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ffective planting methods and irrigation rates are essential for
E optimizing fodder production and resource use of pearl millet.

Two field experiments were conducted in the 2023 and 2024
growing years in the west Matrouh region conditions, Matrouh
Governorate, Egypt, to examine the effects of three planting
techniques (hole farming, drill in row and broadcasting) and two
irrigation rates (4760 and 5236 m? per hectare) on the forage yield and
water use efficiency traits at the three cuts, as well as the mean and
total of the three cuts of the local pearl millet cultivar Shandaweel-1.
Seasonal variations, irrigation rates, planting methods and their
interactions had significant effects (p<0.05 or 0.01) on plant height
(cm), number of (tillers/m?), fresh forage yield (ton/hectare), dry
forage yield (ton/hectare), fresh forage water use efficiency (kg/m?)
and dry forage water use efficiency (kg/m?®) at most the three cuts, as
well as the mean and total of the three cuts. The year and climate have
a significant impact on the forage output and water use efficiency at
the different cuts. The Shandaweel-1 pearl millet under the hole
farming method produced greater fodder yield and water use
efficiency than the drill in row and broadcasting planting methods at
various cuts in both irrigation rates and growing seasons. The cultivar
achieved a higher forage yield and dry forage water use efficiency
under a 5236 m® irrigation rate than a 4760 m? irrigation rate, while
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dry forage water use efficiency increased with a 4760 m? irrigation
rate at the various cuts. There are positive and significant associations
among most studied traits at all cuts. PCA based on the phenotypic
correlation demonstrated the importance of studied factors as the main
contributing traits for forage yield and water use efficiency of pearl
millet. Generally, the pearl millet performed well under the hole
farming method with a 5236 m? irrigation rate at the three cuts, as well
as the mean and total of the three cuts in the west Matrouh region
conditions, Matrouh Governorate, Egypt.

Keywords: Pearl millet, irrigation rates, planting methods, folder yield, water
use efficiency, correlation, PCA analysis

INTRODUCTION

Although agriculture has advanced significantly over the past ten
years, it is still facing challenges such as global climate change, famine and
malnutrition. Millet is made from flowering plants in the Poaceae or
Gramineae (herb) families of cereal crops (El-Hashash et al.,, 2023).
According to El-Hashash et al. (2023), millets are climate-smart crops that
create sustainable market opportunities for producers and consumers while
also achieving climate resilience, nutritional security, developing sustainable
diets, offering numerous health benefits and promoting sustainable production
agriculture and meeting the needs of the world's expanding population. In light
of climate change and rising global temperatures, these robust qualities make
them more significant than rice and wheat (Sharma et al., 2024). In light of
these salient characteristics, the United Nations Food and Agriculture
Organization designated (2023) as the International Year of Millets
(IYM2023) in an effort to raise awareness of the significance of millets
(Ceasar and Baker, 2025). There are two types of millets: major and minor.
Major millets are another name for pearl millet (Maharajan et al., 2024). After
rice, wheat, maize, barley and sorghum, pearl millet [ Pennisetum glaucum (L.)
R. Br.] is the sixth most significant cereal crop. Nearly half of the world's
millet production comes from this crop, which is produced extensively on 30
million hectares in dry and semi-arid tropical parts of Asia and Africa
(Satyavathi et al., 2021).

The main causes of low forage production are inadequate land
availability, incorrect sowing timing and methods, a lack of high-quality
forage seeds, inadequate irrigation and nutrition management, weed
infestation, inadequate plant protection, etc. (Arslan et al., 2018). Plant yields
are significantly impacted by agronomic practices, including planting and
irrigation. Pearl millet is a warm-season C4 grass that thrives in semiarid
regions, where worries about finite and diminishing water supplies always
drive efforts to find crop management strategies that maximize water usage
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efficiency (Crookston et al., 2020). The success of a crop under water stress
conditions is determined by its capacity to detect ecological differences and
modify physiology accordingly (Farooq et al., 2019). Weather and irrigation
treatment had a noticeable impact on the amount of biomass produced. The
pearl millet crop yielded more when irrigation levels were greater and less
when irrigation levels were lower (Bhattarai et al., 2020). In the dry and semi-
arid parts of Africa, pearl millet yield can be severely restricted by water
scarcity. Irrigation alone, however, could not be sufficient to explain all of
the observed variations between the rainfed and irrigated sites because of
geographical differences (Halilou et al., 2020). Under well-irrigated
conditions, the duration to maturity rose along with the yields of pearl millet
grain and total dry matter. On the other hand, because of prolonged dry spells,
rainfed pearl millet produced the lowest yields of grain and total dry matter,
plant height and tiller number (Ausiku et al., 2025). One crucial characteristic
that characterizes how well crop plants use the water available for carbon
fixation is water-use efficiency (Farooq et al., 2019).

Crop population and individual development are also significantly
influenced by the planting technique; plant agronomic features are crucial
markers for assessing plant growth (Qiao et al., 2025). Because sowing
techniques impact germination, stand establishment and plant population
(Chattha et al., 2017), they play a significant role in determining the
production potential of fodder crops (Verma et al., 2024). Broadcasting,
drilling, or line sowing, dibbling and other techniques are the most common
sowing techniques for fodder crops (Verma et al., 2024). Various planting
strategies can have a direct impact on the crop's microenvironment, which in
turn can have an impact on the crops growth traits and yield components (Qiao
et al., 2025). Effectively optimizing planting techniques increases the soil's
capacity to hold roots, fosters the formation of subterranean root systems and
improves the environmental conditions for root growth (Zhang et al., 2022).
Ridge culture promotes root development and the more robust the fixation
capacity, the more resilient the plant is to lodging (Du et al., 2024). Changing
climatic conditions, density and row spacing can impact the grain filling
process and consequently, crop population quality (Ge et al., 2022). The
accumulation of dry matter per plant can be impacted by varying planting
densities, according to research (Gonzalez et al., 2019). The space between
rows or the spatial arrangement of plants has an impact on plant competition
for environmental resources (Verma et al., 2024).

Understanding the intricate relationships between planting and
irrigation practices under seasonal variations is crucial to optimizing the
forage productivity of pearl millets in Egypt, as these practices are necessary
to boost forage productivity. Thus, the current field experiments were carried
out to investigate the impacts of two irrigation rates (4760 and 5236 m® per
ha) and three planting techniques (hole farming, drill in row and broadcasting)
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under seasonal variations (2023 and 2024 growing seasons) on the forage
yield characteristics of pearl millets at the Matrouh Governorate, Egypt.

MATERIALS AND METHODS

1. Experimental Design and Treatment Details

The seeds of local cultivar Shandaweel-1 were brought from the Field
Crop Institute, Agriculture Research Center, Ministry of Agriculture, Giza,
Egypt. Two field experiments were carried out on a private farm in Wadi El-
Raml at West of Marsa Matrouh City (Latitude 27°09°13.1" N and Longitude
31°16°17.8" E), Matrouh Governorate, Egypt, during the 2023 and 2024
summer growing seasons. These trials were performed to study the effect of
two irrigation rates (4760 and 5236 m? per ha) and three sowing methods (hole
farming, drill in row and broadcasting) on the forage yield and water use
efficiency traits of pearl millet. Each year, pearl millet seed was sown in a
split-plot in a randomized complete blocks design with three replicates. The
main plots were the two irrigation rates, and the sub-plots were the three
planting methods. Each experimental unit area was 15 x 40 (400 m?) and the
distance between the row was (20 cm), while the distance between one the
hole and another was (10 cm). To reduce environmental variability as much
as possible, recommended fertilization for this type of soil and other
agricultural practices were applied according to the Desert Research Center as
recommended for the ordinary pearl millet in the experimental location. Fig.
(1) shows the results of soil analysis at Wadi EI-Raml location for (0-30 and
30-60 cm) depths before planting in 2023 and (2024) growing seasons using
standard methods by Page et al. (1982).
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Fig. (1). Some chemical properties of soil samples for 0-30 and 30-60 cm
depths at the Wadi El-Raml location.
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Organic manure and calcium super phosphate fertilizers (15.5% P»Os)
were added during soil preparation for two locations at rates of (20 m*/fed and
200 kg/fed, respectively). Nitrogen fertilizer rates were applied in the farm of
ammonium nitrate (33.5% N) at a rate of (200 kg/fed) in the three equal doses.
The 1% dose was applied 20 days from the sowing date; the 2" dose was added
after the first cut and the 3™ dose after the 2™ cut just with irrigation. Soil
additives treatments will be carried out as 1-Potassium humate was used in a
rate of (1 kg/fed), the commercial name "Humic Total" consists of humic acid
(80%), 12% K,O — water solubility (98%), pH (8-9), and bulk density (83
g/100 ml). Planting was carried out on (15 May 2023 and 20 may 2024). The
seed rate was (48 kg per ha) and pearl millet was sown under a drip irrigation
system. Pearl millet seeds were sown, at the above-mentioned sowing dates,
in hills (about 5 seeds/hill-10 cm apart) on the two ridges of furrows and
covered with the sand and irrigation was applied directly after sowing. The 1%
cut was taken, after (50 days), the two cut was taken after (80 days) from
sowing date and the three cut was taken after (105 days) sowing date.

2. Measurements of Studied Traits

At the cuts, one square meter from each plot was chosen at random,
and the two cuts were taken after the first to estimate the plant height (cm),
number of tillers/m?), fresh weight (ton/hectare) and dry weight (ton/hectare).
Each cut was harvested by hand. Two kilograms were taken as a subsample
and separated into leaf and stem after the fresh weight of the entire sample
was recorded in the field. After two days of oven drying at 80°C, the dry
weight of the plant parts was determined. Fresh and dry forage water use
efficiencies (kg/m?) were calculated by dividing the fresh and dry forage yield
(t/hectare) by the amount of water received in both growing seasons
(m?/hectare), respectively.

3. Statistical Approaches

According to Steel and Torrie (1980) methodology, the measured data
were subjected to a three-way ANOVA test and the coefficient of variation
(CV%) to identify any significant variations in the impact of experimental
factors and their interactions. The least significant difference (LSD) test was
used to compare means at p<0.05. The column means were compared using
small letters. According to Gomes (2009), the (CV%) estimations were
divided into four categories: extremely high (CV>21%), high
(15.0%=<CV=<21.0%), moderate (10%<CV<20%) and low (CV<10%).
Correlation coefficient and principal component analysis (PCA) were used to
better comprehend the association between the traits and the experimental
treatments under study. The computer applications SPSS version 20 and
Origin Pro 2021 version b 9.5.0.193 were used to do the ANOVA and PCA,
respectively.
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RESULTS

1. Seasonal Weather

The climate data during the (2023 and 2024) growing seasons at the
studied location were provided by the Applied Agricultural Meteorological
Laboratory of the Desert Research Center, Egypt. Climate statistics for the
April-September growing seasons of (2023 and 2024) are shown in Table (1).
Higher temperatures were observed in August for both growing seasons. Still,
they increased in the (2024) growing season than in the (2023) growing
season, with values 1.24 and 0.78% at minimum and maximum air
temperatures, respectively. While lower temperatures were found in April
during both growing seasons. Generally, the (2024) growing season recorded
the highest minimum and maximum temperatures compared with the (2023)
growing season. All months in the (2023) growing season were higher for
average relative humidity (%) than in the (2024) growing season, except April
and September. The highest average relative humidity (%) was noticed in June
and July during the (2023 and 2024 growing seasons, respectively). While
lower average relative humidity (%) was found in August and May during the
(2023 and 2024 growing seasons, respectively). The highest values of total
precipitation (mm) were recorded during April in both growing seasons.
Generally, total precipitation in the (2023) growing season was higher than in
the (2024) growing season. Average Wind Speed (m/s) and Total Solar
Radiation (MJ/m?/day) reached their highest values in April in both growing
seasons.

2. Analysis of Variance (ANOVA)

In Table (2), the ANOVA test showed that the plant height (cm),
number of (tillers/m?), fresh forage yield (t/hectare), dry forage yield
(t/hectare) and dry forage water use efficiency (kg/m?) were significantly
affected by irrigation rates and planting methods (p<0.05 or 0.01) at three cuts,
as well as means and total of the three cuts. As for fresh forage water use
efficiency (kg/m?®), significant effects (p<0.05 or 0.01) were observed by
planting methods at the three cuts, as well as at the mean and total of the three
cuts and by irrigation rates at the second and third cuts. While seasonal
changes significantly affected (p<0.05 or 0.01) plant height, fresh forage
yield, and fresh forage water use efficiency traits at the second and third cuts,
and the number of tillers, dry forage yield and dry forage water use efficiency
traits at all cuts. Seasons vs. irrigation rates showed significant effects on fresh
forage yield and fresh forage water use efficiency traits at the second cut and
on dry forage yield and dry forage water use efficiency traits at all cuts except
the second cut (p<0.05 or 0.01). Also, all cuts were significantly affected
(»<0.05 or 0.01) by seasons vs. planting methods for the number of tillers, dry
forage yield and dry forage water use efficiency traits, except at the first cut;
for fresh forage yield and fresh forage water use efficiency, except at the third
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cut; and for plant height, except at the first and second cuts.
Concerning irrigation rates vs. planting methods, plant height, fresh forage
yield, dry forage yield and dry water as well as fresh forage water use
efficiency were significant at all cuts (p<0.05 or 0.01), except at the third cut,
at the second and third cuts, at the second cut and at the first and third cuts,
respectively In terms of second-order interaction, significant effects (p<0.05
or 0.01) were observed on plant height and dry forage water use efficiency at
the third cut and fresh forage yield and fresh forage water use efficiency at the
first and third cuts, as well as at the mean and total of the three cuts. Low
(CV%) were noticed for all studied traits at all cuts, which were less than 10%,
except for the number of tillers at the first and third cuts with values of (11.14
and 14.58%, respectively) (Table 2). The fresh forage yield at the total of the
three cuts had the lowest (CV%) values, at 0.79%.

3. The Main Effects of Experimental Factors

Results in Table (3) exhibited that the experimental factors
significantly affected the evaluated traits at most cuts under study. In both
seasons, all the studied traits at the first cut outperformed the second and third
cuts under all planting methods and irrigation rates. The maximum values of
plant height, number of tillers, fresh forage yield, dry forage yield, water use
efficiency for fresh and dry forage were observed in (2024) growing season
compared with (2023) growing season at the most cuts, as well as the mean
and total of the three cuts. Plant height, number of tillers, fresh forage yield,
dry forage yield and water use efficiency for dry forage traits were
significantly higher in 5236 m? irrigation rate than in the 4760 m? irrigation
rate at the three cuts as well as the mean and total of the three cuts. While a
4760 m? irrigation rate increased fresh forage water use efficiency at the
second and third cuts as well as the mean and total of the three cuts. As for the
planting methods, the hole farming method displayed significantly higher
plant height, number of tillers, fresh forage yield, dry forage yield, fresh and
dry forage water use efficiency traits than the other planting methods at the
three cuts as well as the mean and total of the three cuts. The best forage yield
and water use efficiency of pearl millet were obtained with the hole farming
method, followed by the drill in row method and then the broadcasting method
under 5236 m? irrigation rate at the three cuts as well as the mean and total of
the three cuts.

4. The First and Second-Order Interactions Effects

The maximum values of plant height, number of tillers, fresh forage
yield, dry forage yield and dry forage water use efficiency traits at the three
cuts as well as the mean and total of the three cuts were recorded with (5236
m?) irrigation rate in both growing seasons compared with (4760 m?) irrigation
rate (Table 4). While, opposite for fresh forage water use efficiency at the
second and third cuts as well as the mean and total of the three cuts. When
compared to their values in other seasons x irrigation rates interactions, the
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best values for plant height, number of tillers, fresh forage yield, dry forage
yield traits and dry forage water use efficiency were observed by (5236 m?)
irrigation rate in the (2024) growing season at the three cuts as well as the
mean and total of the three cuts, except for plant height and dry forage water
use efficiency and fresh forage yield traits at the third and the second cuts,
respectively. Irrigation rate (4760 m?) significantly increased fresh forage
water use efficiency at the second cut in the (2023) growing season. Generally,
our results indicated that the (5236 m?) irrigation rate in both growing seasons
increased the forage yield and water use efficiency of pearl millet in the region
under study.

Table (4). Seasonal changes vs. irrigation rates for studied traits of pearl millet
at the three cuts as well as the mean and total of the three cuts.

Seasons Irrigations Plant height (cm) No. of tillers\m?
(m?) Icut 2™cut 39cut Mean Sum 1cut 2™cut 3%cut Mean  Sum
2023 5236 110.73 83.57 86.56  93.62 - 58.67 51.11 40.98 50.25 -
4760 100.77 7597 82.49 86.41 - 55.56  46.22 35.11 45.63 -
2024 5236 110.99  98.86 77.78  95.88 - 187.67 128.22  74.67 130.19 -
4760 100.56  87.97 72.56  87.03 - 17456 121.33  69.11  121.67 -
LSD 5% NS NS NS NS - NS NS NS NS -
Seasons Irrigations Fresh forage yield (t/hectare) Dry forage yield (t/hectare)
(m3) Itcut 2Mcut 3Ycut Mean Sum Icut 2™cut 39cut Mean  Sum
2023 5236 67.42 51.8laa 1241 4388 131.64 16.31b 12.24 1.58b  10.04b 30.12b
4760 61.25  49.84b 11.97 41.02 123.06 13.18¢c  9.87 1.12¢ 8.06d 24.17d
2004 5236 69.15 50.62a 13.81 4453 133,58 17.58a 12.82 1.82a  10.74a 32.22a
4760 62.85  46.50c 12.76  40.70 122.11 13.20c  10.00 1.80a 8.34c 25.0lc
LSD 5% NS 1.59 NS NS NS 0.81 NS 0.14 0.27 0.81
Seasons Irrigations _ Fresh forage water use efficiency (kg/m?) Dry forage water use efficiency (kg/m?)
(m3) Itcut 2Mcut 3Ycut Mean Sum Icut 2™cut 39cut Mean  Sum
2023 5236 12.88 9.89b 2.37 838 25.14 3.11b 2.34 0.30c 1.92b  5.7bb
4760 12.87 10.47a 2.51 8.62 2585 2.77¢ 2.07 0.24d 1.69d  5.08d
2004 5236 13.21 9.67b 2.64 8.50  25.51 3.36a 2.45 0.35b 2.05a  6.15a
4760 13.20 9.77b 2.68 8.55  25.65 2.77¢ 2.10 0.38a 1.75¢  5.25¢
LSD 5% NS 0.31 NS NS NS 0.17 NS 0.03 0.05 0.16

Means sharing different letters in the same column indicate statistically significant (p < 0.05)
differences according to the LSD test.

As for seasons x planting methods interaction (Table 5), the highest
values for plant height, number of tillers, fresh forage yield, dry forage yield
and fresh and dry forage water use efficiency traits were under the hole
farming method, followed by the drill in row method and then the
broadcasting method in both growing seasons at the three cuts as well as the
mean and total of the three cuts. The maximum plant height, number of tillers,
dry forage yield and dry forage water use efficiency traits throughout the
(2024) growing period were recorded with the hole farming method at the
three cuts as well as the mean and total of the three cuts, except for plant height
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at the third cut. On the other hand, the hole farming method produced
the best fresh forage yield and fresh forage water use efficiency traits at all
three cuts, as well as the mean and total of the three cuts, during the (2023)
growing season. Generally, our results indicated that the hole farming method
in both growing seasons increased the forage yield and water use efficiency
of pearl millet in the region under study.

Concerning the interaction of irrigation rates and planting methods,
the best results for all studied traits under three planting methods were
recorded with (5236 m?) irrigation rate at the three cuts as well as the mean
and total of the three cuts, except fresh forage water use efficiency (Table 6).
Also, the highest values for all studied traits under the hole farming method,
followed by the drill in row method and then the broadcasting method in both
irrigation rates at the three cuts as well as the mean and total of the three cuts.
Compared with other interactions of irrigation rates and planting methods, the
maximum values for all studied traits were found by the hole farming method
with (5236 m®) irrigation rate at the three cuts as well as the mean and total of
the three cuts, except for fresh forage water use efficiency, which increased
under a (4760 m?) irrigation rate. On the other hand, the minimum values were
found for all studied traits under the broadcasting method with (4760 m?)
irrigation rate at the three cuts as well as the mean and total of the three cuts.
All first-order interactions exhibited a variety of trends. Nevertheless,
statistical analysis showed that the hole farming method with a (5236 m?)
irrigation rate in the (2024) growing season produced the highest values for
most of the traits under study at the cut treatments.

Table (7) shows the effects of the experimental factors' second-order
interactions on the traits under investigation. The three planting methods
under (5236 m®) irrigation rate in both growing seasons recorded the best
values for most studied traits at the three cuts as well as the mean and total of
the three cuts. The better values were observed for plant height, number of
tillers, dry forage yield and dry forage water use efficiency traits at the three
cuts as well as the mean and total of the three cuts and for fresh forage yield
at the three cuts under the hole farming method under (5236 m?) irrigation rate
in the (2024) growing season, compared with those of other second-order
interactions. While, the hole farming method in the (2023) growing season
had the highest values for fresh forage yield and fresh forage water use
efficiency traits (5236 and 4760 m?* irrigation rates, respectively) at the mean
and total of the three cuts. The hole farming method with a (5236 m?) irrigation
rate in both growing seasons generally boosted the forage production and
water use efficiency of pearl millet, according to the results of the effect of
experimental factors as well as the first and second-order interactions.

5. Pearson’s Correlation Coefficient
The relationships between the traits of forage yield and water use
efficiency of pearl millet that were investigated under the two irrigation rates
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and three planting techniques during the two growing seasons at the three cuts,
as well as the mean and total of the three cuts, are understood using Pearson's
correlation coefficient, as shown in Fig. (2). A perfect positive correlation
(r=1) was observed between plant height at the first cut and the mean of the
three cuts, among the number of tillers at the first cut, the second cut and the
mean of the three cuts, as between fresh forage yield and fresh forage water
use efficiency traits at the mean and the total of the three cuts, and among dry
forage yield and dry forage water use efficiency traits at all the three cuts as
well as the mean and total of the three cuts except the third cut. All pairs
possible among plant height, among number of tillers, among fresh forage
yield, among dry forage yield, among fresh forage water use efficiency and
among dry forage water use efficiency at the three cuts, as well as the mean
and total of the three cuts, showed a positive and significant correlation
(»<0.05 or 0.01), except plant height at the second and third cuts. A significant
positive correlation (p<0.05 or 0.01) were noticed among plant height, fresh
forage yield, dry forage yield, fresh and dry forage water use efficiency traits
at the three cuts, as well as the mean and total of the three cuts. Plant height at
the second cut is significantly positively correlated with the number of tillers
at the three cuts and the mean of the three cuts (p<0.05 or 0.01). The number
of tillers at the second cut with dry forage yield and dry forage water use
efficiency traits at the third cut as well as the number of tillers at the third cut
with fresh and dry forage yields traits as well as fresh and dry forage water
use efficiency traits at the third cut exhibited a positive and significant
association (p<0.05).

6. Principal Component Analysis (PCA)

The four PCs for all pearl millet traits at the three cuts, as well as the
mean and total of the three cuts based on the seasonal changes, irrigation rates
and planting methods, are shown in Table (8). The extracted values for PC1,
PC2, and PC3 were 22.35, 4.13 and 1.21, respectively, indicating eigenvalues
greater than one (eigenvalue >1). PC4 also had eigenvalues that were less
than one (eigenvalue <1). Of the overall variation among the variables under
study, PC1, PC2 and PC3 account for 98.88%. PC1 only described roughly
79.81% of the measured data total variability, its contributions to the total
variance were greater than those of PC2 (14.75%) and PC3 (4.32%). The PC1
and PC2 results can be used to explain the overall variance and the PC
collection, as well as to summarize the original variables in any additional data
analysis. In the (2024) growing season, PC1 exhibited a positive correlation
with the hole farming method under (5236 m?) irrigation rate, as well as with
all the traits that were examined at the three cuts, the mean, and the sum of the
three cuts. These findings suggested that PC1 was influenced by the favorable
factors of pearl millet forage yield. The number of tillers at the three cuts and
the mean of the three cuts, as well as the broadcasting method under a (4760
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m?) irrigation rate in the (2023) growing season, have been identified by PC2
as having positive loading factors and contributing to the variables.

Based on PCA, Fig. (3) shows (PC1 and PC2 for the experimental
factors and all traits at the three cuts, the mean, and the sum of the three cuts.
The biplot diagram demonstrated how planting methods under irrigation rates
changed throughout the growing years, causing variability in every trait that
was looked at. According to PCA, the data regarding the contribution of
experimental factors revealed a steep angle between them and a positive
correlation with most of the traits under investigation. Nonetheless, there
were variations in the quantity and level of uniformity. The results of PCA
were similar to the results of the Pearson’s correlation coefficient. In PC1, the
hole farming method under (5236 m?) irrigation rate in the (2024) growing
season, which fell in the first and fourth quarters, were highly and positively
connected with all evaluated traits at the three cuts, as well as the mean and
total of the three cuts. Generally, hole farming method under (5236 m?®)
irrigation rate in the (2024) growing season was located near the forage yields
and water efficiency of pearl millet.
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Fig. (2). Plot Pearson’s correlation coefficient among studied traits at the three
cuts, as well as the mean and total of the three cuts across the three
experimental factors. The treatment's key names can be found in
Table (8).
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Table (8). Results of PCA in the first four PCs for the studied traits of pearl
millet at the three cuts, as well as the mean and total of the three
cuts as affected by the three experimental factors.

No. Traits Cuts PC1 PC2 PC3 PC4
1 1t cut 0.21 -0.09 -0.11 -0.11
2 Plant 2nd et 0.19 0.18 -0.12 -0.12
3 height 34 cut 0.16 -0.33 -0.07 0.01
4 Mean 0.21 -0.05 -0.11 -0.09
5 1 cut 0.08 0.45 0.02 -0.03
6 Number 2" cut 0.10 043 0.03 -0.03
7 of tillers 34 cut 0.15 0.35 -0.04 0.12
8 Mean 0.10 0.43 0.01 -0.01
9 1t cut 0.20 -0.03 -0.02 -0.44
10 Fresh 20d eyt 0.19 -0.18 0.10 -0.26
11 forage 39 cut 0.21 0.05 0.09 -0.08
12 yield Mean 0.20 -0.08 0.04 -0.33
13 Sum 0.20 -0.08 0.04 -0.33
14 1t cut 0.20 -0.04 -0.28 0.00
15 Dry 2nd et 0.20 -0.05 -0.25 0.11
16 forage 39 cut 0.20 0.13 0.09 -0.20
17 yield Mean 0.20 -0.03 -0.25 0.04
18 Sum 0.20 -0.03 -0.25 0.03
19 Fresh 1t cut 0.20 -0.03 0.29 0.01

20 forage 2nd et 0.18 -0.18 0.37 0.20
21 39 cut 0.19 0.06 0.31 0.28
22 "L‘ite.r UYS€ Mean  0.19 -0.08 0.33 0.12
23 GHUNY oum 0.19  -0.08 0.33 0.12
24 Dr 15t cut 0.21 -0.04 -0.18 0.21
25 fora{;e 2@cut 020 005  -0.15 0.31
26 ¢ 39 cut 0.20 0.14 0.18 0.00
27 WAISTUSC  hrean 021 0.03  -0.14 0.25
pg  cfficiency g 0.21 0.03  -0.14 0.24
2023 growing season -1.46 -3.46 -0.07 0.03
2024 growing season 1.46 3.46 0.08 -0.03
5236 m? (IR1) 2.03 -0.13 -1.38 -0.62
4760 m* (IR2) 204 0.13 138 0.62
Row -1.21 -0.10 1.39 -0.86
Hole farming 8.33 -0.58 -0.18 0.50
Broadcasting -7.12 0.68 -1.21 0.36
Eigenvalues 22.35 4.13 1.21 0.31
Variance (%) 79.81 14.75 4.32 1.12
Cumulative (%) 79.81 94.55 98.88 100.00
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Fig. (3). Biplot diagram between PC1 and PC2 shows relationships between
the studied traits at the three cuts, as well as the mean and total of the
three cuts across the growing seasons, irrigation rates and planting
methods. The treatment's key names can be found in Table (8).

DISCUSSION

The present study evaluated the plant height, number of tillers, fresh
and dry forage yields as well as fresh and dry forage water use efficiency of
the local cultivar Shandaweel-1 for pearl millet in the west Matrouh region
conditions, Matrouh Governorate, Egypt, using three planting techniques
under two irrigation rate dates in each of the growing years (2023 and 2024).
Plant height (cm), number of tillers/m?, fresh forage yield (t/hectare), dry
forage yield (t/hectare), fresh forage water use efficiency (kg/m?) and dry
forage water use efficiency (kg/m?) at all cuts were affected significantly by
seasonal changes, irrigation rates and planting methods, according to the
ANOVA test. These findings imply that there is variation among the
experimental factors under investigation, which implies that the fodder
productivity and water use efficiency of pearl millet in the research area can
be enhanced. In all seasons, irrigation levels had a significant impact on water
usage efficiency, pearl millet yields and their characteristics (Salem and
Shoman, 2021). Crookston et al. (2020) mentioned that pearl millet forage dry
matter and forage water use efficiency were affected by seasons and irrigation
treatments. The plant height, number of tillers, straw production and water use
efficiency of pearl millet (Jan et al., 2015 and Hassan et al., 2020) and finger
millet (Thakur et al. 2016) are all significantly impacted by the methods used
for sowing. In our results, the first- and second-order interactions showed
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some significant effects on the studied traits at the three cuts as well as the
mean and total of the three cuts. Because dry sowing caught more rain, it
performed better during the season with heavy rainfall, according to the
significant interaction of seasons and sowing techniques (Hassan et al., 2020).
The various planting techniques had an impact on plant height and the overall
dry fodder yield at the first, second and total of the two pearl millet cuts
(Verma et al., 2024). The experiment's high degree of precision was
demonstrated by the (CV%) data, which showed that the environmental
influence was minimal (<10%) for the majority of examined traits at the three
cuts, as well as the mean and total of the three cuts. That would suggest that
there are substantial differences between the experimental factors being
studied.

Generally, all the studied traits at the first cut outperformed the second
and third cuts under all planting methods and irrigation rates in both seasons.
The best forage yield and water use efficiency of pearl millet was produced in
the (2024) growing season. This season increased plant height and number of
tillers at the mean of the three cuts, as well as fresh forage yield, dry forage
yield, fresh and dry forage water use efficiency at the total of the three cuts by
(0.79, 44.86, 0.20, 2.62, 0.16 and 2.52%) as compared to the (2023) growing
season, respectively. The findings are consistent with those of Taha and
Ghandour (2021), who reported that under all irrigation regimes, plant height,
number of tillers and fresh and dry yields of pearl millet rose somewhat in one
season relative to the other.

The best values of studied traits were obtained with (5236 m?)
irrigation rate compared with (4760 m?) irrigation rate, which increased plant
height and number of tillers at the mean of the three cuts, as well as fresh
forage yield, dry forage yield and dry forage water use efficiency at the total
of the three cuts by (4.42, 3.78, 3.93, 11.80 and 7.01%, respectively). While
(4760 m?) irrigation rate increased fresh forage water use efficiency at the total
of the three cats by (0.82%). According to De Almeida et al. (2022), pearl
millet's water productivity ranged from (4.5 to 9.0 kg) of dry biomass yield/m?
of water applied. These outcomes were consistent with those of Hiekal and
Khafaga (2021), Taha and Ghandour (2021) and Ausiku et al. (2025), who
discovered that as irrigation water increased green forage yield and water use
efficiency as well as other traits rose linearly for pearl millet. Under well-
irrigated conditions, pearl millet's total dry matter yield rose as the crop took
longer to mature (Ausiku et al., 2025). By lowering the green leaf area index
and, hence, transpiration, fewer tillers assist the crop to tolerate water stress;
however, productivity is reduced (Sowjanya et al., 2021). A moderate amount
of insufficient irrigation may be advantageous for irrigated fodder as a water
management strategy, especially in areas with scarce water supplies, claim
Hussein et al. (2024). Therefore, using the water saved from deficit irrigation
to irrigate a larger area can result in a more efficient and sustainable approach
to water use.
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Effective planting methods are essential for optimizing production
and resource use (Bamboriya et al., 2017). Regarding planting methods, the
hole farming method outperformed drill in row and broadcasting methods.
The hole farming method raised plant height and number of tillers at the mean
of the three cuts, as well as fresh forage yield, dry forage yield, fresh and dry
forage water use efficiency traits at the total of the three cuts by (6.77, 9.35,
4.77,17.45,4.72 and 17.37%) than drill in row method and by (10.715, 13.57,
11.21, 22.29, 11.26 and 22.30%) than broadcasting method, respectively. The
pearl millet production and water use efficiency were highest under the ridge-
planting approach, which was followed by the bed-planting method, while the
broadcasting method had the lowest water use efficiency (Babloo et al., 2015).
Bamboriya et al. (2017) found that improved planting methods increased pearl
millet growth rates. Abdella and Bairum (2021) state that growing pearl millet
on flat beds with (40 cm) between rows is the best method to boost production
for forage yield components under irrigation in Sudan. When pearl millet was
sown in lines instead of broadcasts, the plants grew more vigorously in terms
of height because of improved sunshine, aeration and other micro
environmental conditions (Verma et al., 2024). It may be inferred that the
seedbed prepared with a chisel plough and sown on dry soil generated the
largest grain yield, as the dry sowing technique considerably created the tallest
plant (Hassan et al., 2020). Importantly, under broadcast seeding, the
minimum heights of pearl millet plants were noted (Verma et al., 2024).
According to Ramniwas et al. (2023), planting methods have a significant
impact on plant height. They attribute the higher growth with pit approaches
to reduced plant density, enhanced light penetration and effective soil
moisture and nutrient use.

The hole farming method with a (5236 m®) irrigation rate in the (2024)
growing season boosted the forage production and water use efficiency of
pearl millet in the region under study, according to the results of the effect of
experimental factors as well as the first and second-order interactions. In both
seasons, water consumption efficiencies were impacted by both water regimes
(Ausiku et al., 2025). Under full irrigation, a good yield and water use
efficiency were observed, indicating the pearl millet crop's potential. In pearl
millet, all cultivars' water consumption efficiency rose with moisture stress
during the three growth seasons (Ausiku et al., 2025).

Finding important factors affecting folder yield and ware use
efficiency is made possible by combining the methods of PCA and correlation
coefficient. The reciprocal correlations among most of the variables under
research were positive and either significant or insignificant (p<0.05 or 0.01)
during the seasonal changes, irrigation rates and planting methods at the three
cuttings, as well as the mean and total of the three cuts. Plant height, fresh
forage yield, dry forage yield, fresh and dry forage water use efficiency traits
at the three cuts, as well as the mean and total of the three cuts, showed strong
positive relationships (p<0.05 or 0.01). Patil et al. (2021) and Goswami et al.
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(2023) found similar results and concluded that selecting for these traits will
assist in increasing pearl millet's potential production. A similar result was
also observed by Sharma et al. (2018), Kumawat et al. (2019) and Patil et al.
(2021). Positive and significant correlation of dry fodder yield with plant
height, and productive tillers was also reported by Kaushik and Vart (2022).
Hence, selection for these characters would help improve the yield potential
of this crop (Patil et al., 2021).

PCA has been used to ascertain the relationships between the studied
traits across the experimental factors being examined. PC1, PC2, and PC3
account for almost (99%) of the variance in all the variables analyzed under
the seasonal changes, irrigation rates and planting methods at the three
cuttings as well as the mean and total of the three cuts. PC1 accounted for
almost (80%) of the total variability in the measured data for the original
variables. High variability for a certain character of a PC is indicated by a high
score for the variables in that PC (Shashibhushan et al., 2022). PC1 was
influenced by the favorable factors of forage yield and water use efficiency,
where the hole farming method under (5236 m?®) irrigation rate in the (2024)
growing season were highly and positively connected with all evaluated traits
at the three cuts, as well as the mean and total of the three cuts. However, PC2
seems to exhibit the characteristics of the other treatments that are being
investigated. Consequently, PC1 and PC2 can be interpreted as reactions to
the experimental conditions that impact forage pearl millet production in both
positive and negative ways. Based on results by Sayed et al. (2022), the PC1
of total variability for plant height, total fresh yield and total dry yield, along
with other variables under study, was (43%). The largest contribution to PC1
was made by total fresh yield. PC1 had a positive correlation with every
attribute under study (Triki et al., 2023). According to Sayed et al. (2022), the
PC2 of the variance contribution rate was (18%). Plant height and total fresh
and dry yields produced negative findings, while other traits produced good
results for the PC2 variation. PCA based on the phenotypic correlation
demonstrated the importance of studied factors as the main contributing traits
for forage yield and water use efficiency of pearl millet. Generally, the
statistical analysis of the relationship between the variables studied revealed
that local cultivar Shandaweel-1 under the hole farming method with (5236
m?) irrigation rate in both seasons gave the highest forage yield and water use
efficiency of pearl millet in the west Matrouh region conditions, Matrouh
Governorate, Egypt.

CONCLUSIONS

Statistically significant differences between the seasonal changes,
irrigation rates and planting methods and their interactions for the majority of
the traits assessed at the three cuts, as well as the mean and total of the three
cuts. The seasonal changes and climate have a significant impact on the
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production of fodder pearl millet. Positive and significant associations were
observed among plant height, fresh forage yield and dry forage yield traits at
the three cuts, as well as the mean and total of the three cuts. Based on our
statistical analysis, the results showed that the hole farming method under a
(5236 m?) irrigation rate boosted the forage yield of pearl millet for the local
cultivar Shandaweel-1 in the west Matrouh region conditions, Matrouh
Governorate, Egypt.
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