63.06(2.83) 5634 (2.68) 61.98 (2.33) o 336172) 6035(5.27)  59.14(1.22)
Mg2* 2409 (1.89)  26.58(2.95) 2347 (331)  25.31(1.43) 24.75(0.89)  27.40(3.22)
K* % 574(2.34)  6.07((0.98) 6.03 (1.33) 6.52(2.27) 6.29 (3.05) 6.31(2.31)
Na* 0.92(0.13) 0.91(0.21) 0.91(0.18)  0.79(0.031) 0.97 (0.06) 0.88 (0.14)
H* 2,58 (1.23) 9.00 (3.82) 4.09 (0.90) 9.23 (3.98) 4.65 (1.67) 2.66 (0.69)
Other 4.47(0.14) 4.70 (0.42) 4.56 (0.35) 4.64 (0.35) 4.54(0.36) 4.49 (0.15)
?A;gti‘gc % 0.84(0.14)  0.79(0.15) 098(0.13)  0.75(0.16) 0.93(0.03)  0.67(0.26)
NH mgkg! 6.10 (0.73) 4.68 (1.60) 9.23 (1.09) 3.53 (0.54) 5.26 (1.13) 4.03 (0.88)
NO,- mgkg~! 1.83 (0.86) 2.17(1.21) 3.06 (1.05) 3.91(0.82) 1.26(0.22) 1.85 (1.50)
. 76.17 15.30 50.70
P mgkg 61.23(6.01)  12.11(3.29) @771 (16.49) (267 1195(199)
K o1 271.97 359.36 256.30 347.59 392.04 400.02
mg kg (77.61) (107.92) (78.74) (83.46) (5.04) (13.37)
Ca o1 1661.00 1674.12 1413.23 1928.69 1332.77 1666.34
mg g (402.94) (275.27) (81.66 (201.32) (283.89) (329.66)
M o1 378.21 477 84 342.14 528.28 330.39 458.08
g mg X8 (45.75) (61.87) (10.12) (32.27) (32.35) (68.95)
Fo o1 139.29 185.16 166.62 208.55 171.28 149.08
mg kg (27.14) (61.87) (2.97) (38.34) (21.87) (21.34)
Mn mg kg (1%34513; 36.86 (9.14) 46.36(3.36)  30.97(6.92) 55.76 (3.93)  26.37(2.33)
Cu mgkg™! 2.78 (0.37) 2.83(0.26) 2.92(0.17) 2.89 (0.20) 2.77 (0.18) 2,59 (0.11)
Zn mgkg ! 3.10 (0.40) 2.83(1.01) 2.51 (0.40) 4.69 (0.90) 3.48(1.23) 1.92(0.98)
S mgkg ! 10.34 (2.46)  11.79(1.79) 15.06 (4.89)  12.65 (0.68) 8.22 (2.72) 8.05 (0.75)
B mgkg! 0.51 (0.05) 0.46 (0.04) 0.49 (0.02) 0.53 (0.03) 0.51(0.12) 0.47 (0.09)

The experiment was laid out in a three-factor-randomised complete block design
(RCBD) with three replications, and the treatment combinations were randomly distributed
to each block within all years. The experimental area was divided into three blocks
(Figure 1), each consisting of nine plots measuring 45 m? (5 x 9 m?) and separated by
1 m pathways. Plots were marked with raised soil bunds to prevent water from moving
between adjacent plots.

The field study used three millet varieties (V): a hybrid (V1), a landrace (V), and an
improved variety (V3). The filling pattern in each experimental block provides information
about how treatments were assigned to each block every year. The filling type with a
dotted pattern indicates a hybrid (IpV1), the alternating vertical lines symbolise a landrace
variety (IpVy), and the horizontal stripes represent an open-pollinated improved variety
(IpV3), all cultivated in rainfed conditions. In contrast, the no-fill pattern indicates a hybrid
(I V1), the large grid symbolises a landrace (I; V), and slashes represent an open-pollinated
improved variety (I;V3), all receiving weekly irrigation. The diagonal stripe pattern de-
notes a hybrid (I, V), while the solid diamond grid represents a landrace (I;V5), and the
vertical dark stripes signify an open-pollinated improved variety (I;V3), all subjected to
biweekly irrigation.
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Figure 1. Schematic representation of the experimental layout shows the factors’ arrangement and
the three blocking criteria used in the study: field, year, and blocks within each field.

Pearl millet was sown with a between-row spacing of 45 cm and an in-row spacing
of 12 cm, thereby attaining a population of around 18 plants per square metre (m?), or
185,000 per ha. The recommended rates of nitrogen (90 kg N /ha) were applied as limestone
ammonium nitrate (LAN, 28% N), phosphorus (40 kg P/ha) was given in the form of
superphosphate (14% P), and potassium (50 kg K/ha) was supplied through potassium
chloride (50% K). All of the P and K was applied two weeks (14 days) after planting, whilst
N was applied in two equal splits of 45 kg N ha~!, half with the P and K, and the balance
was applied after four weeks (28 days).

The experiment consisted of three irrigation regimes. These were well-watered
(I;: irrigated every week to field capacity), an intermediate irrigation level (I,: irrigated
every second week to field capacity), and a zero-irrigation control (Ip: rainfed). Other
agronomic practices did not differ between water supply levels.

Irrigation was supplied through a high-density drip system with drip lines spaced
0.45 m apart, an in-line dripper spacing of 0.30 m, and a delivery rate of 8.90 mm h~!. Each
plot had its drip lines and was irrigated independently by determining the deficit to field
capacity using neutron probe readings to a depth of 1 m. Each irrigated plot was fitted
with a water meter and a pressure gauge to control water pressure.

2.2. Water Balance and Water Use Efficiency

For monitoring the soil water balance, a neutron water meter model 503 DR CPN
hydroprobe (Campbell Pacific Nuclear, Martinez, CA, USA) calibrated for the experimental
site was used to measure soil water content at 0.2 m increments to a depth of 1.0 m.
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Calculations for the root-zone soil water deficit for irrigation were carried out over an
assumed rooting depth of 1.00 m. The field was irrigated to field capacity using a high-
density drip system with drip lines spaced 0.45 m apart, an in-line dripper spacing of 0.30
m, and a delivery rate of 8.9 mm h™!. The soil water deficit relative to field capacity was
calculated for each layer, and the average for the four different layers was determined. A
profile pit was excavated at the experimental site. Soil samples were collected at intervals
of 0.20 m to a depth of 1.0 m in order to determine bulk density (p,), soil texture, and
volumetric soil water content (6) at field capacity (FC) and the permanent wilting point
(PWP). The bulk density of the soils was determined by carefully inserting a cylinder of
known volume horizontally into the side of the profile pit. The soil was removed from the
cylinder and oven-dried at 105 °C for 24 h. Before planting, the volumetric water content
at FC was determined by saturating a part of the field and allowing it to drain for 48 h
prior to sampling. Crop water use (evapotranspiration) of all treatments was predicted
according to the soil water balance equation [46,47]:

ET=P+1—-RO-DP+AQ (1)

where ET (evapotranspiration) is the total water used during a defined growing season, P
is precipitation, I is irrigation, RO (runoff) is surface water that leaves the field, DP (deep
percolation) is infiltrated water which moves below the root zone (1 m), and AQ represents
the change in soil water storage from the beginning to the end of the trial. All terms are
expressed in mm. RO was considered negligible because the slope of the field was relatively
flat and had bunds between plots. Precipitation that exceeded the soil water deficit to field
capacity in the 1 m profile was assumed to be lost as drainage. A positive AQ indicates a
gain in soil water storage. The change in soil water storage was estimated from soil water
content measurements with the neutron probe over a depth of 1 m between irrigations.

Water use efficiency (WUE) was calculated as grain or total dry matter (TDM) produc-
tion per unit of evapotranspiration (water used). According to Tari [48], the term WUE can
be used at a wide range of scales, for instance, at the field or whole-plant levels (ratio of
total dry mass to water use), or down to plant parts such as leaves (crop gain per unit area
to transpiration) [49,50]:

- Crop yield (usually economic yield)
WUEgain (kgm 2 ) = 2
UEgrain ( sm ) Seasonal water used to produce yield (3 ET) @)
_ Crop yield (usually economic yield)
WUErpym (kgm ™) =
UErDm ( &M ) Seasonal water used to produce yield (Y_ET) ®)

The Chameleon sensors were placed at depths of 30, 60, and 90 cm in each plot to
monitor soil moisture patterns continuously (Figure 2). The sensors provide valuable soil
moisture information to help with informed irrigation decisions. The colour-coded system
indicates wet (blue), moist (green), and dry (red) soil.

Various soil moisture monitoring equipment is available, from basic mechanical sen-
sors to advanced electronic ones with web-based data access. Such advanced sensor
systems are designed to guide crop irrigation based on soil water conditions.

In contrast, the PWP was determined at the end of the season by withholding irrigation
from a section of the experimental plot until the plants died. Soil samples of a known
volume were taken, and 6 was calculated from the mass loss before and after the soil
samples were dried at the same temperature and duration as for FC. The bulk density
varied from 1152 to 1506 kg-m~3 for the 0~1 m soil profile [16].
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Chameleon Soil Water Sensor ARRAY

(a)

WI FI Reader bottom

Outer core
buffering material

Inner core
sensing material

Electrodes

Figure 2. (a) Schematic of the Chameleon Wi-Fi reader and one Chameleon soil water sensor array;
(b) example of how Chameleon soil water sensor array can be strategically placed in the different
root depths to indicate how hard the plant extracts water from the soil.

2.3. Data Collection

Plant yield components were measured from eight plants per plot per sampling event,
commencing fourteen days after planting (DAP) and every seven days until the plant
reached physiological maturity. The yield component data collected included the number
of plants per m? at harvest, plant height at maturity, stem diameter, fresh biomass yield, dry
matter yield, and grain yield. Plant height was measured, and destructive crop sampling
was executed every seven DAP for each replicate. The plant height in metres was recorded
by measuring the height from ground level to the base of the youngest fully opened leaf
before panicle emergence. After panicle emergence, height was recorded from the plant
to the panicle. The plant samples were separated into leaves, stems, and panicles. Leaf
area (LA) was measured using a belt-driven leaf area meter model Li-3100 (Li-cor, Lincoln,
NE, USA) calibrated to 0.01 cm?. Leaf area at the plant level was calculated as the sum
of the areas of each green leaf on a plant, and the leaf area index (LAI) was calculated.
An electronic balance was used to weigh oven-dried samples at 70 °C to a constant mass.
Leaf dry matter (LDM) and stem dry mass (SDM) were measured separately to determine
total vegetative dry matter yields. The grain yield was collected from 1 m? per plot
at harvest maturity.

All data recorded were subjected to analysis of variance (ANOVA) according to the
techniques described for randomised complete block design [51,52]. This was achieved with
the SAS 9.4 software (SAS Institute, Cary, NC, USA) [53]. When significant differences were
apparent, multiple comparisons of means were performed using the honestly significant
difference (HSD) test of Tukey at a 5% level of significance (p < 0.05).

3. Results
3.1. Temperature and Precipitation Data

Daily minimum and maximum air temperatures during the growth period ranged
between 1.2 and 34 °C in 2017 and 4.7 and 35.6 °C in 2018 (Figure 3). The highest rainfall
event of 83.3 mm was recorded in February 2017, while March 2018 had the highest
monthly rainfall. The optimum temperature of 34 °C for the developmental processes of
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pearl millet [54] was exceeded in February 2018, with a maximum daily temperature of
35.6 °C. The daily minimum air temperature was lower in 2017 (1.2 °C) than in 2018 (4.7 °C)
(Figure 3). The number of rainfall events and total rainfall received during the experiments
that influenced all growth are also shown in Figure 3.
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Figure 3. Daily minimum (T) and maximum (Tx) temperatures, mean (Tavg) and soil (Ts) temper-
atures, daily (Precip) and total (}_Precip) precipitation recorded during the (a) 2016, (b) 2017, and
(c) 2017/2018 growing seasons.
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3.2. Water Use

The data (Table 2) show that the well-watered treatments recorded maximum seasonal

water use for all three varieties during three seasons. In contrast, the minimum was ob-

served under rainfed conditions (low water input). Higher irrigation levels increased total

water use from 502 mm to 625 mm throughout three seasons for the hybrid (Agrigreen),

from 465 mm to 571 mm for the landrace open-pollinated variety (Kantana), and from

579 mm to 684 mm for the improved open-pollinated variety (Kangara). The results show

that crop seasonal water use increases as fresh biomass inreasees with supplementalirrigation

(Figure 4). Landrace shown greater water use than the hybrid and improved variety.

Table 2. Seasonal water use (evapotranspiration—ET) of the three varieties during growing seasons.

Seasonal Precipitation (mm)

Seasonal Evapotranspiration, ET (mm)

Seasonal Irrigation (mm)

Treatments
2016 2017 2018 2017 2018 2016 2017 2018
Vilp 255 316 469 481 469 561 38 0 0
Vol 255 316 470 529 518 608 38 0 0
Vil 255 316 468 494 401 538 38 0 0
Vil 255 316 469 577 504 625 88 115 87
VoIy 255 316 470 601 606 684 94 115 85
Vil 255 316 468 534 486 571 94 115 74
Vil 255 316 469 538 502 561 67 41 50
Valp 255 316 470 579 587 641 67 56 50
Vil 255 316 468 516 465 552 67 41 49
Notes: V1: hybrid (Agrigreen), V,: open-pollinated variety—landrace (Kantana), V3: open-pollinated variety—
improved (Kangara), Iy: zero irrigation, Iy: irrigated every week, I,: irrigated every second week.
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Figure 4. Fresh biomass (FBM) against seasonal ET recorded for the (a) 2016, (b) 2017, and
(c) 2017/2018 growing seasons.

3.3. Soil Water Content (SWC) Variation

During the three growing seasons, the SWC was generally low at the beginning of the

season at planting (Figure 5); for rainfed treatments, drier conditions were experienced
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during the entire growth stage compared to irrigated treatments owing to there being
no rain (Figure 5g—i). In relation to the irrigation to field capacity each week treatment,
with sufficient water, the soil water content values were higher than the other treatments
throughout all growth stages of pearl millet for all varieties.
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Figure 5. Profile soil water content at various irrigation levels measured by neutron probe to a depth
of 1.0 m during the 2017/2018 growing seasons. I = irrigation regime; V = variety, FC = field capacity,
PW = permanent wilting point, and WC = water content. Error bars indicate plus or minus one
standard error of the mean.

At the beginning of the soil water measurements in 2018, there was not much difference
in soil water content among different irrigation levels with various varieties (Figure 5). In
plots where irrigation was supplied every second week for the 2017/2018 growing season,
the SWC started declining 21 days after planting (DAP) to reach its minimum profile value
in the season on 91 DAP (180 mm), just 20 mm above wilting point, and then increased
gradually to the highest levels observed during the mature stages, which resulted in a
gradual increase in water content owing to a high rainfall event during 2018.

This finding is supported by the soil water sensor colour (Figure 3), which is blue as
a signal of sufficient water in the soil. The rainfed plots were much drier for most of the
2018 growing season. Furthermore, the SWC increased above the other treatments with
weekly irrigation because irrigation was applied to field capacity every week. The SWC
decreased below these levels with irrigation every second week and for dryland treatments
but increased following rainfall events.

The soil water content fluctuated gradually between field capacity and wilting point
until the end of the season for the rainfed treatments in the first, second, and third seasons,
as shown in Figures 2, 3 and 5. The soil water sensors for the weekly irrigations show a blue
colour pattern, indicating that the soil is wet throughout the profile for the long growing
season (Figure 5), indicating that the plots were irrigated frequently.
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3.4. Growth Parameters
3.4.1. Plant Height

For plant height (Table 3), crops recorded significantly taller plants for all varieties
under irrigated environments than under rainfed conditions during all growing seasons.
Still, height was not significantly affected by irrigation levels in 2018.

Table 3. Analysis of variance of water use (ET), plant height (PH), fractional radiation interception
(FI), panicle number (PN), tiller number (TN), flowering date (FD), stem diameter (SD), panicle length
(PL), and panicle diameter (PD).

Source da Mean Square 2016

PH ET FI PN TN FD SD PL PD
Replication 2 0.035 ™ 0.000 ™ 0.0036 ™ 33.00 ™ 6533.33 1% 0.16™ 0.000047 ¢
Cultivar (C) 2 0.015* 20,678 ***  0.018 *** 1512 *** 13,824 *** 76.4 *** 0.0055 ***
Irrigation (I) 2 0.010 * 254 #** 0.092 *** 4572 *** 42,744 23.4 *** 0.0041 ***
CxI 4 0.017 "¢ 0.000 ™ 0.066 ™® 249 *** 1215 3.11 0.0040 **
Error 16 0.010 0.000 ™ 0.0029 249 2458 0.00011
Total 26

2017
Replication 2 0.096 0.000 ™ 0.0009 ™ 2.09 36.37 "1 0.15m 0.0001 ™ 019"
Cultivar (C) 2 0.16 ** 41703 ***  0.047 *** 721 *** 600.55 "® 158.4 *** 00.001 *** 1.28 ™
Irrigation (I) 8 0.79 *** 9002.3 ***  0.079 *** 6244 *** 8117.57 ™ 96.34 *** 0.007 *** 2.53 **
CxI1 7 0.036 ™ 0.000 ™ 0.004 *** 630 *** 251.04 "8 23.42 *** 0.001 *** 5.53 ***
Error 16 0.020 0.000 ™ 0.0001 8.61 4.08 3.86 0.00005 0.46
Total 26
2018
Replication 2 0.0075 s 0.000 ™ 0.0026 ™ 38.04 1 3.5"m 0441 0.0004 ™ 0.0001 ™ 019"
Cultivar (C) 8 1.38 *** 791.67 ***  0.0037 ™ 4737 *** 486 *** 403.8 *** 0.0034 * 00.001 *** 1.28 ™
Irrigation (I) 2 0.34 "¢ 35;6’401 0.0086 "* 167 ** 920 *** 272.1 ** 0.0012 s 0.007 *** 2.53 **
CxI 7 0.69 " 0.000 ™ 0.0021 s 513 #** 227.4 ** 0.0008 s 0.007 *** 5.53 ***
Error 16 0.480 0.000 ™ 0.0053 167.37 6.9 37.03 0.0009 0.00005 0.46
Total 26
Note: * significant at 5%, ** at 1%, and *** at 0.1%. ns.: non-significant. df: degrees of freedom.

Regarding the interaction effect between irrigation and varieties on plant height, the
data presented in Table 4 indicate that the landrace attained maximum plant height under
irrigated conditions.

Table 4. Averages for plant height (PH), fractional radiation interception (FI), panicle number (PN),
tiller number (TN), flowering date (FD), stem diameter (SD), panicle length (PL), and panicle diameter
for irrigation levels.
PH (m) FI PN (m?) TN (m?) FD (DAP) SD (m) PL (m) PD (m)
Treatment 2016

IpVy 1.61 ab 0.78a 36¢ 193 ¢ 52c¢ 0.16 ef

IhVy 1.72 ab 0.63b 54 bc 195¢ 54 Db 0.21bc

IpVs 1.58 ab 0.65b 59 be 213 ¢ 52d 0.15f

LVy 1.68 ab 0.88a 50 bce 240 bc 52¢ 0.19 cd

IV, 1.82a 0.88 a 113 a 355a 57 a 024a

LVs 1.68 ab 0.88 a 86 ab 333 ab 52c 0.17 ef

LV, 1.66 b 0.81la 4lc 228 be 52c¢ 0.18 de

LV, 1.74 ab 0.83a 72 bc 290 abc 57 a 0.22 ab

LV; 1.64 ab 0.79 a 63 bc 268 abc 52c 0.16 ef

HSD 0.23 0.13 38 115 2.00 0.03
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Table 4. Cont.
PH (m) FI PN (m?) TN (m?) FD (DAP)  SD (m) PL (m) PD (m)
Treatment 2017
bV, 1.56d 0.86 e 45 f 97 £ 74 d
I 210c¢ 0.81f 95 cd 143 ¢ 76 bed
IgV3 147d 0.71h 53 f 103 e 82 a
LV 2.01c¢ 0.93b 920d 8¢ 79 ab
LV, 293 a 0.96 a 105b 135d 74 d
11V3 1.54d 079¢g 127 a 140 cd 74d
LV, 1.96 ¢ 0.88d 79 e 141 ¢ 78 bc
LV, 249b 0.89 ¢ 101 be 151b 75 cd
L V3 1.52d 079¢g 104 be 165 a 74d
HSD 0.26 0.01 9 6 4
Treatment 2018
oV 2.65 cd 0.93 45 ¢ 68 bed 0.023 0.090 a
IhV, 2.70 cd 0.90 67 bc 88 a 0.024 0.086 a
INE 2.05e 0.94 57 be 72 abc 0.025 0.071 ab
LVy 2.87 ¢ 0.98 71 bc 82 ab 0.023 0.086 a
1V, 422 a 0.96 83b 82 ab 0.029 0.045b
V3 2.63 cd 0.99 159 a 53d 0.023 0.065 ab
LV, 2.53d 0.90 59 be 67 bed 0.024 0.053 ab
LV, 3.77b 0.90 56 bc 73 abc 0.024 0.065 ab
1, V3 248 d 0.90 142 a 57 dc 0.021 0.063 ab
HSD 0.24 0.2 37.58 18 0.01 0.0372

Treatment means followed by the same letter(s) within the same column are not significantly different at p < 0.05,
according to the Tukey HSD test.

In contrast, the improved variety under rainfed conditions had the lowest height.
Under rainfed conditions, the landrace recorded higher plant height than other varieties
in the growing season. Similar results of differences in plant height among different pearl
millet varieties have been reported by Naeem and Chauhan [55,56]. Plant height decreased
significantly with each reduction in water level (I to Ip). The landrace variety watered
weekly to field capacity recorded the tallest plants (2.93 m in 2017 and 4.22 m in 2018)
(Table 4).

The improved variety recorded the shortest height (2.05 m in 2016, 1.47 m in 2017,
and 1.58 m in 2018) under dryland conditions for all three growing seasons. An increase
in plant height with increasing irrigation levels has been observed for other crops and
pearl millet [57,58]. Pearl millet subjected to weekly and fortnightly irrigation management
produced taller plants than plots with only rainfall.

3.4.2. Number of Tillers

The results of the study revealed significant differences in the number of tillers. The
average number of tillers (per m?) for all three varieties in 2017 and 2018 was significantly
higher with irrigation regimes than under rainfed conditions (Table 3). Other authors have
also reported a reduction in tiller number due to water stress [59-62].

The fortnightly watered improved variety (I;V3) in 2017 and 2018 produced the
greatest number of tillers per m? (165 in 2017), followed by the landrace under the well-
watered treatment (I, V), with a recorded value of 151 tillers per m? (Table 4). It is clear
from the differences in panicle number that irrigation and variety significantly affected
tiller formation. The hybrid (V1) under rainfed conditions for the 2016 and 2017 growing
seasons had fewer tillers than the other varieties.
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3.4.3. Stem Diameter

Analysis of the variance of the data shows that the stem diameter was significant in
all pearl millet varieties (Table 3) in 2018. On average, the well-watered landrace (I;V)
produced thicker stems (0.029 m), followed by 0.025 m for the improved variety (IpV3)
under dryland conditions (Table 4). A thicker stem will decrease the dry matter yield and
crude fibre content [63].

3.4.4. Leaf Area Index (LAI) and Light Interception

Statistical analysis of the data (Table 3) reveals that leaf area varied significantly in
all pearl millet varieties and for all irrigation levels. The high plant density (18 plants per
m?), varietal differences, and water levels used in this study contributed to the high LAIL
Through the three growing seasons, water levels and various variables affected the amount
of crop canopy light interception (Table 3). Light interception and LAI were lower in the
rainfed treatments throughout all years. During the 2017 season, the weekly irrigation
treatment increased the light interception for the landrace (Table 4).

In all three years, there was a positive relationship between LAI and seasonal ET
(Figure 6). Under well-watered conditions, the landrace variety (Kantana, I V,) produced
the maximum leaf area per m? (8.41 m?), followed by the improved variety (I; V3), with

2 was observed in the

a leaf area index of 6.41 m?> m~2. The minimum leaf area per m
improved variety (1.55 m?) under rainfed conditions (I;Vy), followed by the landrace
(1.86 m?) grown under rainfed conditions. However, with fodder production, substantially
higher (11.4 m? m~2) values of pearl millet LAI were reported by Singh and Singh [64].
Water management and variety differences caused LAI to differ significantly (p < 0.01)
across all three seasons (Table 3). The interaction effect between the water treatment and
the variety was also significant. This suggests that the water treatment and variety had

different effects when interacting compared to when independent.
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Figure 6. Leaf area index LAI (m?m—2) against seasonal ET (mm) for 2016 (a), 2017 (b) and 2018 (c) trials.

3.4.5. Panicle Number, Length, and Diameter

The panicle number, length, and diameter differed significantly due to genotypic
variation and water levels in all years (Table 3). The interaction effect was also observed to
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be significant. The number of panicles per m?

increased significantly from 3 to 127 with
an increase in irrigation frequency in 2017 for the improved variety; similar trends were
observed throughout the three years across all varieties. The panicle number for the rainfed
treatment in the improved variety was extremely low, but the panicles were significantly
thicker than those found in the other treatments.

There were significant differences in panicle length with water regime and varietal

variation. The panicle length in all treatments ranged between 0.15 and 0.24 m.

3.4.6. Flowering Date

Genotypic varietal differences and the water treatment significantly influenced pearl
millet flowering (Table 3). Compared to well-irrigated plots, flowering duration was
prolonged with limited water or late maturity varieties, as shown in Table 4, for all seasons.
These results align with studies that indicated that water stress in pearl millet during
flowering decreased productivity. In this study, grain yields were the lowest with low water
input. The lowest yield was achieved in the 2017 season. These results could be attributed
to the low average daily temperature experienced in 2017 compared to the 2016 and 2018
seasons (Table 2).

3.4.7. Leaf-to-Stem Ratio (LSR)

The analysis of variance revealed that variation in variety and water levels significantly
influenced the leaf-to-stem ratio during the 2017 growing season (Table 3). Previous studies
by Ghazy [65] and Shanmuganathan, Gopalan, and Mohanraj [66] reported high and
significant leaf-to-stem ratio variability. The highest leaf-to-stem ratio (0.18) was recorded
with the landrace pearl millet cultivar under the well-watered condition in 2018.

The well-irrigated treatments in both years produced the lowest leaf-to-stem ratio for
the hybrid and improved varieties compared to the water-limited treatments. This finding
is perhaps due to the increased growth of pearl millet stems relative to leaves under high
irrigation levels. It was reported that the leaf-to-stem ratio falls as crops mature due to
the growth and development of stem size because of increased cell wall content [67]. The
distribution of TDM between leaf dry matter (LDM) and stem dry matter (SDM) differed
according to the water management practice (Table 5).

Table 5. The mean of fresh biomass (FBM), total dry matter (TDM), grain yield, harvest index (HI),
leaf area index (LAI), leaf dry matter (LDM), stem dry matter (SDM), and leaf stem ratio (LSR) as
affected by variety and water level.

FBM TDM Grain LDM SDM LSR HI LAI
(kg m—2) (m2 m—2)
Treatments 2016

oV 6.20b 1.79 bc 0.45 cde 0.37d 0.97 ¢ 040b 0.25a 3.73 ¢
IpV, 8.33b 2.07 be 043 ed 0.54 cd 1.10 ¢ 0.50 ab 0.21 ab 486 b
INE 6.34b 1.56 ¢ 0.36 e 0.32d 0.89 ¢ 0.36 b 0.23 ab 3.07 e
1V 8.87b 3.13a 0.63 a 0.89 ab 1.61b 0.56 ab 0.21 ab 6.18 a
1V, 16.62 a 3.55a 0.54 abc 0.74 abc 2.28 a 0.33b 0.15b 6.72 a
V3 7.06 b 2.06 bc 0.55 ab 0.55 cd 0.99 ¢ 0.55 ab 0.26 a 5.04b
LV, 7.67b 231b 0.60 a 0.69 bc 1.03 ¢ 0.67 a 0.27 a 4.26 ¢
LV, 10.42 ab 3.39a 0.55 ab 0.95a 1.90 ab 0.50 ab 0.16 b 542b
1LV3 8.75b 1.87 bc 0.48 bed 0.35¢ 1.04 ¢ 0.34b 0.26 a 3.92¢
LSD 6.42 0.62 0.093 0.24 0.50 0.28 0.083 0.45




Agronomy 2025, 15, 767 15 of 25
Table 5. Cont.
FBM TDM Grain LDM SDM LSR HI LAI
(kg m—2) (m2 m—2)
Treatments 2017
I 4.18 bc 1.73 cd 0.40e 0.80 ab 0.54 de 0.68 ¢ 0.23 e 2.50b
N 4.09 be 1.74 cd 0.69d 0.96 ab 0.08e 0.08 e 0.39b 2.09 ¢
IHV3 311cd 1.29d 0.66d 0.60 b 0.03 e 0.05e 0.51a 1.55d
LVq 4.26 bc 1.74 cd 0.39 f 0.63b 0.72b 1.14 a 0.20e 2.14 bc
1V, 5.77 a 3.21a 1.79 a 0.73b 0.73a 1. 06 a 0.26d 3.58 a
I1V3 3.13 bed 2.37 bc 049 e 0.89 ab 099d 1.11a 0.21f 2.37 be
LV, 3.72 bc 2.32 bc 0.43 e 1.25a 0.64 e 051d 0.19 f 2.34 bc
LV, 432b 240b 0.74 ¢ 1.05 ab 0.62 ¢ 0.59d 0.30 ¢ 3.23a
V3 2.32d 2.27 be 1.30b 0.54b 0.43 de 0.80 b 0.51a 256 b
LSD 1.20 1.73 cd 0.055 0.51 0.49 0. 091 0.015 0.36
Treatments 2018

oV 3.34 ¢ 2.72b 0. 53 def 0.27 ab 1.92 ab 0.14 0.19e 5.28 ab
1oV, 3.48 ¢ 2.30Db 0.39 fg 0.30 b 1.63 bd 0.18 0.17 f 7.43 ab
INE 5.61 bc 243b 0.25g 0.40 ab 1.78 bd 0.22 010¢g 4.56 ab
L Vp 10.22 ab 3.22 ab 0.97 ab 0.14b 211b 0.07 0.30 a 6.41 ab
1V, 15.10 a 424 a 1.01a 0.66 a 2.57 a 0.26 0.24d 8.41 a
11V3 6.72 bc 2.72b 0.74 cd 0.21 ab 1.77 ab 0.12 0.27b 6.25 ab
LV 7.36 bc 3.05 ab 0.76 bc 0.23 ab 2.06 a 0.11 0.25d 5.14 ab
LV, 8.79 be 3.34 ab 0. 63 cde 0.10b 2.6l a 0.04 0.19e 6.59 ab
1L, V;3 8.28 bc 3.14 ab 0. 49 ef 0.19 ab 2.46 a 0.08 0.16 f 451 ab
LSD 5.81 0.82 0.21 0.26 0.65 0.016 0.46

Treatment means followed by the same letter(s) within the same column are not significantly different at p < 0.05,
according to the Tukey HSD test.

The mean leaf-to-stem ratio in the rainfed treatments reached a maximum of
0.36 kg kg~! compared to the water-limited treatments (0.33 kg kg~!) in 2018. The loss
in yield seems to have been caused by there being fewer leaves in the rainfed and water-
limited treatments.

3.4.8. Harvest Index

Water management practices significantly influenced the harvest index (HI) (Table 6).
The HI ranged from 0.10 to 0.38 across all varieties and water levels (Figure 7). According
to Bidinger and Hash [68], the harvest index can exceed 0.40 in short-duration cultivars
and drop to as low as 0.15 in traditional, photoperiod-sensitive West African cultivars.

The results show that the harvest index has a wide range, which may be caused by
differences in the water regime or genotypic variation in varieties. The highest harvest
index (0.51) was recorded with improved (Kangara) irrigated every second week and
rainfed for 2017 growth. All three varieties registered a higher HI under rainfed conditions
across the three years (Table 5). The higher harvest index could be attributed to an increased
grain yield under these treatments. A direct relationship between grain yield and harvest
index has been reported for pearl millet [69,70].

In 2017, the grain yield was estimated from the ratio of the grain yield to the dry
matter yield, using the relationship between the HI and the dry matter yield established
with data from the 2018 growing season. The landrace produced the greatest amount of
biomass, tillers, and stover yield. However, the mean harvest index was lower than for the
hybrid and improved varieties, resulting in a poor grain yield under rainfed conditions.
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Table 6. Analysis of variance of leaf dry matter (LDM), stem dry matter (SDM), leaf stem ratio (LSR),
leaf area index (LAI), fresh biomass (FBM), total dry matter (TDM), harvest index (HI), and grain yield.

S daf Mean Square 2016
ource FBM TDM Grain LDM SDM LSR HI LAI
Replication 2 71.03 s 1321 0.264 1 0.0421 0.15™m 0.0002 s 4.27 1
Irrigation (I) 2 369.29 *** 175.63 *** 30.19* 0. 304 *** 10.37 *** 4521 0.6 **
Variety (V) 2 190.48 *** 107.02 *** 11.21 *** 0. 284 *** 5.63 *** 0.0053 *** 9.94 ***
IxV 4 34.78 s 1.5 %% 0.07 *** 0. 029 *** 1.00 *** 0.03 *** 1.5 %%
Error 16 16.00 5.17 0.50 0.031 0.14 0.00040 0.80
Total 26
2017
Replication 2 1318.42 * 7.99 s 0.028 s 0.042 1 211" 0.00053 ™s 0.0003 ™8 0.018
Irrigation (I) 2 6462.69 *** 190.6 *** 2.13 % 0.303 *** 155.1 *** 0.007 ** 0.017 *** 5.83 ***
Variety (V) 2 3725.5 *** 11471 *»** 15.3 *#** 0.284 *** 105.3 ** 0.01 ** 0.004 ns 16.43 ***
IxV 4 824.36 ** 1.63 "¢ 0.014 " 029 ns 2891 0.0009 "¢ 0.0032 s 1.07 ***
Error 16 344.12 2.53 0.018 0.031 16.0 0.00024 0.0017 0.025
Total 26
2018
Replication 3 444,62 s 6.85 1 0221 0.013 1 0.017ns 0.00053 ™s 0.0001 ™ 0.18 s
Irrigation (I) 2 369.3 *** 66.81 *** 59.54 *** 0.084 * 0.014 " 0.0283 s 0.0042 *** 16.4*
Variety (V) 3 929,85 *** 101.39 *** 5.92 #** 0.072 1 0.188 *** 0.0399 18 0.026 ¢ 8.25*
IxV 6 6.6 ¥** 0.58 s 0.05 M 0.0075 s 0.311 *** 0.00316 ™ 0.003 s 1.1ms
Error 33 146.97 17.64 0.52 0.0259 0. 0122 0.00098 0.000029 2.6
Total 47
Note: * significant at 5%, ** at 1%, and *** at 0.1%. ns.: non-significant. df: degrees of freedom.
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Figure 7. Harvest index of three pearl millet varieties during the three-growing seasons. Bars with

the same letter(s) within the same barchart are not significantly different.
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3.5. Final Yields
3.5.1. Grain Yield

Variety and water treatment were significant for all three years of the growing seasons.
However, there was no interaction between 2017 and 2018 (Table 3). The grain yields were
significantly lower under rainfed than well-watered conditions in all three varieties in
the 2016, 2017, and 2018 growing seasons. Grain yield was higher for all varieties grown
under well-watered conditions in 2018 than in 2016; the grain yield increase was greater
for the landrace than the improved pearl millet. The lower yields from improved pearl
millet across all environments is why farmers are still growing the landrace, suggesting that
improved pearl millet does not have adequate grain yield potential to replace the landrace.
Well-watered pearl millet gave a high grain yield, while rainfed conditions produced the
lowest yield (Figure 8). The well-watered landrace (I;V;) had a similar grain yield to that
of the well-watered hybrid (I; V1), while the rainfed treatment (IoV3) produced a 75% lower
yield (Table 5).
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Figure 8. (a—c) total above-ground dry matter and (d—f) grain yield of three pearl millets over three
growing seasons. Note:Vy: hybrid (Agrigreen), V,: open-pollinated variety—landrace (Kantana),
V3: open-pollinated variety—improved (Kangara), Ip: zero irrigation, I;: irrigated every week,
I: irrigated every second week. Bars with the same letter(s) within the same barchart are not
significantly different.
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The grain yield under rainfed conditions decreased due to a reduced panicle num-
ber per m? (38% for hybrid, 24% for landrace, and 42% for improved), panicle length,
and diameter and a reduced fraction of intercepted radiation. Other authors have re-
ported similar results. The highest yield (1.01 kg per m?) was recorded for treatment
1V, followed by 0.97 kg per m? for I; V. The possible reason for the high yield under
well-watered conditions is the applied water when deficits reached prescribed limits. The
results clearly show that hybrids have a 52% (rainfed), 26% (irrigated every week), and 19%
(irrigated every second week) grain yield advantage over improved OPVs (Figure 8d-f).
The hybrid consistently recorded low tillering and large panicles across all treatments over
the three years.

3.5.2. Biomass Yields

Above-ground biomass production significantly varied due to the water regime and
genotype (variety) for all three growing seasons (Table 5). Irrigation and variety variation
increased fresh biomass (FBM) and total dry mass (TDM) yields in both years (Table 5 and
Figure 8a—c). Treatments that did not receive irrigation produced less biomass than the
weekly irrigation treatments in 2017 in all years. The dry matter yield improved steadily
when applying additional water. The greatest TDM was achieved for the landrace in
the 2018 growing season, at 5.46 kg TDM m~2, with a higher irrigation level (I;V; treat-
ment). Dry spells under rainfed conditions reduced the TDM for all three varieties across
the three seasons compared to irrigation every week or every second week.

3.5.3. Water Use Efficiency (WUE)

In all three years, water use efficiency was significantly influenced by the irrigation
regime, variety, and variety x irrigation interactions (Table 7).

Table 7. Analysis of variance of water use efficiency (WUE), total dry matter (TDM), and grain yield
at harvest.

WUE
Source df TDM Grain
2016
Replication 3 0.09 " 0.007 ™
Irrigation (I) 2 0.25* 0.21 ***
Variety (V) 2 0.15 s 0.16 ***
IxV 4 0.09 s 0.08 s
Error 24 0.03 0.005
Total 35
2017
Replication 2 0.007 s 0.34 "™
Irrigation (I) 2 0.21 *** 77.38 ***
Variety (V) 2 0.16 *** 97.01 ***
IxV 6 0.08 * 1.0 *#**
Error 16 0.005 0.24
Total 26
2017/2018
Replication 2 0.36 s 0.02 s
Irrigation (I) 2 53.50 *** 0.62 ***
Variety (V) 2 141.90 *** 2.56 ***
IxV 6 851.39 *** 0.06 s
Error 16 80.20 0.02
Total 26

Note: * significant at 5%, *** at 0.1%. ns.: non-significant. df: degrees of freedom.
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The rainfed improved pearl millet varieties had lower WUEg,in and WUEp;omass than
in the irrigated treatments. The pearl millet hybrid variety had a WUEgain in the rainfed
treatment, greater than that of the well-watered crops in 2017 and 2018, but WUEp;omass
followed the same trend (Figure 9).
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Figure 9. Water use efficiency (WUE) of total above-ground dry matter production (TDM) kg m 3
and grain (kg m3) as affected by water and variety treatments in (a) 2016, (b) 2017, (c) 2017/2018,
and (d) 2016, (e) 2017, (f) 2017/2018 over the three growing seasons. Note:Vy: hybrid (Agrigreen), V;:
open-pollinated variety—landrace (Kantana), V3: open-pollinated variety—improved (Kangara), Iy:
zero irrigation, Iy: irrigated every week, I,: irrigated every second week. Bars with the same letter(s)
within the same barchart are not significantly different.

The WUE value obtained for 1yV, was almost equivalent to that obtained for I, V; in
2017 and 2018 for grain yields. Regarding the water treatment and variety relationships,
the differences in the WUE of all water management treatments were positively related
to varieties. The landrace had the highest WUE of 14.57 kg TDM m~3 and 2.11 kg grain
m 3 (Figure 9) in 2017, whereas IyV; had the highest WUE value of 8.41 kg TDM m 2 and
1.63 kg grain m 3. An improved WUE in plots which received low water was evident in
all seasons. As the water deficit increased under rainfed conditions Iy, using IyV; (hybrid)
produced the maximum WUE.

The landrace varieties recorded the highest WUE with frequent watering, while the
improved varieties recorded the minimum with no irrigation applied. Thus, among the three
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landrace varieties water use was efficient under a weekly water supply, for the improved
varieties every second week, and for the hybrid varieties when no irrigation was applied.

4. Discussion

In both growing seasons, the average daily temperature decreased below the base
temperature of 10 °C required for the growth and development of pearl millet [54]. Thus, the
experimental site experienced daily weather characterised by extremely low temperatures
and the area was very cool, but only for two days. The seasonal water for the well-watered
treatments was also consistent with the 476 mm reported by Maman and Lyon [36]. The
results show that crop seasonal water use is increased by irrigation and variety, which is
supported by Barbieri and Echarte [71]. The water use in the well-watered treatment was also
in line with the value (476 mm) reported by Maman and Lyon [36]. Due to its longer growth
duration, the landrace exhibited greater water use than the hybrid and improved varieties.

Due to its prolonged growth period, the landrace demonstrated higher water usage
than both the hybrid and improved (OPV) varieties. Soil water content in the rainfed
varieties came close to the PWD, as water was used by crop transpiration. With dryland
production, the soil water content declined more than well-watered and fortnightly irri-
gated crops because the dryland was never topped up by irrigation, and moderate rainfall
resulted in less transpiration at full canopy due to stress and canopy cover reduction.
Generally, the SWC was above the wilting point throughout the growing seasons in all
varieties. When irrigation was limited to a fortnightly interval, the colour pattern changed
to exhibit some green readings, indicating reasonably moist but not very wet soil (Figure 2).
It has been reported that when the colour is always blue, there is a real risk that fertiliser
will be leached below the root zone [72].

According to Obeng and Cebert [73], plant height is directly correlated with grain
yield; the taller the plants, the higher the yield. Plant height at harvest directly reflected the
grain yield (Table 4). This means that the taller the plants, the more yield they produce. The
results also agree with Saifullah and Munsif [74] and Yadav and Kumar [75], who reported
that plant heights increased significantly with increased irrigation frequency. Varieties
were also found to be significantly different at the harvest stage, and the maximum plant
height was recorded for the landrace [47]. This was due to the different maturity duration
of different varieties [55,76].

The taller plants contributed to a higher LAI and intercepted more solar radiation
than the other treatments. A reduction in plant height was associated with a decline in
fractional radiation interception. Water stress suppresses cell development and growth
due to low turgor pressure and osmotic regulation mechanisms, which assist with survival
under severe drought conditions [58]. Plant height is a vital growth parameter contributing
to dry matter yield, especially in fodder crops.

Reducing the number of tillers is a survival strategy induced in response to dry spells.
This reduces the green leaf area index, and therefore transpiration, and hence helps the
crop to survive water stress, but productivity is reduced [62].

The minimum stem diameter of 0.021 m was recorded on the improved variety under
the fortnightly irrigation regime. This variation in stem diameter may be due to differences
in the heredities of the varieties. These results are in line with the results of Yusuf and
Nabi [77] and Khan and Naeem [78], who found a significant difference in pearl millet
varieties regarding stem diameter. The leaf area index influenced biomass production in any
crop, and its relationship with biological yield and productivity has been well established
in cereals [79]. The leaf area index predicts photosynthetic production as a reference tool for
crop growth. The amount of water applied and varieties used in all seasons had the biggest
impact on LAIL High LAI might be due to more light interception, increased photosynthetic
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rate, genotypic variation, water levels, greater numbers of leaves, as well as longer and
broader leaves. These results are supported by Sowjanya, Rao, and Rao [63] and Pallavi
and Joseph [80].

Panicle number was observed to decrease as water stress increased. The number of
panicles positively correlates with the grain yield [23,81]. Some authors have emphasised
that panicle length is the primary factor affecting pearl millet grain productivity [62]. The
landrace variety (V;) recorded more and longer panicles compared to the improved and
hybrid varieties. The longer the panicle, the more grain per panicle, which leads to higher
yields. Flowering was delayed by up to 5 days under dryland conditions for all years and
all cultivars with the rainfed treatment compared to the irrigated treatment. According to
Yadav and Hash [82], a slight delay in flowering led to an increase in harvest index, which
increased grain yield. According to Bidinger, Mahalakshmi, and Rao [82] and Yadav [83],
selecting low tillering and large panicle traits results in higher grain yield per panicle,
which are important yield components in pearl millet [83,84].

In several crop species, the leaf-to-stem ratio is vital in determining fodder’s chemical
composition and digestibility. The leaf-to-stem ratio is a critical determinant of fodder’s
chemical composition and digestibility in some crop species [83]. It is well documented
that the leaf-to-stem ratio declines as forage matures [84], mainly due to the increase in
stem weight because of increased cell wall content [67]. In comparison to early varieties,
late-maturing varieties have higher concentrations of crude protein and are more digestible
(Pasternak, Ibrahim, and Augustine [85]).

In general, leaves have higher nutritive value than stems and are more palatable
to animals because leaves are easier to chew and digest. The landrace variety matured
later than earlier-maturing varieties, yielded more dry matter, and had more leaves. A
similar finding was reported by Burton, Primo, and Lowrey [86], who demonstrated that
late-maturing varieties of millet produce higher dry matter yields and are leafier than
early-maturing varieties.

An increased harvest index increased the grain yield under stress environments for
the hybrid and improved varieties. The lower harvest index for landrace pearl millet under
high water was due to the greater tillering ability of pearl millet, which resulted in more
vegetative biomass being produced without more panicles and a higher grain yield. The
grain yield under rainfed conditions decreased due to a reduced panicle number per m?
(38% for hybrid, 24% for landrace, and 42% for improved), panicle length, and diameter and
a reduced fraction of intercepted radiation. Other authors have reported similar results [69].
Water stress was reported to reduce grain yield by reducing the tiller number per m?, grain
number per panicle, and grain mass [87,88]. The reduction in panicle number and size
is a regulatory mechanism to maintain the productivity of pearl millet. It regulates the
physiological sink size to assimilate production [62].

The greatest fresh biomass yield produced was 15.10 kg m~2 for the I; V; treatment in
2018 (Table 5). A comparable maximum green forage yield of 14.43 kg-m~2 was reported
by other researchers [65]. A significant decline in FBM was found for each regime of
water supply cutback; however, the hybrid produced less FBM in all years under dryland
conditions, partly due to its low tillering ability. Other researchers have reported a similar
trend in TDM, with a value of 3.5 kg m 2 [65]. Both water and cultivar regimes influenced
water use efficiencies in both seasons. The landrace in the Ij (zero 0) treatment had a lower
grain WUE and greater biomass WUE, demonstrating that irrigation application helped
increase the proportion of grain relative to the total biomass yield.

The water uses efficiency values for grain of 1.3 and biomass of 3.6 kg m~3 reported by
Ullah and Ahmad [89] in multiple irrigations are slightly higher compared to the biomass
yield of 3.5 kg m~3 and grain yield of 0.8 kg m ™~ for the improved variety, lower landrace,
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and hybrid reported herein. However, Maman and Lyon [30] reported that a grain yield of
1.3 kg m 2 and biomass yield of 4.0 kg m~3 is within the range of most findings (Figure 9).
A high yield and water use efficiency were noted under full irrigation, which indicates
the potential of the pearl millet crop. The WUE increased with moisture stress across all
varieties over the three growing seasons in pearl millet.

5. Conclusions

Pearl millet grain and total dry matter (TDM) yields, water use efficiency (WUE), and
leaf area index (LAI) increased with a longer duration to maturity under well-irrigated
conditions. In contrast, rainfed pearl millet resulted in the lowest TDM and grain yield, LAI,
plant height, tiller number, and smaller stem diameters and panicle counts, due to extended
dry spells. Most of the rainfall in 2017 was heavy, resulting in nitrogen being leached beyond
the root zone. The findings of this study indicate that improved varieties are suitable for
food production as they have the highest grain harvest index. The landrace can be utilised
as a dual-purpose crop due to its high grain yield and biomass under irrigation. The
hybrid produced more biomass, making it better suited for fodder production. Each variety
possesses unique growth and development characteristics, requiring specific values for crop
modelling. In summary, improved varieties can be adapted to arid regions to mitigate yield
losses caused by drought. As both hybrid and landrace varieties demonstrated significantly
increased yields under irrigation, it is recommended that a combination of irrigation and
dryland farming be adopted, which will likely require less irrigation water.
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