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Abstract

Optimizing cereal production under limited water and nitrogen availability is crucial for sustainable agriculture. This
study evaluates the effects of three planting densities (D1: low, D2: medium, D3: high) and input levels on the yield,
resource use efficiency, and economic performance of three summer cereals: maize, pearl millet, and sorghum. A split-
split plot design with three replications was used. Statistical analysis revealed that pearl millet exhibited the highest
leaf area under D1 (low planting density) with optimum inputs. It also had the maximum ear/panicle number (35 m™),
while D2 (medium density) and D3 (high density) resulted in a higher ear/panicle count. Maize produced the longest
(17.1 cm) and heaviest (91 g) ears under D2 planting density. Among the three cereals, maize had the highest grain yield
(2695 kg ha™). Across all planting densities, D2 (medium density) resulted in the highest yield (2434 kg ha™"). Additionally,
optimum input levels significantly improved grain yield, reaching 2467 kg ha™'. Water use efficiency (WUE) and nitrogen
use efficiency (NUE) varied significantly, with sorghum showing the highest WUE (5.93 kg m~2) and maize showing the
highest NUE (19.4 kg kg™"). Constrained inputs led to higher NUE (20.1 kg kg™') and WUE (5.77 kg m™). Quality analysis
indicated sorghum had the highest grain protein content (9.4%), while pearl millet showed the highest root and shoot
dry weights. Principal component analysis revealed strong associations between specific yield attributes and each cereal,
with D2 planting density showing the strongest overall associations. Economic analysis highlighted that sorghum under
D2 density with optimum inputs yielded the highest gross return (858.0 USD ha™"), while sorghum at D3 density with
constrained inputs achieved the highest net benefit (711.6 USD ha™") and benefit-cost ratio (5.9). To maximize produc-
tion, D2 planting density is recommended. Optimizing input management can enhance productivity, while sorghum
cultivation under constrained input offers the highest economic returns.
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1 Introduction

Maize, sorghum, and pearl millet are the main cereals grown in tropical and subtropical regions. Maize is an important
grain cereal in Pakistan. It is used for human food, poultry feed, animal fodder, and as a raw material in the paper
industry [55]. Maize is one of the most highly regarded cereals in terms of yield and productivity. It is Pakistan’s third-
most important cereal after wheat and rice [24]. Maize plays a vital role in Pakistan’s food system, particularly due to
the rising demand for food and fodder amid a growing population. This is because maize has a higher energy con-
tent than other cereal grains [6]. Additionally, maize rotation with legumes enhances soil fertility, improves nitrogen
availability through biological nitrogen fixation, and reduces the dependency on synthetic fertilizers, contributing to
sustainable agriculture [60]. Crop rotation with legumes enhances soil structure, increases organic matter content,
and reduces pest and disease pressure, ultimately improving maize yield stability under varying environmental condi-
tions [29]. Furthermore, maize as a preceding crop for legumes can help reduce soil-borne diseases such as Fusarium
wilt, thereby improving subsequent legume yields and overall crop health [41]. Another advantage of maize as a
preceding crop for legumes is the suppression of root rot pathogens, as crop rotation with maize has been found to
restrict soil populations of these pathogens [40]. Because of its various applications and relatively greater moisture
requirements for growth and its cultivation in drier places and on marginal lands due to higher demand, its output
may be limited. A recent survey of maize production in Pakistan, specifically in the province of Khyber Pakhtun Khwa,
shows that although maize production is increasing annually, it is not keeping pace with the rising demand, which
may lead to a decline in both annual production and the area under cultivation will be minus. However, choosing
crops with low water requirements and high biomass yields, such as sorghum and pearl millet [67], which are also
staple foods that provide a significant portion of calories to a large segment of the population [47].

Sorghum (Sorghum bicolor Moench L.) and pearl millet (Pennisetum glaucum L.) are the staple crops of a large popu-
lation in semi-arid regions of Asia. These two cereals were ranked fourth and fifth in Pakistan, respectively. Sorghum
is a drought-resistant crop, while pearl millet is a climate-hardy crop that can be grown in various climates [1, 34].
Sorghum is grown in areas where it is too hot or dry to grow maize, while pearl millet is grown in areas where it is too
hot, sandy, and dry to grow sorghum [7]. These are also regarded as crops that can supply adequate nutrition [48]. As
a result, it adds to livelihoods and food availability. These two crops are also valued for their plant residue that can
be used to feed animals, and crop stover is sometimes considered as important as grains, especially in the country’s
hot and dry regions. Small grains like sorghum and pearl millet could replace maize in people’s diets as a nutritional
energy source [50]. Many past studies have highlighted the drought resilience of sorghum and pearl millet but do
not explicitly consider how future climate scenarios might alter their performance and contribution to food security.
Despite their importance and significance, sorghum and pearl millet are not considered crops critical to food security.

The sowing rate and germination percentage govern plant density, influencing establishment success, yield, and
crop profitability. In various producing zones worldwide, inadequate plant stand is one of the most common yield
retardants. The major technique for enhancing yield is to optimise plant density. On the other hand, high plant density
may yield more if the plant is tolerant to intense competition for light, nutrients, and water, such as sorghum and
millet [8, 9]. High plant density may increase root rot diseases, as dense plantings create favorable conditions for
pathogen proliferation [40, 42]. Increased plant density without proper spacing can exacerbate these issues, leading
to significant yield losses. Increasing plant density is an effective strategy to increase crop yield. In maize, this agro-
nomic approach has been extensively studied. Research also indicates that increased plant population density has
led to higher yields in sorghum and millet [43, 56]. However, resistance to root rot diseases becomes crucial under
high-density planting conditions and can be improved by selecting an optimum planting date [65].

Constrained inputs, particularly limited water and nutrient availability, profoundly affect crop yields by triggering
different physiological and biochemical stress responses. When water is scarce, plants undergo reduced cell turgor
and stomatal closure, which limits carbon dioxide uptake and decreases photosynthetic efficiency [51], this results
in lower biomass accumulation as resources are diverted from growth to stress tolerance mechanisms. Concurrently,
nutrient limitations, especially nitrogen, phosphorus, and potassium—disrupt essential metabolic processes, includ-
ing protein synthesis, enzyme activation, and energy production, thereby impeding cell division and development
[16]. In maize, which is widely cultivated in Pakistan on marginal lands, these constraints force the crop to allocate
energy to survival rather than yield formation, with even drought-tolerant varieties exhibiting compromised per-
formance under severe deficits [19, 54]. Similarly, although pearl millet and sorghum are generally more resilient,
they still experience significant yield reductions when water and nutrient supplies are restricted, particularly during
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critical growth phases at the end of the rainy season and in regions with short cropping windows [12]. Furthermore,
continuous nutrient depletion without proper replenishment leads to declining soil fertility and disrupted ecosystem
processes, undermining long-term agricultural sustainability [58].

The main goal of this study was to evaluate the impact of different planting densities and input levels (water and
fertilizers) on the yield and efficiency of maize, pearl millet, and sorghum. Specifically, we aimed to determine whether
sorghum or millet could serve as viable alternatives to maize in resource-limited conditions. The constrained input treat-
ment in this study involved a reduction in both irrigation and nitrogen application, simulating conditions where water
and fertilizer availability are limited, as commonly experienced in semi-arid agricultural regions.

2 Materials and methods
2.1 Plant material

The seeds of maize (Zea mays), sorghum (Sorghum bicolor), and millet (Pennisetum glaucum) used in this study were
obtained from the Cereal Crop Research Institute (CCRI), Pirsabak, Nowshera, Pakistan.

2.2 Experimental site and design

The three summer cereals, Maize, Sorghum, and Millet, were assessed in 2022 at the Cereal Crop Research Institute (CCRI)
in Nowshera, Pakistan situated at 288 m (945 ft) AMSL at the left bank of Kabul River, 3 km east of Nowshera, at 32°N
latitude and 74°E longitude. Nowshera has a warm to hot, semi-arid, and sub-tropical climate with a mean annual rainfall
of about 364 mm. The soil was classified as Calcaric Luvisols according to the World Reference Base (WRB) system and
exhibited a sandy clay loam texture, consisting of 38.5% sand, 30.1% silt, and 30.0% clay. It had an alkaline pH of 7.69 and
was non-saline, with an electrical conductivity of 0.85 dS m~". The organic matter content was low at 1.53 g kg~', and
the organic carbon content was 11.21 g kg™'. Additionally, the soil moisture was measured at 9.01%, with a bulk density
of 1.63 g cm™'. The nutrient analysis further revealed that the available nitrogen content was 3.11 mg kg~', the AB-DTPA
extractable phosphorus was 4.49 mg kg™' and the potassium content was 81.21 mg kg™'. This research was performed
with a factorial design employing a split-split-plot design, and three replications were utilised for each treatment. Each
plot was randomly assigned to specific treatments, and the plot size was standardised at four meters in width and three
meters in length (12 m?). Within each plot, four rows of cereals were sown and a row spacing of 70 cm and plant spac-
ing of 25 cm was maintained. The experimental factors were three cereal crops, Maize, Sorghum, and pearl millet and
planting densities encompassed three levels: D1, D2 and D3 that were assigned to subplots whereas the inputs, involved
two treatments: |1, which represented the application of optimum fertilizer and irrigation levels and 12, which simulated
constrained fertilizer and irrigation conditions were allotted to main plots. Half the dose of the fertilizer as calculated per
treatment was broadcasted during sowing while the rest was applied at the late vegetative stage. Similarly, four canal irri-
gations were applied during the whole season at emergence, early vegetative stage, silking stage and grain filling stage.
The details of these factors are given in Table 1. The planting densities (D1: 60,000 plants ha™!, D2: 80,000 plants ha™',and
D3: 100,000 plants ha™) refer to actual plant stands per hectare after seedling establishment, ensuring a uniform popula-
tion across treatments. The experiment was executed in the first week of June. Azam, PARC MS-2 and DS-97 varieties of
maize, pearl millet and sorghum were planted, respectively. Management practices, including weeding, irrigation, and
thinning, were consistently applied to all plots according to recommended guidelines.

Table 1 Factors and their

Factor Levels
levels applied in the trial

Summer cereals Maize, Pearl millet, Sorghum

Planting densities (plants ha™") Maize: 60,000 (D1), 80,000 (D2), 100,000 (D3) Pearl millet: 60,000
(D1), 80,000 (D2), 100,000 (D3) Sorghum: 60,000 (D1), 80,000 (D2),

100,000 (D3)
Supplied inputs
Irrigation (mm) 550 mm (I1), 250 mm (12)
Fertilizer (kg ha™", N:P: K) 120:90:60 (11), 60:45:30 (12)
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2.3 Yield and yield attributes

To measure the leaf area, the length and width of central leaves from five plants within each sub-plot were measured
using a measuring tape. The average leaf area (LA) was calculated using the given equation.

LA = (Leaf Length x Leaf width) x 0.75 (1)

The coefficient 0.75 was used for all three cereals based on standard empirical estimations [2].

Ear/panicle per m? was determined by counting the ear/panicles in each plot within the selected area of 1 m2.In
contrast, ear/panicle length (cm), and ear/panicle weight (g), were estimated based on five randomly selected ears/
panicles. A SPAD meter was used to determine SPAD values by placing it on the flag leaf of pearl millet and sorghum
and the uppermost fully expanded leaf (ear leaf) of maize. Readings were taken from five plants per plot, and the
average SPAD value was recorded. Days to harvest maturity were determined by counting the days from sowing till
all the ears/panicles in each plot were fully matured.

To determine crop water use efficiency (WUE), following the formula presented by Zhang et al. [67],

WUE (kg m™2) = GY/Etc )

where GY is the grain yield produced, ETc is the evapotranspiration in the growing season.

Total seed weight was calculated by separating 1000 seeds from the seed lot of individual plots and weighing them
on a precise digital scale. Grain yield, initially measured in kg m™2 was estimated from the two central rows and later
converted to kg ha™'. Additionally, nitrogen use efficiency (NUE) was computed by dividing the grain yield by the
rate of nitrogen application, drawing upon established methodologies referenced in previous studies [13, 21, 39].

NUE (kg kg™") = GY/ Total N supplied 3)

Nitrogen content (%) was determined using the Kjeldahl method [27]. The obtained nitrogen % was further mul-
tiplied by a protein factor of 6.25 to obtain grain protein.

Shoot dry weight (g) was determined by collecting above-ground plant biomass, cleaning them, and oven-drying
until a constant weight. Root dry weight (g) was assessed by excavating and cleaning below-ground roots, followed
by the same drying process. The root-to-shoot ratio (%) was calculated by dividing root dry weight by shoot dry
weight and multiplying by 100.

2.4 Economic analysis

Economic analysis in terms of net return and benefit-cost ratio calculations was done according to procedures
defined by Fawad et al. [17], where:

Net return = Gross return — Total production cost (4)

. Net return
Benefit cost ratio = - (5)
Total production cost

2.5 Soil analysis

Before planting, soil samples were collected from a 5-15 cm depth using a soil auger to analyze various physi-
ochemical properties. Once gathered, these samples were oven-dried and finely ground to assess factors such as soil
texture, pH, moisture, bulk density, electrical conductivity, organic matter, organic carbon, and the concentrations
of nitrogen, phosphorus, and potassium. The soil texture was determined using Foth’s method [18], while pH and
electrical conductivity were measured according to NMSU procedures [22]. Additionally, the proportions of sand, silt,
and clay were estimated by employing different sieves and using a hydrometer to track settling rates, as described
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in Alexander [3]. The wet oxidation method of Walkley and Black [62] was used for analyzing organic matter and
carbon, and the Olsen extractant NaHCO; procedure [46] was applied to quantify the available N, P, and K contents.

2.6 Statistical data analysis

The data were analysed using analysis of variance (ANOVA) appropriate for a split-split plot design using Statistix version
9.0. When significance was achieved, mean differences were assessed using the Least Significant Difference (LSD) test at
a 5% probability level. Moreover, principal component analysis (PCA) of the measured attributes was performed using
OriginPro 2024 (Origin Lab Corporation, Northampton, MA, USA).

3 Results
3.1 Yield and yield attributes

Statistical data analysis revealed significant effects of planting densities and inputs on the yield and yield attributes
of maize, pearl millet and sorghum (Table 2). Among the cereals, pearl millet exhibited the highest leaf area (631 cm?)
compared to maize (573 cm?) and sorghum (517 cm?). Planting densities also had a notable effect, with the highest leaf
area (589 cm? each) recorded under D1 and D2 densities, while D3 had the lowest (548 cm?). Optimal inputs resulted in
higher leaf areas (609 c¢m?), whereas constrained inputs led to a decrease (538 cm?) (Table 2).

Ear/panicle per m? was highest for pearl millet (35), followed by sorghum (26) and maize (14). Across planting densities,
D2 and D3 recorded the highest ear/panicle count (26 each), whereas D1 had the lowest (21). Similarly, optimal inputs
resulted in a higher ear/panicle count (26), while constrained inputs led to a lower count (23).

For ear/panicle length, pearl millet recorded the highest value (19.6 cm), followed by sorghum (17.2 cm) and maize
(12.2 cm). Among planting densities, D2 and D3 showed longer ear/panicle lengths (17.1 and 16.5 cm, respectively),
while the shortest length was observed at D1 (15.3 cm). No significant effect of input levels was found for ear/panicle
length (Table 2).

Cereal types also significantly differed in ear/panicle weight, with maize producing the heaviest ears (121 g), followed
by sorghum (98 g) and pearl millet (41 g). Among planting densities, D2 resulted in the highest weight (91 g), followed
by D1 (86 g) and D3 (83 g), with the latter two being statistically similar. Optimum inputs increased ear/panicle weight
(88 g) compared to constrained inputs (85 g) (Table 2).

Laebnlse'tz'esEzfrfccjt'r?:)pir:;ng Treatments Leaf area (cm?) Ear/panicle  Ear/panicle Ear/panicle SPAD value
iti inpu 2 .
m length (cm weight
growth and yield attributes of gth (cm) ght(9)
summer cereals Summer cereals (C)
Maize 573 14¢ 12.2¢ 1212 36
Pearl millet 6312 35° 19.6° 41°¢ 36
Sorghum 517¢ 26° 17.2° 98° 36
LSD 405 9 1 0.9 4 ns
Planting densities (P)
D1 589° 21° 15.3° 86° 35P
D2 585° 26° 17.12 912 382
D3 548° 26 16.5% 83P 35P
LSD(g05) 5 1 13 3 12
Inputs (1)
Optimum 609? 26° 16.8 88? 40°
Constrained 538° 23° 15.9 85P 32b
LSD(g05) 3 2 ns 2 2

Means followed by different letters are significantly different and ns represent non-significant data at
p<0.05
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SPAD values were not significantly different among the cereals. However, planting densities influenced SPAD values,
with the highest observed at D2 (38), followed by D1 and D3 (35 each). Optimal inputs produced the highest SPAD value
(40), whereas constrained inputs resulted in the lowest (32) (Table 2).

Interaction effects between planting densities and input levels revealed notable differences in leaf area, ear/panicle
count, and ear/panicle weight (Fig. 1a-c). Pearl millet exhibited the highest leaf area when planted at D1 under optimal
input conditions, which was statistically similar to maize grown at D2 with optimal inputs (Fig. 1a).

For ear/panicle count, pearl millet achieved the highest values at D2 and D3 under optimal input conditions (Fig. 1b).
Similarly, maize at D2 with optimal inputs resulted in the heaviest ears/panicles (Fig. 1c). Regarding SPAD values, no sig-
nificant interaction effects were observed across different planting densities when optimal inputs were supplied (Fig. 2a).

3.2 Yield and yield-related traits

Statistical analysis showed a significant effect of planting densities and input levels on the yield and yield-related traits
of three summer cereals (Table 3). Maize and sorghum required more days to reach maturity (110 days) compared

Fig. 1 Planned mean com- ab a EDI1 mD2 @D3 a)
parison of the applied factors 700 1 o4 \
on a leaf area, b ear/panicle 600 -
m~2 and c ear/panicle weight _ gh gh
of summer cereals. Data are NE 500 j
presented as mean +stand- =
ard deviation. Different small § 400
letters on the bars indicate s
S
significant differences at 3300
p<0.05 =
200 +
100
Maize Pearl millet Sorghum Maize Pearl millet Sorghum
Optimum Constrained
130 o a a b)

110 +

Ear/Panicle m2
W (9, ~J O
S 38 3 3

—
(=)

Pearl millet Sorghum Pearl millet Sorghum

Optimum Constrained

140 4 c)
120
100 4
80 1
60 1
40 |

20 A

Ear/Panicle weight (g)

Pearl millet Sorghum Pearl millet Sorghum

Optimum Constrained
(Cerealsxplanting densitiesx inputs)
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Different small letters on the 53 15 1
bars indicate significant differ- .
ences at p<0.05 10 1 1
5 1 .
0 -
Maize Pearl millet Sorghum Maize Pearl millet Sorghum
Optimum Constrained
140 -
2 ab b a 1 b)
=120 c cd © ¢ cd ¢
= 1
§100 . gh f-h ! hi fg f
Z 80 1 |
> 1
S 60 1 !
=
£ 40 |
14 1
7 20 A i
A |
0
Pearl millet Sorghum Pearl millet Sorghum
Optimum Constrained
280y a @
260 o i C)

Pearl millet Sorghum Pearl millet Sorghum

Optimum Constrained
(Cerealsxplanting densitiesx inputs)

to pearl millet (93 days). However, planting density had no significant effect on maturity duration. Inputs influenced
harvest maturity, with crops maturing later under optimal input conditions (107 days) compared to constrained
inputs (105 days) (Table 3).

Thousand seed weight (TSW) was highest for maize (213 g), followed by sorghum (24 g) and pearl millet (11 g).
Among planting densities, D1 and D2 recorded the highest and statistically similar TSW values (82 and 89 g, respec-
tively), while D3 resulted in the lowest (77 g). Optimum inputs led to a higher TSW (88 g) compared to constrained
inputs (77 g), but this difference was not statistically significant (Table 3).

Grain yield varied significantly among the cereals, with maize producing the highest yield (2695 kg ha™"), followed
by sorghum (2195 kg ha™') and pearl millet (2023 kg ha™'). Among planting densities, D2 resulted in the highest
yield (2434 kg ha™"), while D1 recorded the lowest (2167 kg ha™"). Grain yield was also influenced by input levels,
with optimal input application yielding 2467 kg ha™' compared to 2142 kg ha™' under constrained inputs (Table 3).
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Lae':'; ;efgﬁétiggsi‘;rgr']”zeld Treatments DHM TSW (g) GY (kg ha™") WUE (kg m™2) NUE (kg kg~)
attributes of summer cereals Summer cereals (C)
Maize 110° 2132 2695° 5.01° 19.40
Pearl millet 93° 11¢ 2023¢ 5.60° 15.7¢
Sorghum 110 240 2195° 5.93? 17.2%
LSD(o05) 1 12 116 0.24 0.8
Planting densities (P)
D1 105 82 2167¢ 5.07° 16.2°
D2 105 89° 2434 5.86 18.4°
D3 105 77° 2312¢ 5.61° 17.6°
LSD(g05) ns 7 116 0.24 0.8
Inputs (1)
Optimum 1072 88? 2467° 5.27° 14.8°
Constrained 105° 77° 2142° 5.77° 20.1°
LSDo.05) 1 15 94 0.21 0.7

Means followed by different letters are significantly different, and ns represent non-significant data at
p<0.05. Days to harvest maturity presented as DHM, thousand seed weight is TSW, grain yield is GY, water
use efficiency is WUE, and nitrogen use efficiency is NUE

Water use efficiency (WUE) varied among cereals, with sorghum exhibiting the highest WUE (5.93 kg m™). Planting
densities significantly affected WUE, with D2 recording the highest efficiency (5.86 kg m™2) compared to D1 (5.07 kg m™).
Interestingly, constrained inputs led to higher WUE (5.77 kg m~2) than optimal inputs (5.27 kg m~2) (Table 3).

Nitrogen use efficiency (NUE) was highest in maize (19.4 kg kg™"), followed by sorghum and pearl millet. NUE was
influenced by planting densities, with D2 and D3 showing the highest values (18.4 and 17.6 kg kg™', respectively). Con-
trary to expectations, constrained inputs resulted in higher NUE (20.1 kg kg™'), whereas optimal inputs led to a lower
NUE (14.8 kg kg™") (Table 3).

Interaction effects between planting densities and input levels highlighted key trends in yield and efficiency param-
eters (Figs. 2b, 3c). Delayed maturity was observed in maize under optimal input conditions (Fig. 2b).

For thousand seed weight, maize exhibited heavier grains at D1 and D2 when inputs were supplied optimally (Fig. 2c).
Similarly, maize at D2 with optimum inputs achieved the highest grain yield (Fig. 3a).

In terms of NUE, maize and sorghum had higher NUE values compared to millet when planting density was maintained
at D3 under constrained input supply (Fig. 3b). Additionally, a significant correlation was observed between NUE and
grain yield, indicating that an increase in NUE resulted in a proportional increase in grain yield. Conversely, the relation-
ship between WUE and grain yield appeared weaker (Fig. 3c).

3.3 Grain quality

Planting densities and inputs significantly influenced the grain protein and carbohydrate content of the three summer
cereals (Table 4). Among cereals, sorghum had the highest grain protein content (9.4%), followed by pearl millet (9.1%)
and maize (7.9%). Higher protein content was observed at D2 planting density (9.4%), whereas the lowest was recorded
for D3 (8.1%). Regarding inputs, optimal input application resulted in a higher protein content (9.1%) compared to
constrained conditions (8.5%). The interaction effects showed that sorghum maintained the highest protein content
regardless of input levels and planting densities (Fig. 4a).

For grain carbohydrate content, sorghum and pearl millet exhibited statistically similar values (72.4 and 72.8%, respec-
tively), which were significantly higher than maize (7.9 g). D1 and D2 planting densities resulted in the highest carbohy-
drate content (72.8 and 72.1%, respectively), whereas D3 recorded the lowest (68.2%). Optimal input application resulted
in a higher carbohydrate content (74.0%), while constrained inputs led to a lower carbohydrate content (68.1%). Notably,
sorghum maintained the highest carbohydrate content even under constrained input conditions, while maize and pearl
millet exhibited declines (Fig. 4b).
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3.4 Dry matter partitioning

Planting densities and inputs significantly influenced the dry weights of three summer cereals (Table 4). Pearl mil-
let produced the highest (9.8 g) root dry weight (RDW) among cereals, surpassing RDW produced by maize (4.8 g)
and sorghum (8.5 g). The effect of planting densities was also prominent, with D1 producing higher RDW (8.2 g) as
compared to D2 (7.8 g) and D3 (7.2 g). The application of inputs showed that a limited supply of resources resulted
in higher RDW (8.7 g) compared to optimal input supply (6.7 g).

Shoot dry weight (SDW) varied significantly, with pearl millet producing the highest value (145.9 g), followed
by sorghum (116.8 g) and maize (114.4 g). Maximum SDW was obtained at D1 (132 g), whereas lower values were
recorded at D3 (117.6 g). A significant disparity in SDW was observed with different input levels, as optimal input
application resulted in higher SDW (134.1 g), whereas constrained inputs led to lower SDW (117.3 g). Pearl millet had
the highest SDW under optimal input supply, while its RDW was highest under constrained conditions (Fig. 5a, b).

@ Discover



Research

Discover Agriculture (2025) 3:116 | https://doi.org/10.1007/544279-025-00249-w
Tablg 4 Effect. of planting Treatments GPC (%) GCC (%) RDW (g) SDW (g) R/S ratio
densities and inputs on
quality and dry weight of Summer cereals (C)
summer cereals Maize 7.9¢ 69.0° 48° 114.4¢ 45¢
Pearl millet 9.1b 72.8° 9.8° 145.9? 6.7°
Sorghum 9.4 7242 8.50 116.8° 7.32
LSD(o05) 03 1.9 0.04 1.3 0.09
Planting densities (P)
D1 8.9° 72.8° 8.2 132.0° 6.2
D2 9.4 72.1° 7.8° 127.6° 6.2
D3 8.1¢ 68.2° 7.2¢ 117.6° 6.1°
LSD(g05) 03 1.1 0.02 0.6 0.04
Inputs (1)
Optimum 9.1 74.0° 6.7° 134.12 5.0°
Constrained 8.5> 68.1° 8.7° 117.3b 7.32
LSDo.05) 0.4 17 0.02 0.10 0.08

Means followed by different letters are significantly different, and ns represent non-significant data
at p<0.05. The grain protein content is presented as GPC, grain carbohydrate content as GCC, root dry
weight as RDW, shoot dry weight as SDW, and the root-to-shoot ratio as R/S ratio
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bars indicate significant differ-
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Summer cereals differed significantly in the root-to-shoot ratio (R/S ratio), with sorghum recording the highest value
(7). The R/S ratio was higher at D2 (5.86), while D1 (5.07) recorded the lowest value. Finally, the highest R/S ratio (7.3) was
obtained under constrained input conditions, whereas a lower ratio (5.0) was observed under optimal inputs. Sorghum
consistently maintained the highest R/S ratio under constrained input conditions (Fig. 5¢).

3.5 Principal component analysis
Principal component analysis was performed for all the applied factors of the experiment to check the individual
effects and relationships between the attributes studied (Fig. 6). It was revealed that thousand-grain weight, SPAD

value and grain yield were more associated with maize crops while WUE, grain protein, and carbohydrate content
were more related to sorghum crops. Lastly, pearl millet showed a closer association with shoot dry weight, leaf area,
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Fig. 6 Principal component
analysis showing association
of evaluated parameters with
three cereals (a), planting
densities (b) and inputs
applied (c). E/P is ear/panicle
length, LA is Leaf area, GPC is
Grain protein content, DHM

is Days to harvest maturity,
GY is Grain yield, ShootDW

is shoot dry weight, TSW is
Thousand seed weight, E/Pm?
is Ear/panicle m?, E/Pweight
is Ear/panicle weight, NUE is
Nitrogen use efficiency, WUE
is water use efficiency, RSratio
is Root-to-shoot ratio and
rootDW is root dry weight
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ear/panicle weight, ear/panicle length and root dry weight, which was more related to pearl millet crop. Among
planting densities, all the attributes studied were more associated with D2 except ear/panicle m™? and days to har-
vest maturity which showed more association with D3 and D1, respectively. The inputs applied significantly affected
various attributes with NUE, WUE, root dry weight and root shoot ratio showing more association with constrained
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inputs. On the other hand, attributes such as ear/panicle weight, ear/panicle m™2, thousand-grain weight, grain yield,
protein and carbohydrate content showed more association with the optimum application of inputs.

3.6 Economic analysis

Economic analysis was conducted to determine the best treatment combination economically feasible for farmers to
adapt to changing climatic and financial orders. It was revealed that gross return was the highest (858.0) for sorghum
crops when planting density was kept at D2, and the supplied inputs were optimum while the net benefit was highest
when the density of sorghum crops was kept at D3, and the inputs were constrained (711.6). Similarly, this combination
recorded the highest benefit—cost ratio among all the combinations (5.9) as stated in Table 5.

4 Discussion

A comparative assessment of crops is crucial for resource allocation in the face of climate change [32, 35, 57, 61, 63]. With
global cereal production set to rise to meet increasing food demands, evaluating environmental impacts, i.e. water foot-
print and greenhouse gas emissions, is critical. Maize production is more vulnerable to resource changes than sorghum
and millet [28]. Projections indicate that maize yields could decline by around 30% by 2030 in southern Africa, whereas
sorghum yields are expected to decrease by only about 2% [33]. Research shows that sorghum is the fifth most important
cereal worldwide, thriving in arid and semi-arid regions due to its drought and heat resilience [59].This study compared
maize, pearl millet, and sorghum under varying planting densities and inputs (water and fertilizer) and found significant
effects on yield and related traits. Notably, pearl millet exhibited the highest leaf area and ear/panicle per square meter,
with D1 and D2 densities producing higher leaf area and D2 and D3 densities yielding greater ear/panicle numbers. The
differences in physiological parameters are due to crop differences and adaptation to environmental conditions [5, 36].

Optimum inputs increased leaf area and ear/panicle density, with pearl millet having the longest ears and maize the
heaviest. D2 planting and optimal conditions resulted in higher ear weights and improved thousand seed weight. Under
limited input conditions, pearl millet and sorghum matured earlier, enabling farmers to prepare the land sooner for the
next crop. In contrast, optimal input levels combined with D2 planting significantly enhanced overall yields. As per our
findings, maize produced the highest yield, but it did not stay stable under constrained inputs compared to pearl millet
and sorghum. Sorghum and millets tend to perform better in arid conditions compared to maize because their root sys-
tems are deeper and more fibrous, allowing them to access moisture from deeper soil layers, while their smaller leaf area
and thicker, waxy cuticles reduce water loss through transpiration [14, 15]. Maman et al. [38] also reported that sorghum
produced stable yield under drought stress. Similarly, Matsuura et al. [37] reported that pearl millet and sorghum showed
less reduction in relative growth rate and net assimilation rate under drought conditions compared to maize. Liben et al.
[31] also stated that sorghum is more economical in terms of nitrogen requirement than maize. Therefore, substituting
maize with small grains has been suggested as a viable adaptation strategy in response to climate variability [33].

Sorghum exhibited the highest WUE, while maize had the highest NUE. These efficiencies of the cereals were improved
when the inputs supplied were limited. Hasan et al. [20] concluded that PIP1,5 and PIP2;3 genes are highly responsive in
sorghum compared to maize during water stress that maintains higher WUE in sorghum plants than maize. The increased
root surface area and length density facilitate higher uptake rates by reducing the distance water must travel from the
soil to the plant’s vascular system. Upregulation of water channel proteins (aquaporins) further supports efficient water
transport across cell membranes in sorghum [26]. The higher NUE of maize is due to its ability to recover applied fertiliser
N efficiently in its aboveground biomass [4]. Maize also expresses a suite of high-affinity nitrate and ammonium transport-
ers that enable efficient acquisition of nitrogen from the soil [10]. Once absorbed, enzymes such as nitrate reductase and
glutamine synthetase operate at high activity levels in maize leaves, rapidly converting inorganic nitrogen into amino
acids and proteins essential for growth and grain filling [44]. Optimal planting densities have been identified for each
crop, with specific densities leading to maximum yield and growth parameters. For example, planting densities of 50,000
to 70,000 plants ha~" in maize have been shown to produce the best cob length, grain weight, and overall yield [30].
Similarly, in sorghum, higher crop densities of over 7.5 plants m~2 have been found to suppress weed growth effectively
and minimise yield losses in the study of Wang et al. [64].

Sorghum exhibited the highest grain protein content, while D2 resulted in the highest grain protein content among
planting densities. Optimal inputs led to higher protein content compared to constrained inputs. Carbohydrate con-
tent was similar for sorghum and pearl millet, surpassing that of maize. D1 and D2 planting densities yielded higher
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carbohydrate content. Rajalakshmi et al. [52] reported that the nutritional value of pearl millet and sorghum is higher
than maize, which their proximate analysis can justify. Pearl millet exhibited the highest RDW and SDW. Compared to
maize, pearl millet has a greater capacity for dry matter accumulation, especially under drought conditions [23]. Pearl
millet can extend its roots during periods of limited resources, allowing it to access further away resources, which
results in higher root length and biomass. Limited resource availability led to a higher RDW compared to optimal
resource supply. When resources, i.e. water and nutrients, are scarce, plants invest more in root growth to explore a
larger soil volume [11], enhancing their ability to capture these limited inputs. Hormonal signals, including increased
levels of abscisic acid under stress, further promote root elongation and branching [25]. Sorghum demonstrated the
highest root-to-shoot ratio (R/S ratio), with D2 showing the highest ratio. Constrained inputs resulted in a higher R/S
ratio compared to optimal inputs. Under constrained inputs, shoot growth is reduced while root growth expands,
enhancing the plant’s ability to absorb water and nutrients. Consequently, a higher R/S ratio is observed in plants
experiencing severe drought conditions [45].

Economic analysis revealed the performance of all crops under various treatment combinations to explore the
most economically viable option for adaptation. Sorghum under normal planting density and limited inputs reported
higher net returns and benefit-cost ratios than other combinations. In India, sorghum is a major coarse cereal crop
with a strong history of high production and yields, making it a financially appealing choice for farmers [53]. Genetic
enhancement studies on sorghum and millet have revealed high rates of return on research investments, ranging
from 54 to 76% annually, underscoring the economic advantages of these crops [49]. Furthermore, improvements in
sorghum processing and market connections have boosted farm incomes and established sustainable value chain
models, demonstrating the economic viability of sorghum cultivation [66]. These findings are significant for climate
change adaptation, especially in areas facing increased aridity, erratic rainfall, and higher temperatures. Sorghum
and pearl millet maintain stable yields under water stress and efficient water uptake, unlike maize, which is more
vulnerable to drought. Keeping in view the recent development and findings of our research, the cultivation of small
grain crops like pearl millet and sorghum is encouraged.

5 Conclusions

This study provides a comparative assessment of maize, pearl millet, and sorghum under different planting densi-
ties and input conditions, highlighting the adaptability and performance of these cereals in resource-constrained
environments. The results showed significant differences in yield characteristics, water use efficiency (WUE), and
nitrogen use efficiency (NUE) among the studied cereals. While maize had the highest yield and NUE under optimal
conditions, sorghum emerged as the most water-efficient crop, offering resilience in drought-prone regions. Pearl
millet showed remarkable adaptability by maintaining robust dry matter accumulation and shoot-root ratios under
constrained inputs. The economic analysis highlighted the superior cost-effectiveness of sorghum at high planting
densities and limited inputs, achieving the highest benefit-cost ratio. These results highlight the potential of sorghum
and pearl millet as sustainable alternatives to maize in regions facing climate variability and resource constraints.
Future research should investigate the long-term effects of input constraints on soil health and productivity while
integrating genetic advances to improve the resilience and nutritional profiles of these cereals. Policymakers and
farmers should consider adopting cropping strategies and input management adapted to local climatic and economic
conditions to ensure sustainable agricultural practices.
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