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Abstract

Weed infestation remains a major constraint to maize production in the Sudan Savanna of Nigeria,
necessitating sustainable and effective weed management strategies. This study evaluated the efficacy
of Calotropis procera leaf extract as a bioherbicide, applied alone and in combination with hoe weeding
and synthetic herbicides, on weed suppression, growth, and yield of maize at Bayero University Kano
(BUK) and ICRISAT Research Farm, Minjibir during the 2024 rainy season. The experiment was laid
outin arandomized complete block design with eleven weed control treatments which were replicated
three times. Data were collected on weed characters, maize growth parameters, yield components,
and grain yield. Weed control methods significantly influenced weed pressure, maize growth, and
yield at both locations. Hoe weeding at 3 and 6 weeks after sowing and pendimethalin followed by
nicosulfuron recorded the lowest weed density (66.7-73.0 plants m? at BUK) and dry weed biomass
(1,400-1,950 kg ha'), resulting in the highest weed control efficiency (up to 98.5% at Minjibir). These
treatments also produced taller plants (up to 232-241 cm at 12 WAS), higher grain yield (2.04-2.23
tha' at BUK and 0.92-0.95 t ha at Minjibir), and superior yield components compared with other
treatments. Integrated application of C. procera leaf extract (60-80%) with hoe weeding or early post-
emergence spraying significantly reduced weed infestation and improved maize growth and yield
relative to the weedy check, which consistently recorded the highest weed density (420-560 plants m)
and the lowest grain yield (0.12-0.50 t ha™'). The soils at both sites were sandy loam with low inherent
fertility, emphasizing the importance of effective weed suppression to reduce competition for limited
nutrients. Overall, the study demonstrates that C. procera leaf extract, particularly when integrated
with conventional weed control practices, offers a viable and eco-friendly option for improving maize
productivity in the Sudan Savanna agro-ecological zone of Nigeria.
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INTRODUCTION

Maize (Zea mays L.) is a major staple and economic crop
in sub-Saharan Africa, contributing significantly to food
security, livestock feed supply, and household income,
particularly in Nigeria’s Sudan Savanna agro-ecological
zone. Despite its importance, maize productivity in this
region remains below potential due largely to intense
weed pressure, low soil fertility, and erratic rainfall pat-
terns (FAO, 2023; Manyong et al., 2021). Among these
constraints, weed interference during the early growth
stages of maize constitutes the most severe limitation,
often resulting in yield losses exceeding 50% when con-
trol is inadequate (Saha et al, 2021; Falade et al., 2023).

Weed management in maize production systems of north-
ern Nigeria relies predominantly on synthetic herbicides
and repeated manual hoe weeding. While herbicides offer
effective and timely weed control, their excessive use has
generated concerns related to environmental contamina-
tion, human health risks, herbicide resistance, and de-
clining long-term efficacy (Boyd et al., 2022; Arasan, et
al., 2025). Manual weeding, although environmentally
benign, is labor-intensive, costly, and increasingly unsus-
tainable due to rural labor shortages and rising wage rates
(Alptekin et al.,2022). These challenges highlight the need
for alternative weed management options that are effec-
tive, affordable, and environmentally sustainable.
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Plant-derived bioherbicides have emerged as promising
eco-friendly alternatives within integrated weed manage-
ment frameworks. Allelopathic plants release bioactive
compounds such as phenolics, alkaloids, flavonoids, and
terpenoids that suppress weed germination and growth
while posing minimal risks to non-target organisms and
soil health (Hussain et al., 2021; Patra et al., 2023). Calot-
ropis procera (Aiton) Dryand., commonly known as giant
milkweed, is widely distributed in the semi-arid regions
of Nigeria and thrives under harsh environmental condi-
tions. Its leaves contain a diverse range of phytochemicals
with documented phytotoxic and growth-inhibitory
properties against several weed species (Abbas et al., 2021;
Kaur et al., 2021). Despite these attributes and its abun-
dance in the Sudan Savanna, field-based information on
the efficacy of C. procera leaf extract as a bioherbicide in
maize production systems remains limited.

Moreover, the effectiveness of bioherbicides is strongly
influenced by soil properties, weed flora composition, and
integration with conventional weed control practices. Sandy
loam soils typical of the Sudan Savanna, characterized by low
organic matter and nutrient reserves, intensify crop-weed
competition and may affect the persistence and activity of
allelochemicals (Amao ef al., 2023; Garba and Aliyu, 2025).
Evaluating C. procera leaf extract under field conditions and
across locations is therefore essential to determine its practi-
cal suitability as a sustainable weed management option.
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The objective of this study was to evaluate the combined
effects of Calotropis proceraleaf-extract bioherbicide and
conventional weed control methods on weed dynamics,
maize growth, and yield components in the Sudan Sa-
vanna zone of Nigeria.

MATERIALS AND METHODS

Experimental Sites

Field experiments were conducted during the 2024 rainy
season at two locations in the Sudan savanna, Nigeria:
the Teaching and Research Farm, Bayero University
Kano (12°58" N, 8°25" E) and ICRISAT Research Farm,
Minjibir (12°10" N, 8°39" E; 444 m asl). Both sites have
sandy loam soils, unimodal rainfall, and typical Sudan
Savanna vegetation.

Treatments and Experimental Design

The experiment was laid out in a Randomized Com-
plete Block Design (RCBD) with eleven weed control
treatments replicated three times. Treatments included
combinations of synthetic herbicides, Calotropis procera
leaf-extract bioherbicide, and manual hoeing:

T1: Pendimethalin @ 1.0kga.i. ha" fb hoe weedingat 6 WAS
T2: PE Calotropisleaf extract @ 60% fb hoe weeding at 6 WAS
T3: Hoe weeding at 3 and 6 WAS

T4: PE Calotropisleaf extract @ 80% fb hoe weeding at 6 WAS
T5: PE Calotropisleaf extract @ 40% tb hoe weeding at 6 WAS

T6: PE Calotropis leaf extract @ 40% tb EPE Calotropis
extract @ 40%

T7: PE Calotropis leaf extract @ 60% fb EPE Calotropis
extract @ 60%

T8: Pendimethalin @ 1.0 kg a.i. ha™ fb Nicosulfuron @ 100
gai ha'at6 WAS

T9: PE Calotropis leaf extract @ 80% tb EPE Calotropis
extract @ 80%

T10: PE Calotropis leaf extract @ 80% only
T11: Weedy check (control)

Plot management and agronomic practices

The experimental fields were cleared, ploughed, har-
rowed, and ridged at 0.75 m spacing prior to planting.
Maize (SAMMAZ-52) was sown at an inter- and intra-
row spacing of 0.75 m x 0.25 m, with two seeds planted
per hole and later thinned to one plant per stand. Fertil-
izer was applied at the rate of 120 kg N, 60 kg P,Os, and
60 kg K,O ha'', with half of the nitrogen and the full
doses of phosphorus and potassium applied at 2 weeks
after sowing (WAS), and the remaining nitrogen applied
at 4 WAS. Weed control practices were implemented
strictly according to the respective treatment schedules.
Each gross plot measured 3.0 m x 4.5 m, and data were
collected from the two central rows (4.5 m2), which con-
stituted the net plot area. Harvesting was carried out at
physiological maturity, after which cobs were manually
harvested, de-husked, sun-dried, shelled, and weighed
for grain yield determination.
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Preparation and phytochemical analysis of Calot-
ropis procera leaf extract

Fresh, disease-free leaves were air-dried, milled, and
sieved (0.09 mm). One kilogram of powder was soaked
in 10 L distilled water for 24 h to obtain a 100% stock
solution; working solutions (80%, 60%, 40%) were pre-
pared by dilution. Phytochemical characterization was
conducted at Bayero University Biochemistry Laboratory
using GC-MS following high-performance thin-layer
chromatography (Sahira and Catherine, 2015).

Data collection, soil, and meteorological monitoring

Data were collected on weed and crop parameters using
standard agronomic protocols. Weed-related measure-
ments included weed morphological composition, weed
cover score, weed density, weed biomass, and weed
control efficiency. Crop growth parameters assessed
comprised plant height, number of leaves per plant, and
number of nodes per plant. Yield and yield-related traits
measured included cob diameter, cob length, fresh cob
weight, cob dry weight, biological yield, harvest index,
100-seed weight, and grain yield.

Soil samples (0-30 cm) were collected pre-sowing and
analyzed for physical and chemical properties (Black,
1965). Meteorological data including rainfall, tempera-
ture, and relative humidity were obtained from auto-
mated weather stations at both sites.

RESULTS AND DISCUSSION
Soil physicochemical properties

Baseline soil conditions (Pre-planting)

At baseline both sites were loamy sand with very high
sand content (>80 %) and low fine fractions, indicating
inherently poor nutrient- and water-holding capacity
(Table 1). Soil reaction was near neutral at BUK (pH
H,O= 6.77) and slightly acidic at Minjibir (pH H,O =
6.03), ranges broadly suitable for maize but with limited
buffering capacity. Crucially, baseline organic carbon
(0.733% at BUK; 0.369% at Minjibir), total N (0.224% and
0.140%), available P (9.52 and 17.16 mg kg"') and CEC
(5.31 and 2.27 cmol kg') were low, signalling low native
tertility typical of Sudan Savanna sandy soils and a high
risk of rapid nutrient depletion under cropping (NISS
report; Eneji et al.; see Kebede-type reviews). Low CEC
and OC imply the soils cannot retain added nutrients
long-term and are prone to leaching and decline in fertil-
ity if not replenished (NISS, 2020; Usman and Jayeobaet,
2025). These baseline constraints set the context for inter-
preting treatment effects on crop growth and economics:
in such fragile soils, any additional nutrient removal by
weeds or loss via leaching will quickly depress yields.

End-line soil conditions (Post-harvest)

After the season most chemical indicators declined at
both sites (Table 1): pH, organic carbon, N and available
P all fell (BUK OC 0.733 - 0.558%; N 0.224 > 0.169%;
P 9.52 5> 6.33 mg kg'; similar proportional declines at
Minjibir). CEC also declined (BUK 5.31 > 4.07 cmol kg’
1), consistent with loss of exchangeable bases and organic
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Table 1: Physical and chemical properties of soils of the
experimental sites during 2024 rainy season

Properties BUK MINJIBIR
Baseline ‘ Endline | Baseline ‘ End line
Particle size distributism (g kg’)
Sand 810 770 870 850
Silt 150 190 70 90
Clay 50 40 60 60
T Loamy Loamy Loamy Loamy
extural class

sand sand sand sand
Chemical Composition
pH (H,O) 6.77 6.54 6.030 5.690
pH (CaCl)) 6.12 5.02 5.450 5.110
EC (dsm™) 0.084 0.112 0.044 0.026
0.C (%) 0.733 0.558 0.369 0.235
P (mgkg") 9.520 6.332 17.2 12.8
N (%) 0.224 0.169 0.140 0.084
Exchangeable base (cmol kg)
Ca 3.671 2.136 1.138 0.943
Mg 1.719 1.211 0.830 0.632
K 0.240 0.150 0.067 0.076
Na 0.119 0.244 0.069 0.059
E.A 0.167 0.334 0.167 0.334
CEC 5.314 4.072 2.271 2.043

matter. These end-line depletions are explainable by the
combined effects of: (a) crop and weed uptake of N, P
and K during the season; (b) limited nutrient retention
and leaching on coarse textured soils; and (c) possible
removal of biomass (harvested grain, removed weed
biomass) without full nutrient recycling (Sneha et al.,
2023; NISS, 2020; Usman and Jayeobaet, 2025). Where
weeds were abundant (weedy plots), competitive uptake
by weeds likely accentuated nutrient removal, reducing
soil test values post-harvest more than in well-weeded
plots a pattern reported widely.

A few parameters rose slightly: exchangeable sodium and
exchangeable acidity increased at BUK, and at Minjibir
potassium, exchangeable acidity and silt fraction showed
smallincreases while clay remained unchanged. Smallin-
creases in exchangeable Na or EA can reflect selective cat-
ion exchange following base depletion or inputs (fertilizer
salts, irrigation water chemistry) and warrant monitoring
because rising sodicity/acidification can harm structure
and nutrientavailability over time (Usman and Jayeobaet,
2025). The overall message: one cropping season in these
loamy-sand savanna soils produced measurable declines
in fertility, highlighting the vulnerability of the system
and the need for post-season soil management (organic
amendments, appropriate fertilizer, and erosion control).

Phytochemical profile of Calotropis procera Leaf
Extract- implications for bioherbicide use

The leaf extract contained a broad spectrum of second-
ary metabolites (saponins, tannins, flavonoids, alkaloids,
terpenoids, phenols, glycosides, quinones, coumarins) and,
quantitatively, phenols (488 mg g') and alkaloids (413 mg
g') were most abundant, followed by tannins and flavo-
noids; saponins were lowest (Table 2). This composition is
consistent with recent GC-MS and phytochemical surveys
of C. procera showing high phenolic and alkaloid contents
and multiple bioactive constituents (Endris et al., 2024;
Habeeb et al., 2024). Phenolics and alkaloids are well-doc-
umented allelochemicals that can inhibit weed germination,
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root growth and enzyme systems; tannins and flavonoids
likewise contribute to phytotoxic and antimicrobial activity
(Khamare et al., 2022; Endris et al., 2024).

However, field efficacy of plant extracts can be vari-
able. Laboratory studies commonly demonstrate strong
inhibitory effects, but field performance depends on
concentration, formulation, timing, soil interactions,
and environmental degradation (water, UV, microbial
breakdown) (Fatonah et al., 2020; Zhang et al., 2025).
Notably, some studies report that concentrated C. procera
extracts can also inhibit crop germination or early growth
if misapplied (Aqueous extract studies, 2022), so dose op-
timization and selective application timing are essential.

Morphological composition of weeds

Table 3 shows the morphological composition of weeds
as influenced by weed control methods. Result reveal that
weed control methods significantly 6 influenced broad-
leaves, grasses, and sedges at both BUK and Minjibir during
the 2024 rainy season. Across locations, the weedy check
(T11) consistently recorded the highest densities of all weed
groups, confirming the severe weed pressure and domi-
nance of mixed weed flora under unmanaged conditions.

At BUK, broadleaf weed density ranged from 8.66-104
plants m™. The lowest broadleaf counts were recorded
under T3 (hoe weeding at 3 and 6 WAS) and T8 (pendi-
methalin at 1.0 kg a.i. ha fb nicosulfuron 100 g a.i. ha™'),
which were statistically similar to other integrated treat-
ments (T1, T2, T4, and T7) but significantly lower than
the weedy check and extract-alone treatment (T10). The
high broadleaf density under T10 (74.3 plants m?) indi-
cates that pre-emergence Calotropis extractapplied alone
was insufficient for sustained broadleaf suppression, par-
ticularly under high weed pressure. At Minjibir, a similar
pattern was observed, with T1, T3, and T8 producing
the lowest broadleaf densities (<9 plants m™), while the
weedy check recorded 92.7 plants m™. This highlights
the effectiveness of integrated chemical-mechanical or
chemical-chemical approaches in suppressing broadleaf
weeds compared with sole reliance on botanical extracts.

Grass weed density was significantly affected at both sites.
At BUK, grasses were lowest under T3 and T8, reflecting
the effectiveness of timely hoe weeding and nicosulfuron,
agrass-specific post-emergence herbicide. In contrast, T10
and T11recorded veryhigh grass populations (146 and 192
plants m?, respectively), showing that grasses were poorly
controlled when Calotropis extract was used alone or when

Table 2: Phytochemical analysis of giant milk weed
(Calotropis procera) leaf extract

Phytochemical Analysis Present/Ab- | Concentration
(Qualitative Analysis) sent (mgg")
Saponins +ve 109
Tannins +ve 283
Phenol +ve -
Flavonoids +ve 131
Terpenoids +ve -
Alkaloids +ve 413
Cardiac Glycoside +ve -
Phenols +ve 488
Flavonones +ve -
Quinone +ve -
Coumarins +ve -
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weeds were left unchecked. At Minjibir, treatments T1,
T2, T3, T4, and T8 produced similarly low grass densi-
ties, while T10 and T11 again showed significantly higher
grass infestation. This supports earlier findings that grasses
dominate maize fields in the Sudan savanna and require
either mechanical control or selective post-emergence
herbicides for effective suppression (Lavanya et al., 2023;
Sahoo et al., 2024; Shittu et al., 2025).

Sedge density followed trends similar to grasses and
broadleaves. At BUK, T8 recorded the lowest sedge
density (26.7 plants m?), significantly lower than most
Calotropis-based treatments, while T10 and T11 had the
highest sedge counts (>239 plants m?). At Minjibir, sedge
infestation was lowest under T8 (5.00 plants m™?), indi-
cating the strong efficacy of pendimethalin followed by
nicosulfuron against mixed weed flora, including sedges.
The relatively high sedge densities under Calotropis-
based treatments, particularly when not integrated with
hoe weeding or synthetic herbicides, suggest that sedges
are less sensitive to allelochemicals released by Calotropis
procera, a trend reported in other bioherbicide studies
(Hickman et al., 2023; Yadav et al., 2022; Marrone, 2024).
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Weed cover, density; biomass, and weed control efficiency

Table 4 shows that weed control treatments significantly
influenced weed cover score, weed density, weed dry
weight, and weed control efficiency (WCE) at both BUK
and Minjibir during the 2024 rainy season.

At BUK, weed cover scores ranged from 1.00 to 5.00. The
lowest weed cover (1.00) was recorded under T1 (pen-
dimethalin 1.0 kg a.i. ha’ + hoe weeding at 6 WAS) and
T8 (pendimethalin 1.0 kg a.iha’ + nicosulfuron at 100 g
a.iha™),which werestatistically similartoT2,T3,T4,and T9,
but significantly lower than T6, T7, T10,and T11. The high-
est weed cover under T11 (5.00) confirms the rapid canopy
occupation by weeds when no control is applied. At Minjibir,
a comparable trend was observed, with T1 and T8 record-
ing the lowest weed cover scores (1.00), while the weedy
check recorded the highest value (4.66). This indicates that
early-season weed suppression and follow-up control were
effective in minimizing weed ground cover across locations.

Weed density at BUK varied widely from 66.7 to 560 plants
m~. The lowest densities were recorded under T3 (hoe
weeding at 3 and 6 WAS) and T8, which were statistically
similar to T1 and T2, but significantlylower than the weedy

Table 3: Effect of weed control methods on morphological composition of weeds in maize at (BUK) and Minjibir

during 2024 rainy season

Treatments BUK MINJIBIR

Broad leaves Grasses Sedges Total Broad leaves Grasses Sedges Total
T1 19.3b 34.7b 45.0 c 99.0b 9.00d 18.0 ¢ 243 c 51.3 cd
T2 22.0b 28.3b 37.7c 88.0b 143 ¢ 11.0c 44.0c 69.3 cd
T3 8.66 b 15.3b 42.7 ¢ 66.7 b 8.33d 13.0c 253 ¢ 46.7 cd
T4 19.7b 40.7b 69.0 c 129b 163 ¢ 17.7 ¢ 44.0c 78.0 cd
T5 56.7 ab 53.0b 163 b 273 ab 17.7 ¢ 27.0 be 52.3c¢ 97.0 cd
T6 46.3 ab 61.0b 169 b 276 ab 48.0b 40.7 be 77.3 c 166 ¢
T7 36.7b 49.3b 130b 216 ab 46.7b 36.3 bc 63.0 ¢ 146 cd
T8 22.0b 243b 26.7d 73.0b 9.00d 14.7 c 5.00d 28.7d
T9 53.7 ab 46.0 b 126 b 225ab 27.7 be 28.7 bc 40.3 ¢ 96.6 cd
T10 74.3 ab 146 ab 239a 459 ab 39.3b 72.0b 144b 255b
T11 104 a 192 a 263 a 560 a 92.7 a 116 a 212a 421 a
P>F 0.002 0.004 0.003 0.007 0.0001 0.0001 0.0001 0.0001
SE+ 14.0 28.5 52.6 87.4 9.97 10.9 18.8 26.9

Table 4: Effect of weed control methods on weed cover score, weed density, weed dry weight, and weed control

efficiency in maize at BUK and Minjibir

Treat BUK MIN]JIBIR
nf:::t s | Weed cover Weed density] Weed dry | Weed control | Weed cover | Weed density Weed dry weight Weed control
Score (nm?) |weight (kg ha) efficiency (%) Score (nm?) (kgha') efficiency (%)

T1 1.00d 99.0b 1384 f 85.6a 1.00b 51.3de 203 e 91.0 ab
T2 1.66 d 88.0b 2483 def 63.1b 1.33b 69.3 de 296 e 89.4 ab
T3 1.33d 66.7b 1950 ef 75.5a 1.33b 46.7 de 176 de 91.0 ab
T4 1.33d 129b 1912 ef 78.6 a 1.33b 78.0 cde 840 cde 81.9bc
T5 2.33cd 273 ab 3367 cde 58.9b 2.00b 97.0 cde 1450 ¢ 70.6 cd
VTé6 3.33 bc 276 ab 4733 bc 312 ¢ 2.20b 166 ¢ 1643 ¢ 56.3¢
T7 3.00 be 216 ab 4050 bed 36.2 ¢ 1.66 b 146 cd 1517 ¢ 64.6 de
T8 1.00d 73.0b 1400 f 85.2a 1.00 b 28.7 ¢ 73 ¢ 98.5a

T9 1.66d 225 ab 2900 def 572 c 1.50 b 96.6 cde 1323 cd 75.8 bed
T10 3.66 b 459 ab 518b 253 ¢ 2.33b 255b 2767 b 442 f
T11 5.00a 560 a 6967 a 0.00d 4.66 a 421 a 5507 a 0.00g
P>F 0.001 0.007 0.001 0.001 0.001 0.001 0.001 0.001
SE + 0.443 120 590 5.78 0.415 32.8 389 5.50

Means followed by the same letter(s) are not significantly differently at 5 % level of probability using SNK.T1= Pendemethalin @1.0kg a.i ha''fellowed by
(FB) Hoe weeding on 6 weeks after sowing (WAS) , T2= Pre- emergence (PE) Calotropis leaf extract @ 60% fb Hoe weeding on 6 WAS , T3=Hoe weeding

at 3 and 6, T4= PE Calotropis leaf extract @ 80% fb Hoe weeding on 6 WAS,

T5= PE Calotropis leaf extract @ 40% fb Hoe weeding on 6 WAS, T6= PE

Calotropis leaf extract @ 40% fb early post- emergence( EPE) Calotropis leaf extract @ 40% , T7= PE Calotropis leaf extract @ 60% fb EPE Calotropis leaf
extract @ 60% , T8= Pendemethalin 1.0kg a.i ha fb Nicosulfurone 100g a.i ha' @ 6 WAS , T9= PE Calotropis leaf extract @ 80% fb EPE Calotropis leaf
extract @ 80%, T10= PE Calotropis leaf extract @ 80% alone, T11= control (weedy check).
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check. Treatments involving Calotropis extract alone (T10)
or extract-based programs without mechanical or chemi-
cal reinforcement (T6 and T7) recorded relatively high
weed densities. At Minjibir, T8 produced the lowest weed
density (28.7 plants m?), followed by T1 and T3, while T11
again recorded the highest density (421 plants m?). This
confirms the superior ability of integrated chemical-based
treatments to suppress weed emergence and establishment
under Sudan Savanna conditions.

Weed dry weight followed patterns similar to weed density.
At BUK, the lowest biomass was recorded under T1 (1384
kg ha') and T8 (1400 kg ha'), while the highest biomass
occurred in the weedy check (6967 kg ha™). Treatments
relying solely on Calotropis extract (T10) or sequential
botanical applications (T6 and T7) produced significantly
higher weed biomass, indicating partial rather than com-
plete suppression. At Minjibir, T8 again recorded the low-
est weed dry weight (73 kg ha), followed by T1 and T3,
while T11 produced the highest biomass (5507 kg ha™).
The drastic reduction in weed biomass under T8 highlights
the importance of combining residual pre-emergence her-
bicides with selective post-emergence control.

At BUK, the highest WCE values were observed under T1
(85.6%), T8 (85.2%), T4 (78.6%),and T3 (75.5%), all of which
were statistically superior to extract-only or poorly integrated
treatments. Conversely, T6, T7, T10, and T11 recorded low
to negligible efficiency, with the weedy check showing 0%
control. At Minjibir, T8 achieved the highest WCE (98.5%),
followed closely by T1, T2, and T3 (>89%), reflecting highly
effective weed suppression. The relatively lower WCE values
under T6, T7, and T10 further suggest that botanical bio-
herbicides alone may not provide season-long weed control,
especially against diverse weed flora. Across all parameters
and locations, the weedy check (T11) consistently recorded
the highest weed infestation and zero weed control efficiency,
clearly demonstrating the magnitude of weed interference in
maize under uncontrolled conditions.

The superior performance of T1 and T8 across both loca-
tions can be attributed to early weed suppression during

the critical weed-free period of maize, coupled with
sustained control through either mechanical weeding or
selective post-emergence herbicides. Early reduction in
weed cover and density limits weed—crop competition
for light, nutrients, and moisture, resulting in lower weed
biomass and higher weed control efficiency (Tataridas et
al., 2022; Adamic¢ Zamljen and Leskovsek, 2024).

The moderate performance of Calotropis-based treatments
when integrated with hoe weeding (T2, T4, T5) indicates
that plant-based bioherbicides can contribute meaningfully
to weed suppression, but their efficacy is often dose-depen-
dent and short-lived, requiring reinforcement through me-
chanical or chemical means (Scavo and Mauromicale, 2023;
Tursun et al., 2025). Poor performance under extract-only
treatments reflects the limited persistence and selectivity
of allelochemicals under field conditions, particularly in
sandy soils typical of the Sudan savanna.

Effect of Bioherbicide on Growth Parameters

Weed control methods significantly influenced maize
plant height at 8, 10, and 12 weeks after sowing (WAS)
at both BUK and Minjibir (Table 5). Across all sampling
periods and locations, the weedy check (T11) consistently
produced the shortest plants, highlighting the strong sup-
pressive effect of uncontrolled weed competition on maize
growth. At BUK, treatments T3 (hoe weeding at 3 and 6
WAS), T7 (PE Calotropis extract @ 60% followed by EPE @
60%), and T8 (pendimethalin 1.0 kg a.i. ha fb nicosulfu-
ron 100 ga.iha™) resulted in significantly taller plants at 8
WAS. Although differences among most weed-controlled
treatments were not significant at 10 WAS, the weedy
check remained inferior. By 12 WAS, T7 recorded the tall-
est plants, while T11 remained significantly shorter than
all other treatments. In Minjibir, a similar trend was ob-
served. At8 WAS, all weed control treatments significantly
improved plant height compared with the weedy check.
Treatment T3 produced the tallest plants at 10 WAS, while
T8 recorded the greatest plant height at 12 WAS. These
results indicate that both chemical and integrated weed
management strategies effectively reduced early weed
competition, allowing maize plants to attain greater height.

Table 5: Effect of Weed control methods on Plant height of Maize at BUK and Minjibir during 2024 rainy season

Treatment BUK | MINJIBIR
reatments Weeks after sowing (WAS)
8 10 12 8 10 12

T1 150 ab 171 a 221 ab 185a 193 ab 203 abc
T2 150 ab 170 a 221 ab 175 ab 185 bc 194 acd
T3 159 a 181 a 230 ab 189 a 198 a 205 ab
T4 147 ab 174 a 218 ab 183 a 194 ab 201 abc
T5 147 ab 167 a 215 ab 166 bc 180 ¢ 185 de
T6 144 ab 167 a 203 b 150d 166 d 171 f
T7 156 a 187 a 241 a 157 cd 169 d 183 e
T8 161 a 180 a 232 ab 188 a 195 ab 205a
T9 135 ab 159 a 200 ab 160 bed 179 ¢ 186 de
T10 134 ab 158 a 212 ab 138 e 154 e 163 f
T11 105b 125b 155 ¢ 96.9 f 121 f 136 ¢
Pof F 0.036 0.012 0.001 0.001 0.001 0.001
SE+ 13.9 13.1 10.7 5.47 3.80 3.85

Means followed by the same letter(s) are not significantly differently at 5% level of probability using SNK.T1= Pendemethalin @1.0kg a.i ha''fellowed by (FB)
Hoe weeding on 6 weeks after sowing (WAS) , T2= Pre- emergence (PE) Calotropis leaf extract @ 60% fb Hoe weeding on 6 WAS , T3=Hoe weeding at 3
and 6 WAS, T4= PE Calotropis leaf extract @ 80% fb Hoe weeding on 6 WAS , T5= PE Calotropis leaf extract @ 40% FB Hoe weeding on 6 WAS, T6= PE
Calotropis leaf extract @ 40% fb early post- emergence( EPE) Calotropis leaf extract @ 40% , T7= PE Calotropis leaf extract @ 60% fb EPE Calotropis leaf
extract @ 60% , T8= Pendemethalin 1.0 a.i kg ha™ fb Nicosulfurone 100g a.i ha' @ 6 WAS, T9= PE Calotropis leaf extract @ 80% fb EPE Calotropis leaf
extract @ 80%, T10= PE Calotropis leaf extract @ 80% alone, T11= control ( weedy check)
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Table 6 shows that the number of leaves per plant was
significantly affected by weed control methods at all sam-
pling periods in both locations, where the weedy check
consistently recorded the lowest number of leaves per
plant, reflecting reduced vegetative growth under severe
weed interference. At BUK, most weed control treatments
produced comparable leaf numbers at 8 WAS, with T8
recording the highest values at 10 and 12 WAS. The su-
periority of T8 suggests that the combined application of
pre- and post-emergence herbicides provided prolonged
weed suppression, promoting sustained leaf development.
At Minjibir, T1 and T3 produced higher leaf numbers at 8
WAS, while T3 consistently recorded the highest number
of leaves at 10 and 12 WAS. In contrast, the weedy check
recorded the least number of leaves at all stages. These
results demonstrate that timely and effective weed control
enhances canopy development by reducing competition for
light, nutrients, and soil moisture.

Weed control methods significantly influenced the number
of nodes per plant at all sampling periods in both locations
(Table 7). At BUK, T3 produced the highest number of
nodesat8and 10 WAS, while T1,T3,and T8 recorded supe-
rior values at 12 WAS. Similarly, at Minjibir, treatments T'1,
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T3, and T8 produced significantly more nodes at 8 WAS. At
10 WAS, T5 and T8 recorded higher node numbers, while
T3 produced the highest number of nodesat 12 WAS. These
findings suggest that both mechanical weed control and
integrated chemical approaches enhanced stem differentia-
tion and overall plant vigor. The weedy check consistently
produced the lowest number of nodes, indicating poor
structural development under weed pressure.

The significant improvement in plant height, number of
leaves, and number of nodes under effective weed control
treatments across both locations underscores the critical
role of early and sustained weed management in maize
production. Weeds compete aggressively with maize for
essential growth resources particularly nutrients, mois-
ture, and light during the early growth stages, which can
severely limit vegetative development ifleft uncontrolled.

Treatments involving integrated weed management,
such as pendimethalin followed by nicosulfuron (T8)
and Calotropis leaf extract combined with hoe weeding
or post-emergence applications (T3 and T7), consis-
tently enhanced growth parameters. These treatments
likely provided extended weed suppression, reduced
weed regrowth, and minimized crop-weed competition

Table 6: Effect of weed control methods on number ofleaves plant * of maize at BUK and Minjibir during 2024 rainy season

Treatment BUK | MINJIBIR
reatments Weeks after sowing (WAS)
8 10 12 8 10 12
T1 12.2a 12.8 ab 13.2 ab 123 a 13.3 ab 14.4 ab
T2 124 a 12.5ab 12.9 ab 11.0 abc 11.3 bed 12.4 bed
T3 129a 13.4 ab 14.0 ab 122 a 14.1a 152 a
T4 119a 12.4 ab 12.8 ab 9.53 cd 10.5 cd 11.5cd
T5 11.8a 12.2 ab 12.7 ab 11.7 ab 12.1 abc 13.1 abc
T6 115a 11.5 abc 12.2 ab 8.80 de 9.80 cd 10.8 cd
T7 12.2a 12.3 ab 12.4 ab 9.87 bed 10.9 bed 11.9 bed
T8 13.3a 13.7a 14.5a 11.1 abc 12.1 abc 13.1 bc
T9 8.87b 9.75d 11.7b 9.93 bed 10.9 cd 11.9cd
T10 10.9 ab 11.0 bed 114b 9.93cd 10.9 bed 11.9 cd
T11 8.93 ¢ 9.17d 8.6 ¢ 790 e 9.13d 10.1d
Pof F 0.001 0.001 0.001 0.001 0.001 0.001
SE+ 0.867 0.767 0.75 0.612 0.767 0.784
Table 7: Effect of weed control methods on number of nodes plant * of maize at BUK and Minjibir during 2024 rainy season
Treatments BUK ‘ MINJIBIR
Weeks after sowing (WAS)
8 10 12 8 10 12

T1 6.03 ab 7.96 ab 12.6a 5.33a 7.16 ab 12.4 abc
T2 5.50 bc 7.20 ¢ 11.6 bc 3.66 bc 7.25 ab 11.2 abc
T3 6.53a 830a 13.0a 5.83a 7.16 ab 13.5a
T4 5.46 bc 7.50 bc 11.8b 4.70 ab 7.00 ab 11.6 abc
T5 4.96 ¢ 6.53d 11.0 cd 4.00 ab 8.41 a 11.3 abc
T6 3.76d 576 e 9.17 f 2.75cd 5.75 ab 8.75 bed
T7 4.16d 6.06 de 10.0e 3.58 bc 7.16 ab 10.3 abc
T8 5.80b 8.33a 12.5a 5.56 a 8.08 a 12.8 ab
T9 4.33d 6.23 de 10.7d 3.83 bc 6.25 ab 8.25 bed
T10 2.86¢ 4.26f 827¢g 2.58 cd 4.58 bc 7.83 cd
T11 1.90 f 3.06¢ 497 h 1.75d 3.08 ¢ 5.17d
P of F 0.001 0.001 0.001 0.001 0.001 0.001
SE + 0.240 0.256 0.304 0.463 0.881 1.404

Means followed by the same letter(s) are not significantly differently at 5% level of probability using SNK. T1= Pendemethalin @1.0kg a.i ha''fellowed by (FB)
Hoe weeding on 6 weeks after sowing (WAS) , T2= Pre- emergence (PE) Calotropis leaf extract @ 60% fb Hoe weeding on 6 WAS , T3=Hoe weeding at 3
and 6 WAS, T4= PE Calotropis leaf extract @ 80% fb Hoe weeding on 6 WAS , T5= PE Calotropis leaf extract @ 40% fb Hoe weeding on 6 WAS, T6= PE
Calotropis leaf extract @ 40% fb early post- emergence( EPE) Calotropis leaf extract @ 40% , T7= PE Calotropis leaf extract @ 60% fb EPE Calotropis leaf
extract @ 60% , T8= Pendemethalin 1.0 kg a.i ha fb Nicosulfurone 100g a.i ha’ @ 6 WAS, T9= PE Calotropis leaf extract @ 80% fb EPE Calotropis leaf
extract @ 80%, T10= PE Calotropis leaf extract @ 80% alone, T11= control (weedy check).
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throughout the critical growth period of maize. Similar
findings have been reported, where integrated weed con-
trol strategies resulted in taller plants, increased leaf area,
and improved stem development due to better resource
availability (Adeyemi et al., 2021; Chikoye et al., 2022).

The superior performance ofhoe weeding at 3and 6 WAS
(T3) across most growth parameters confirms the effec-
tiveness of timely mechanical weed control, particularly
in smallholder systems. Mechanical weeding during the
critical weed-free period has been shown to enhance
maize vegetative growth by eliminating early weed com-
petition (Khan et al., 2020; Yusuf et al., 2023).

Furthermore, the promising performance of Calotropis
procera leaf extracts, especially when integrated with hoe
weeding or post-emergence applications, suggests their
potential as eco-friendly weed management options.
Botanical extracts have been reported to exhibit allelo-
pathic effects that suppress weed emergence and growth,
thereby improving crop performance (Abbas et al., 2021;
Mohammed and Abdullahi, 2024).

Conversely, the consistently poor growth observed in
the weedy check highlights the detrimental impact of
uncontrolled weeds on maize growth and development.
Reduced plant height, fewer leaves, and lower node num-
bers under weedy conditions reflect cumulative stress
effects that can ultimately translate into significant yield
losses, as widely documented in maize-based systems
(Chauhan, 2020; Olorunmaiye et al., 2022).

Effect of bioherbicide on Yield Components and
Yield of maize

Cob diameter, cob length, fresh and dry cob weight

Weed control methods significantly influenced cob
diameter, fresh cob weight, and dry cob weight at both
BUK and Minjibir during the 2024 rainy season, while
cob length showed location-specific responses (Table
8). At BUK, cob diameter was significantly enhanced by
T3 (hoe weeding at 3 and 6 WAS), which recorded the
widest cobs, followed by T5 and T8. Fresh and dry cob
weights were also markedly higher under effective weed
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control treatments, particularly T6 and T3, compared
with the weedy check, while con leght was not significant.
In contrast, T10 and T11 produced the narrowest and
lightest cobs, reflecting severe yield suppression under
poor weed management.

At Minjibir, T3 and T8 produced significantly larger cob
diameter and length, as well as higher fresh and dry cob
weights. The superiority of these treatments suggests that
sustained weed suppression during the critical growth
stages enhanced assimilate partitioning to the cob. The
consistently low cob weights recorded under T11 further
highlight the negative impact of weed-induced nutrientand
moisture depletion on cob development. The weedy check
(T11) consistently recorded the lowest values for all cob
attributes, confirming the adverse effect of uncontrolled
weed competition on reproductive development in maize.

Biological yield, harvest index, 100-Seed weight, and
grain yield

Allweed control methods significantly affected biological
yield, harvest index, 100-seed weight, and grain yield at
both locations (Table 9). Across locations, treatments T1,
T3, and T8 consistently recorded higher biological yields
and grain yields, while the weedy check (T11) produced
the lowest values. At BUK, T1, T3, and T8 recorded
the highest grain yields (2.0-2.3 t ha'), significantly
outperforming the weedy check. These treatments also
produced higher 100-seed weights, indicating improved
grain filling. Harvest index was highest under T4 and T8,
suggesting more efficient partitioning of biomass to grain
under effective weed control.

At Minjibir, T8 and T3 produced the highest biological
yields and grain yields, while T6, T10, and T11 recorded
markedly lower values. The lowest grain yield and
100-seed weight under the weedy check confirm that
prolonged weed competition reduced both sink size and
grain filling efficiency.

The observed improvements in cob traits, grain yield,
and yield components under effective weed control
treatments are closely linked to enhanced soil resource

Table 8: Effect of Weed Control Methods on Cob diameter, Cob length, Fresh cob weight and Dry cob weight of

Maize at BUK and Minjibir during 2024 rainy season

BUK Minjibir

Treatments| Cob diam- | Cob length | Fresh Cob |Cob dry weight|Cob diameter Cob length| Fresh Cob | Cob dry weight

eter (cm) (cm) weight (kg ha) (kgha) (cm) (cm) weight (kgha) (kgha?)
T1 8.20 ac 12.5 3048 ab 2976 a 8.27 ab 8.20 abc 956 ab 877 ab
T2 8.46 ac 10.9 1500 b 1406 cd 8.73 ab 8.46 abc 735 abc 696 ab
T3 109 a 12.5 2670 ab 2573 ab 10.6 a 155a 1052 a 1027 a
T4 8.40 ac 11.9 1922 ab 1787 cd 8.24 ab 8.40 abc 948 ab 858 ab
T5 9.16 b 11.9 1500 b 1408 d 8.24 ab 9.16 b 756 abc 693 ab
T6 8.10 ac 10.1 4255 a 649 ef 7.90 ab 8.10 abc 566 bc 530 bc
T7 8.05 ac 10.9 948 b 1118 de 6.70 b 8.05 abc 756 abc 687 ab
T8 9.10 ac 12.2 2189 ab 2146 bc 8.46 ab 9.10 abc 1016 a 958 a
T9 8.63 ac 10.6 1426 b 1407 d 7.23b 8.63 abc 889 ab 803 ab
T10 7.95 ac 9.83 541b 518 ef 7.02b 8.66 abc 619 abc 575 bc
T11 8.20 ac 9.40 290 b 239 f 5.59 b 8.20 abc 407 ¢ 336 ¢
Pof F 0.041 0.106 0.003 0.001 0.008 0.041 0.001 0.001
SE+ 2.90 1.14 785 249 0.972 2.904 128 111
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availability, reduced weed smothering, and improved
crop growth dynamics. Weeds compete aggressively
with maize for soil nutrients especially nitrogen and
phosphorus soil moisture, and space during the early
and mid-growth stages. When weeds are effectively
controlled, these soil resources remain available to the
crop, supporting better vegetative growth and subsequent
reproductive development.

Treatments such as hoe weeding at 3 and 6 WAS (T3) and
pendimethalin 1.0 kg a.iha’ fb nicosulfuron 100 g a.i.
ha'(T8) consistently produced superior cob size, grain
weight, and yield across locations. These treatments likely
maintained a longer weed-free period, reduced weed bio-
mass, and minimized nutrient immobilization by weeds,
thereby improving nutrient uptake efficiency and pho-
tosynthate translocation to reproductive organs. Similar
studies have shown that maintaining weed-free conditions
during the critical period of weed competition enhances
soil nutrient availability and improves grain filling in maize
(Chauhan, 2020; Monteiro and Santos, 2022).

The relatively strong performance of treatments involv-
ing Calotropis procera leaf extracts, especially when inte-
grated with hoe weeding or post-emergence applications,
suggests additional soil-mediated benefits beyond weed
suppression. Botanical extracts can reduce weed emer-
gence through allelopathic effects and may also influence
soil microbial activity, leading to improved nutrient min-
eralization and root-soil interactions (Abbas et al., 2021;
Mohammed and Abdullahi, 2024). This could explain
the moderate to high yields recorded under integrated
botanical treatments compared with sole applications.

Higher 100-seed weight and harvest index under ef-
fective weed control treatments indicate improved as-
similate partitioning, which is strongly influenced by soil
moisture and nutrient availability during grain filling.
Reduced weed pressure limits evapotranspiration losses
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and competition for soil water, particularly in savanna
environments where moisture stress can occur late in
the season. Studies have demonstrated that effective
weed suppression improves soil water use efficiency and
enhances grain yield stability in maize (Abbas et al., 2021;
Garba and Aliyu, 2025).

Conversely, the consistently poor performance of the weedy
checkacrossall yield parameters reflects severe soil nutrient
depletion and moisture competition caused by unchecked
weed growth. Weeds not only extract large quantities of nu-
trients from the soil but also alter soil microclimate and root
distribution, leading to reduced nutrient uptake by maize
and poor cob development. This aligns with reports that
uncontrolled weeds can cause maize yield losses exceeding
60-80%, primarily through competition for soil resources
(Falade et al., 2023; Nedeljkovic et al., 2025).

Overall, the findings demonstrate that integrated weed
management strategies combining chemical, me-
chanical, and botanical approaches are most effective
in enhancing soil resource use, suppressing weeds, and
improving maize yield and yield components across
contrasting locations.

CONCLUSION

The study clearly showed that effective weed manage-
ment markedly improved weed suppression, maize
growth, yield components, and grain yield at both BUK
and Minjibir. The best performance was consistently
obtained with hoe weeding at 3 and 6 WAS (T3) and the
integrated application of pendimethalin at 1.0 kg a.i.ha™
fb nicosulfuron 100 g a.iha' (T8). These treatments
achieved the lowest weed density and biomass, highest
weed control efficiency, superior plant height, leaf and
node development, improved cob characteristics, higher
harvest index, and the greatest grain yield across both

Table 9: Effect of weed control methods on Biological yield, Harvest index, 100 seeds weight and Grain yield
hectare of Maize at BUK and Minjibir during 2024 rainy season

BUK Minjibir
Treatments | Biological | Harvest | 100seed Grain Biological Harvest 100 seed weight Grain
yield Index | weight(g) | Yield (tha') yield Index (g Yield (tha)

T1 8.04a 12.5 ab 15.6 abc 2.23a 2.33b 15.9 ab 13.7 abc 0.92 ab
T2 4.50 cd 12.6 ab 14.5 bc 1.32 bc 2.38b 17.7 a 15.3 ab 0.82 ab
T3 7.64a 12.3 ab 18.1a 2.09a 342 a 113 ¢ 17.1a 0.91 ab
T4 5.05 bc 135a 15.4 abc 1.52b 2.16 b 16.6 ab 17.1a 0.81 ab
T5 4.47 cde 11.9 ab 14.1 bc 1.25 bc 2.48b 13.6 abc 14.0 abc 0.74b
T6 3.56 c-h 6.63 ¢ 12.7 cd 041d 1.92 be 11.1¢ 10.3 bed 0.26d
T7 3.51c-h 11.1b 12.5cd 093¢ 1.79 be 103 ¢ 10.3 bed 0.49 ¢
T8 6.20b 14.0a 16.6 ab 2.04a 3.70 a 14.3 abc 11.0 bed 0.95a
ST9 412 c-f 10.6 b 14.4 be 1.01c¢ 2.08b 17.2 ab 10.9 bed 0.86 ab
T10 2.70 d-i 2.34d 10.9d 0.32d 1.35cd 13.2 bc 9.30 cd 0.40 c
T11 1.95 gi 1.26d 8.30e 0.50d 0.85d 7.49d 6.83d 0.12e
Pof F 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001

SE + 0.582 0.750 1.047 0.154 0.257 1.319 1.743 0.0614

Means followed by the same letter(s) are not significantly differently at 5% level of probability using SNK.T1= Pendemethalin @1.0kg a.i ha''fellowed by
(FB) Hoe weeding on 6 weeks after sowing (WAS) , T2= Pre- emergence (PE) Calotropis leaf extract @ 60% fb Hoe weeding on 6 WAS, T3=Hoe weeding at
3 and 6, T4= PE Calotropis leaf extract @ 80% fb Hoe weeding on 6 WAS , T5= PE Calotropis leaf extract @ 40% fb one Hoe weeding on 6 WAS, T6= PE
Calotropis leaf extract @ 40% fb early post- emergence( EPE) Calotropis leaf extract @ 40% , T7= PE Calotropis leaf extract @ 60% fb EPE Calotropis leaf
extract @ 60% , T8= Pendemethalin 1.0kg a.i ha fb Nicosulfurone 100g a.i ha' @ 6 WAS , T9= PE Calotropis leaf extract @ 80% fb EPE Calotropis leaf
extract @ 80%, T10= PE Calotropis leaf extract @ 80% alone, T11= control (weedy check).
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locations. Integrated use of Calotropis procera leaf extract
with hoe weeding or early post-emergence application
also provided appreciable weed suppression and yield
improvement, demonstrating the potential of the bioher-
bicide as a viable component of sustainable weed man-
agement when combined with other control measures.

In contrast, the weedy check consistently recorded the
highest weed pressure and the poorest crop growth, cob
development, and grain yield, confirming the severe yield
penalties associated with uncontrolled weed competi-
tion. Overall, the results emphasize that integrated weed
management strategies, particularly those combining
timely mechanical or chemical control with botanical
options, are essential for maximizing maize productivity
in the Sudan savanna while supporting more sustainable
and environmentally friendly production systems.
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