Effect of Foliar Spraying with Seaweed Extracts and Nano-Selenium on
Vegetative Characteristics and Productivity of Quinoa Plant
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ABSTRACT

Climate variability presents a significant challenge to
global food security in arid and semi-arid regions. A field
experiment was conducted at the Experimental Farm of
the Faculty of Environmental Agricultural Sciences, Arish
University at North Sinai in Egypt. The aim of this study
was to test and evaluate the effect of the applied foliar
application of seaweed extract (SWE) and selenium-
nanoparticles (Se-NPs), individually and in combination,
on improvement of vegetative growth and yield of quinoa
cultivar (Masr3) across two successive growing winter
seasons. A randomized complete block design in a split-
plot arrangement was followed with two levels of SWE (0
and 3000 mg/L) and four Se-NPs concentrations (0, 0.5,
1.0, and 2.0 ppm). The results indicated that both SWE
and Se-NPs significantly enhanced vegetative and yield
traits, with the combined application producing the
highest performance across all parameters. Also, the foliar
co-application of seaweed extract (3000 mg/L) and nano-
selenium (2 ppm) appeared a highly significant
enhancement in both vegetative growth parameters and
yield components, highlighting a synergistic effect that
increased physiological activity, nutrient uptake, and plant
productivity. Therefore, integrating bio-stimulants, such
as seaweed extract, with low-dose nano-selenium offers a
sustainable strategy for improving quinoa productivity
under climate stress is suggested. The combined use of
natural and nano-based foliar sprays holds potential for
broader application in climate-smart agriculture.
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INTRODUCTION

Climate change represents one of the most pressing
existential threats to global agriculture. This is
evidenced by the steady rise in atmospheric CO,
concentrations from 315.98 ppm in 1959 to 411.43 ppm
in 2019 mainly due to anthropogenic activities (IPCC,
2014 and NOAA, 2020). Over the past four decades,
this has driven a 0.85°C increase in global temperatures,
exacerbating climate extremes, altering precipitation
patterns, and increasing the frequency of droughts and
floods, particularly in vulnerable regions (Field et al.,
2014; Nhamo et al., 2019 and Hussain et al., 2022).
Given agriculture’s inherent sensitivity to climate
variability, these shifts pose unprecedented challenges.
Thermal stress disrupts crop phenology and reduces
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yields during critical growth stages (e.g., anthesis),
while indirect effects include increased water scarcity,
pest outbreaks, and competition from invasive weeds
(Luo, 2011; Zhao et al., 2017 and Shrestha, 2019).
These impacts are particularly pronounced in Africa,
where limited adaptive capacity endangers more than
60% of the rural population, which relies heavily on
rainfed agriculture (Mdller, 2013 and Nhamo et al.,

2019), thereby threatening global food security
(Wheeler and Von Braun, 2013).
In  this  context, sustainable  agricultural

transformation requires crop systems that fulfill the
triple imperative of climate adaptation, sustainable
intensification, and mitigation of greenhouse gas

emissions (Chemnitz and Hoer, 2011). Quinoa
(Chenopodium quinoa Willd.) an ancient Andean
pseudo-cereal, offers considerable promise and

traditionally is central to Incan diets (Camaggio and
Amicarelli, 2014). Quinoa provides exceptional protein
quality with a balanced amino acid profile, especially
rich in lysine, surpassing many conventional cereals
(Nisar et al., 2017 and Vilcacundo & Herndndez-
Ledesma, 2017). Its leaves are also consumed as low-
carbohydrate, mineral-rich greens (AbdEI-Samad et al.,
2018 and Pathan et al.,, 2019), while its bioactive
compounds confer antioxidant, antimicrobial, and
cardioprotective properties (Filho et al., 2017).
Crucially, quinoa demonstrates exceptional resilience to
abiotic stresses including salinity, drought, and frost
making it suitable for cultivation in marginal soils
where traditional crops often fail (FAO & CIRAD, 2015
and Stanschewski et al., 2021). This adaptability has
been validated in extreme environments such as the
Bolivian Altiplano (Geerts et al., 2008 and Jacobsen,
2014), positioning quinoa as a strategic crop for
climate-resilient food systems (Vega-Galvez et al.,
2010).

However, fully unlocking quinoa’s potential under
intensifying climate stress necessitates innovative
agronomic strategies. Emerging biostimulant
technologies show particular promise, with seaweed
extracts (e.g., Sargassum, Ulva) acting as natural
supplements rich in macro-/micronutrients,
phytohormones, and vitamins (Hernandez-Herrera et al.,
2014). The foliar application enhances nutrient uptake,
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as exemplified by more than 90% increases in NPK
absorption in onions, while stimulating photosynthesis
and improving stress tolerance (Almaroai & Eissa, 2020
and Hussain et al., 2021). Recent evidence demonstrates
their efficacy across multiple crops; for instance, foliar
sprays of seaweed extract obtained a significant increase
of biomass and relative water content (RWC) in
drought-stressed common bean, improve photosynthetic
rates in soybean and enhance osmoprotectants and
physiological resilience in faba bean, also, spraying
seaweed extracts has increased  significantly
morphological parameters tomato’s growth under salt
stress (Ziaei & Pazoki, 2022; Mannan et al., 2023; El
Boukhari et al., 2023 and Sherif et al., 2025).

Simultaneously, selenium-nanoparticles (Se-NPs)
exhibit low toxicity, high bio-compatibility, and potent
antioxidant/antimicrobial activities (Arshad et al.,
2021), mitigating abiotic stress by enhancing
antioxidant enzyme activity, reducing reactive oxygen
species (ROS), and improving metabolic processes (Zhu
etal., 2017 and Liu et al., 2022). Compelling evidence
supports the efficacy of Se-NPs across diverse crops.
Foliar applications of Se-NPs across diverse crops
increased biomass, chlorophyll, and antioxidant activity
while reducing oxidative damage in drought-stressed
soybean (Zeeshan et al., 2024) and tomato, where they
boosted photosynthesis by over 100% (Zhong et al.,
2024). Similar benefits, such as enhanced stomatal
conductance and membrane stability, have been
observed in grapevine and wheat, with Se-NPs often
outperforming other selenium forms (Daler et al., 2024
and Hasanuzzaman et al., 2024). Furthermore, their
application has improved yields in crops under both
drought and salinity stress (Rady et al., 2021).

Despite these robust individual benefits across
diverse crops, no peer-reviewed studies have
investigated the integrated foliar application of seaweed
extracts and  Se-NPs  under abiotic  stress
(drought/salinity). This represents a critical research
gap, particularly for quinoa a climate-resilient yet
underutilized crop. This study, therefore, aims to
evaluate the synergistic application of nano-selenium
and seaweed extracts as foliar Bio-stimulants to enhance

quinoa’s physiological performance, nutritional quality,
and yield stability under climate-induced stress. We
hypothesize that this integrated nano-bio-enhancement
approach  leverages complementary  mechanisms
seaweed-mediated nutrient and phytochemical delivery,
and Se-NP-enhanced antioxidant and osmotic regulation
to provide a sustainable pathway for climate-resilient
agriculture and global food security, with particular
relevance for the wvulnerable, rainfed systems that
dominate regions.

MATERIAL AND METHODS

1. Experimental Location

The field experiment was carried out at the
Experimental Farm of the Faculty of Environmental
Agricultural Sciences, Arish University, situated in
North Sinai, Egypt (31°08'04.3"N, 33°49'37.2"E). The
study extended over two consecutive winter growing
seasons: 2023/2024 and 2024/2025. The experimental
site is located in a semi-arid climate and meteorological
data recorded during the two growing seasons are
presented in Table 1.

Soil Mechanical and Chemical Analyses

The Soil and Water Department (SWD) conducted
mechanical and chemical soil analyses during both
growing seasons. The soil from the 0-30 cm depth was a
sandy loam, with a particle size distribution of 67.1%
coarse sand, 19% fine sand, 11.2% clay, and 2.7% silt.
Chemical characterization revealed an alkaline soil with
a pH of 8.519, an electrical conductivity of 1.7 dS m™,
and a calcium carbonate content of 3.95%. The soil
exhibited low organic content, with 1.09 g.kg* of
organic carbon and 1.88 g.kgt of organic matter. The
concentrations of soluble cations (in meg/L™) were 2.9
for Ca**, 2.65 for Na*, 2.18 for Mg**, and 0.47 for K*,
while soluble anion concentrations were 2.41 for
HCO;™ and 1.29 for CI~.

Cultivated Plant

Quinoa cultivar "Masr3." Certified seeds were
obtained from the Agricultural Research Center (ARC),
Ismailia, Egypt was cultivated in this experiment.
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Table 1. Meteorological data of El-Arish, North Sinai, region during quinoa growing seasons of 2023/2024

and 2024/2025
Average Minimum Air  Maxim Average Total Solar
Months temperature Temperature um Air Relative precipitation Radiation
(°C) (°C) Tempe Humidity (mm) (MJ/m?/day)
rature (%)
G
First season 2023-2024
October-2023 24.91 21.99 28.95 68.43 6.05 15.72
November-2023 21.88 18.84 26.15 69.31 5.45 12.49
December-2023 17.19 13.54 21.92 69.69 6.55 9.68
January-2024 14.89 11.23 19.36 67.18 22.25 11.36
February-2024 13.42 10.09 17.50 75.76 19.65 14.32
March-2024 16.13 11.96 21.43 68.82 5.95 19.78
April-2024 20.36 15.90 26.30 68.78 2.30 23.33
May-2024 22.56 18.13 28.29 61.92 1.05 25.33
Average and Sum 18.92 15.21 23.74 68.74 138.5 16.50
Second Season 2024-2025
October-2024 19.46 16.14 23.75 67.68 5.70 13.01
November-2024 15.62 12.04 20.22 62.57 9.70 11.27
December-2024 14,57 10.89 19.55 70.60 6.50 11.93
January-2025 12.94 9.66 17.09 67.48 19.80 12.60
February-2025 17.49 13.03 23.31 64.22 11.20 19.24
March-2025 19.49 14.96 25.58 61.63 6.10 21.61
April-2025 22.96 17.93 29.22 57.66 8.70 26.82
May-2025 17.50 13.52 22.67 64.55 67.70 16.64
Average and Sum 19.46 16.14 23.75 67.68 5.70 13.01

Source: Central Laboratory for Agricultural Climate (CLAC, Egypt).

3. Foliar spray materials
Nanoparticles

Selenium nanoparticles (SeNPs) were synthesized via
chemical reduction according to Selmani et al.
(Selmani et al., 2020). Briefly, an aqueous solution of
sodium selenite (Na,SeOs, 1 mM; Chem-Lab, Belgium)
was mixed with L-ascorbic acid (0.1 M; Loba-Chemieg,
India) and a chitosan solution (1 wt% in 1% acetic acid;
medium molecular weight, deacetylation degree >85%;
Loba-Chemie, India) acting as a capping agent under
constant magnetic stirring at ambient temperature. The
resulting SeNPs, characterized by an average diameter
of 70 £ 10 nm as determined by transmission electron
microscopy (TEM), were subsequently applied as a

foliar spray. For this application, a commercially
available nano-selenium formulation obtained from
Nano Gate Company (Egypt) was utilized.

Tests:

Optical Properties: UV-Vis absorption spectra were
obtained on Cary series UV-Vis- NIR, Australia

Size & Shape: Transmission Electron Microscopy
(TEM) analysis was carried out using a JEOL JEM-
2100 high-resolution TEM operating at an accelerating
voltage of 200 kV. For sample preparation, a drop of the
colloidal suspension was placed onto a Formvar carbon-
coated copper grid (300 mesh, Ted Pella) and allowed to
dry under ambient conditions.
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Figure 1. shows the optical absorption of the prepared selenium nanoparticles
Data provided by Nano-Gate Company (manufacturer of the nano-selenium product).

200 nm

100 nm

Figure2. Shows the TEM images of the prepared sample
Data provided by Nano-Gate Company (manufacturer of the nano-selenium product).

Seaweed extract (SWE)

Seaweed extract foliar spray was used as a
commercial  product, sourced from Evergreen
Agricultural Development Company. The marine-
derived compound exhibits ~ the  following
composition: 0.9%  nitrogen  (N), 4%  phosphorus
pentoxide (P,Os), 10% potassium oxide (K;0),
and 0.5% sulfur (S). Additional constituents include
16% alginate and 50% organic matter as previously
specified." pH: 8- 10, solubility in water: 100%.

Experimental Design and Field Layout

The experiment was conducted within a total
cultivated area of 180 m2. Seeds were sown on 3rd
December using manual drilling. Rows were spaced 50
cm apart, with 30 cm between hills (planting stations)
within each row. All recommended agronomic practices
for quinoa cultivation were accurately implemented.
Additionally, the experimental plots were uniformly
fertilized with NPK (19:19:19) at a rate of 50 kg per
feddan(4200m?), , applied in two split doses: the first at
sowing and the second 40 days after sowing. Farmyard
manure was incorporated at a rate of 20 m3 per feddan
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during soil preparation. Plant population management
proceeded as follows: one month after sowing, seedlings
were thinned to 5 plants per hill. Subsequently, at 45
days after sowing (45DAS), plants were further thinned
to a single plant per hill. The experimental treatments
followed a Randomized Complete Block Design
(RCBD) with three replications. A split-plot
arrangement was used based on two factors:

1. Main plots: Two concentrations of seaweed
extract (SWE) foliar spray 0 mg L (control) and 3000
mg L was applied at 45 DAS.

2. Sub-plots: Four concentrations of nano-selenium
(Se-NPs) as foliar spray (0, 0.5, 1.0, and 2.0 ppm) was
applied at 30 DAS.

This factorial combination of SWE concentrations (2
levels) and Se-NPs concentrations (4 levels) resulted in
a total of eight experimental treatments (2 x 4 = 8),
representing all possible interactions between the two
factors. Treatments were systematically randomized
within each block.

Recorded Data

The following vegetative traits data were recorded
90 days after sowing:

(plant height (cm)-number of leaves- leaf area (cm?)-
number of shoots- root length (cm)- root number -
Leaves weight(g)-Shoot weight (g)- Root weight (g) -
Inflorescences number - Inflorescences weight(g))

The following yield components are obtained 120
days after sowing:

(Seed cluster number - Seed cluster weight(g)- Seed
weight/ plant(g)- 1000 seeds weight(g)- Seed yield (kg/
feddan)

Statistical Analysis

The experimental data from both growing seasons
were statistically processed using the MSTAT-C
software package. A one-way analysis of variance
(ANOVA) was performed to determine the significance
of the results, as described by Snedecor and Cochran
(1990). Mean values were then separated and compared
using Duncan's multiple range test at a significance
threshold of P < 0.05 (Duncan, 1955).

RESULTS AND DISCUSSION

1. Effect of seaweed extracts and nano-selenium as
foliar spray on quinoa vegetative traits and their
interaction:

The data presented in Tables (2 and 3) demonstrate
that the foliar application of seaweed extract had a
significantly positive impact on all assessed vegetative
traits in both growing seasons, except for the number of
inflorescences in the first season, where the effects were
not statistically significant. The affected vegetative

traits included (plant height, number of leaves, leaf area,
number of shoots, root length, root number, leaves
weight, shoot weight, root weight, inflorescences
number, inflorescences weight).

This consistent response across two successful
growing seasons confirms the efficacy of seaweed
extract as a bio-stimulant capable of enhancing overall
vegetative growth in treated plants. The observed
improvements can be attributed to the bioactive
compounds present in seaweed extract, which are
known to promote cell division, elongation, and nutrient
uptake, thereby positively influencing vegetative
performance under field conditions.

Numerous studies have demonstrated that SWEs
significantly enhance vegetative growth and crop yield
across various plant species such as tomato (Solanum
lycopersicum), soybean (Glycine max), and a range of
vegetable crops. Documented benefits include increased
shoot and root biomass, enhanced root length, greater
leaf area, and higher numbers of flowers and fruits all
critical indicators of plant vigor and productivity (Yuan
et al., 2016; Gholizadeh et al., 2017 and Ali et al., 2019;
2020). In quinoa, for instance, SWE application led to
marked improvements in vegetative traits.

The efficacy of SWEs is attributed not to their
nutritional content, which is often minimal compared to
conventional fertilizers, but to their rich composition of
biologically active compounds. These include natural
phytohormones (auxins, cytokinins, gibberellins), amino
acids, polyphenols, and betaines, which act as signaling
molecules that stimulate physiological processes (Khan
et al., 2009; Mattner et al., 2013 and Shukla et al.,
2019). These compounds promote cell division, root
development, and delay of senescence through
hormonal regulation (Mattner et al., 2013 and Arioli et
al., 2020).

Seaweed extracts have also been shown to
significantly improve root morphology by increasing
lateral root branching, fine root density, and root surface
area, enhancing water and nutrient uptake under
challenging conditions (Senthuran et al., 2019). In
Arabidopsis and other model crops, SWE application
has been linked to robust root systems that support
superior plant establishment (Santaniello et al., 2017
and Islam et al., 2020).

Beyond vegetative growth, seaweed extracts play a
significant role in enhancing tolerance to abiotic and
biotic stresses. They have been shown to activate
antioxidant enzyme systems and trigger immune
signaling pathways, such as systemic acquired
resistance and cytokinin—auxin modulation. This
contributes to reduced pest infestations and improved
resilience to environmental stresses (Gengsoylu, 2016
and Gonzalez Castro et al., 2019).
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Table 2. Effect of seaweed extracts and nano-selenium as foliar spray on plant height, number of leaves, leaf
area, number of shoots, root length, root number of quinoa vegetative growth after 90 days from sowing
during two successive growing seasons 2023/2024-2024/2025

Plant Leaves Leaves area Shoot Root Root

Characters height number (cm?) number length number
Factors (cm) (cm)
First season 2023/2024
Seaweed
Without 94.417b 303.500a 91.770a 23.000b 25.083b 15.50b
With 104.250a 353.646b  104.513b 24.917a 28.083a 17.50a
Nano selenium ppm

0 81.83c 220.00d 79.89d 19.333d 20.17d 11.50d

0.5 99.00b 314.17c 92.38c 22.167c 24.67c 16.00c

1 103.33b 343.75b 102.44b 25.500b 28.50b 18.00b

2 113.17a 436.38a 117.85a 28.833a 33.00a 20.50a

Second season 2024/2025
Seaweed
Without 92.083b 329.333b 85.698b 17.167b 24.083b 15.000b
With 100.583a 360.000a 97.435a 21.167a 26.000a 17.000a
Nano selenium ppm

0 78.00d 287.50d 79.32¢ 13.33d 19.00d 12.00d

0.5 95.67c 318.17c 86.30c 17.83c 22.33c 14.67c

1 102.00b 352.83b 95.48b 21.33b 27.33b 17.50b

2 109.67a 420.17a 105.16a 24.17a 31.50a 19.83a

Table 3. Effect of seaweed extracts and nano-selenium as foliar spray on leaves weight, shoot weight, root
weight, inflorescences number, inflorescences weight of quinoa vegetative growth after 90 days from sowing
during two successive growing seasons 2023/2024-2024/2025

Leaves Shoot Root Inflorescences Inflorescences
Characters weight weight weight number weight
Factors @) @) (9) 9
First season 2023/2024
Seaweed
Without 97.750b 107.083b 23.792b 28.792a 18.500b
With 122.833a 131.500a 26.583a 30.917a 25.583a
Nano selenium ppm
0 82.33d 89.17¢c 16.667d 24.83d 14.33d
0.5 95.67¢ 103.83c 22.333¢c 28.00c 20.67c
1 120.08b 128.33b 28.833b 31.83b 24.00b
2 143.08a 155.83a 32.917a 34.75a 29.17a
Second season 2024/2025
Seaweed
Without 99.42b 98.833b 19.917b 26.333b 16.083b
With 119.92a 117.667a 25.000a 27.917a 24.583a
Nano selenium ppm
0 90.33d 78.83d 15.83d 21.00d 13.50d
0.5 99.83c 96.50c 19.33c 25.67¢ 17.67c
1 116.00b 111.00b 23.50b 29.33b 22.33b

2 132.50a 146.67a 3l.17a 32.50a 27.83a
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Collectively, the evidence strongly supports the
classification of SWEs as highly effective, non-
nutritional plant bio-stimulants. Their multifaceted
action, ranging from enhanced growth and vyield to
improved stress resistance and crop quality, positions
them as sustainable agricultural tools in modern farming
systems (Mattner et al., 2013; Ali et al., 2020 and Arioli
et al., 2020). The results obtained from this study are
consistent with the findings of previously published
research, in chronological order, including those of
Almaroai & Eissa (2020); Hussain et al. (2021); Ziaei &
Pazoki (2022); Mannan et al. (2023) and El Boukhari et
al. (2023).

Regarding nano-selenium impact on vegetative
growth, the results presented in Tables (2 and 3)
revealed clear and consistent improvements across all
measured parameters in both growing seasons. Traits
such as plant height, number of leaves, leaf area,
number of shoots, root length, root number, leaves
weight, shoot weight, root weight, inflorescences
number, and inflorescences weight, all showed
substantial enhancement, particularly under the 2 ppm
treatment. These enhancements were progressive with
increasing nano-selenium concentration and were most
evident in biomass-related traits, especially root and
shoot weights, which reflected a strong physiological
response.

The observed improvements can be attributed to the
unique properties of nano-selenium (Se-NPs), including
high bioavailability, increased surface reactivity, and a
controlled release pattern that enables more effective
interaction with plant metabolic systems (Liu & Lal,
2015 and El-Ramady et al., 2018). Additionally, Se-NPs
is known to stimulate the antioxidant defense system,
activating enzymes such as SOD, CAT, and
peroxidases, which play a critical role in reducing
oxidative  damage, delaying senescence, and
maintaining photosynthetic efficiency under both
normal and stress conditions (Hasanuzzaman et al.,
2014 and Hussein et al., 2019). Collectively, these
results confirm that nano-selenium, even at low
concentrations, acts as an effective bio-stimulant,

enhancing vegetative growth and contributing to the
plant's resilience in the face of environmental
variability. The results obtained from this study are in
agreement with those reported by Rady et al. (2021);
Daler et al. (2024); Hasanuzzaman et al. (2024);
Zeeshan et al. (2024) and Zhong et al. (2024),
respectively.

The combined foliar application of seaweed extract
at 3000 mg/L and nano-selenium at two ppm resulted in
a significant synergistic effect on vegetative growth
traits across both seasons. This dual treatment resulted
in significant improvements in plant height, number of
leaves, leaf area, number of shoots, root length, root
number leaves weight, shoot weight, root weight,
inflorescences number, inflorescences weight (Tables 4
and 5). Compared to individual applications, the
combined treatment consistently outperformed other
treatments, indicating a positive interaction between the
bioactive compounds present in seaweed extract and the
high bioavailability of nano-selenium. The results
suggest that seaweed extract may have improved
nutrient uptake and hormone activity. At the same time,
nano-selenium enhanced antioxidant defense and stress
resilience, together creating optimal conditions for
robust vegetative development.

The observed enhancement in vegetative growth
under the combined application of seaweed extract and
nano-selenium likely stems from a synergistic interplay
between metabolic stimulation and stress mitigation.
While seaweed extract boosts endogenous hormonal
activity and cellular expansion processes, hano-
selenium reinforces the plant's antioxidant machinery
and stabilizes physiological functions under fluctuating
field conditions. This functional integration appears to
have amplified resource assimilation, particularly in
root and shoot biomass, resulting in a more vigorous
vegetative profile than that achieved by either treatment
alone. The consistency of this response across seasons
supports the conclusion that their combined effect is not
merely additive, but rather functionally synergistic,
optimizing both growth potential and resilience.
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Table 4. Interaction of seaweed extracts and nano-selenium effects as foliar spray on plant height, number of
leaves, leaf area, number of shoots, root length, root number of quinoa vegetative growth after 90 days from
sowing during two successive growing seasons 2023/2024-2024/2025

Selenium concentration Plant Leaves Leaves area Shoot Root Root
ppm height number (cm?) number length number
seaweed (cm) (cm)
First season 2023/2024
0 ppm 81.0d 200.00h 76.8% 18.33f 18.33f 11.00f
Without 0.5 ppm 91.0c 282.00f 89.20cd 21.67de 23.33e 15.00d
Seaweed 1 ppm 95.3c 313.00e 94.84c 24.67c 27.67cd 17.00c
2 ppm 110.3b 419.00b 106.15b 27.33b 31.00b 19.00b
With Seaweed 0 ppm 82.6d 240.00g 82.89de 20.33e 22.00e 12.00e
0.5 ppm 107.0b 346.33d 95.55¢ 22.67d 26.00d 17.00c
1 ppm 111.3ab 374.50c 110.04b 26.33bc 29.33bc  19.00b
2 ppm 116.0a 453.75a 129.56a 30.33a 35.00a 22.00a
Second season 2024/2025
0 ppm 77.00e 277.33e 75.54f 11.67e 18.33f 11.00g
Without Seaweed 0.5 ppm 88.33d 297.33e 81.49ef 15.67d 22.00de  14.00e
1 ppm 97.00c 337.00d 87.79de 19.00c 26.00c 16.33c
2 ppm 106.00b 405.67b 97.97bc 22.33b 30.00b 18.67b
With Seaweed 0 ppm 79.00e 297.67e 83.11ef 15.00d 19.67ef  13.00f
0.5 ppm 103.00b 339.00d 91.12cd 20.00c 22.67d 15.33d
1 ppm 107.00b 368.67¢ 103.17b 23.67b 28.67bc  18.67b
2 ppm 113.33a 434.67a 112.34a 26.00a 33.00a 21.00a

Table 5. Interaction of seaweed extracts and nano-selenium effects as foliar spray on leaves weight, shoot
weight, root weight, inflorescences number, inflorescences weight of quinoa vegetative growth after 90 days
from sowing during two successive growing seasons 2023/2024-2024/2025

Selenium concentration Leaves Shoot Root Inflorescences Inflorescences
ppm weight weight weight number weight
) (9) ) ©)
seaweed
First season 2023/2024
0 ppm 76.67g 83.3e 15.67g 23.33f 12.67f
Without Seaweed 0.5 ppm 90.67ef 93.3de 21.00e 27.00e 16.67e
1 ppm 98.17de 110.3cd 27.67c 30.67c 20.00d
2 ppm 125.50c 141.3b 30.83b 34.17ab 24.67c
With Seaweed 0 ppm 88.00f 95.00de 17.67f 26.33e 16.00e
0.5 ppm 100.67d 114.33c 23.67d 29.00d 24.67c
1 ppm 142.00b 146.33b 30.00b 33.00b 28.00b
2 ppm 160.67a 170.33a 35.00a 35.33a 33.67a
Second season 2024/2025
0 ppm 84.33¢g 71.33e 14.00e 20.00g 11.33f
Without Seaweed 0.5 ppm 91.33f 88.00d 17.67d 25.00e 14.33e
1 ppm 100.67e 93.33d 20.67c 29.00c 17.67d
2 ppm 121.33c 142.67a 27.33b 31.33b 21.00c
With Seaweed 0 ppm 96.33e 86.33d 17.67d 22.00f 15.67de
0.5 ppm 108.33d 105.00c 21.00c 26.33d 21.00c
1 ppm 131.33b 128.67b 26.33b 29.67c 27.00b

2 ppm 143.67a 150.67a 35.00a 33.67a 34.67a
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2- Effect of seaweed extracts and nano-selenium as
foliar spray on quinoa yield component and their
interaction

The positive impact of seaweed extract and nano-
selenium on quinoa yield components such as seed
cluster number and weight, seed weight per plant, 1000
seed weight, and total seed yield was demonstrated
across both seasons. As shown in Table (6), the
individual application of SWE at 3000 mg/L and nano-
selenium at 2 ppm each led to significant improvements
in all measured yield traits compared to the control.
Moreover, the combined application of both treatments
resulted in the highest values across all parameters, as
presented in Table (7), indicating a strong synergistic
effect.

For example, total seed yield per feddan increased
markedly under the combined treatment compared to all
other treatments, reflecting enhanced reproductive
efficiency and better owverall plant performance.
Likewise, seed weight per plant and 1000 seed weight
were significantly increased, suggesting improved
assimilate translocation and grain filling capacity. A

similar trend was observed in seed cluster number and
weight, highlighting enhanced flowering and seed set.

Seaweed extract likely contributed to these
enhancements through its phytohormonal content and
biologically active compounds, which are known to
improve flowering, pollination, and seed development
(Khan et al., 2009; Shukla et al., 2019 and Arioli et al.,
2020). The stimulation of carbohydrate metabolism and
nutrient remobilization may explain the higher seed
weights and better yield quality observed under SWE
treatment (Ali et al., 2020).

Nano-selenium also exhibited a key role in boosting
yield performance. The yield traits recorded under 2
ppm Se-NPs (Table 6) support previous findings on the
role of selenium in enhancing antioxidant defense,
delaying senescence, and sustaining photosynthetic
activity during reproductive stages (EI-Ramady et al.,
2018; Hasanuzzaman et al., 2014 and Hussein et al.,
2019). These effects likely helped stabilize
physiological processes during flowering and grain
development, resulting in superior yield traits.

Table 6. Effect of seaweed extracts and nano-selenium as foliar spray on seed cluster number, seed cluster
weight, seed weight/ plant, 1000 seed weight, seed yield of quinoa yield components after 120 days from sowing
during two successive growing seasons 2023/2024-2024/2025

Seed cluster Seed cluster Seed weight/ 1000 seed Seed yield
Characters number weight plant weight (kg/feddan)
Factors ) (%) ()
First season 2023/2024
Seaweed
Without 34.083b 85.683b 49.083b 4.342h 2061.50b
With 35.417a 98.000a 54.000a 4.483a 2268.00a
Nano selenium ppm
0 30.83c 74.67d 35.00d 4.10d 1470.0d
0.5 31.33c 86.53c 44.33c 4.33c 1862.0bc
1 36.50b 95.50b 56.50b 4.50b 2373.0ab
2 40.33a 110.67a 70.33a 4.72a 2954.0a
Second season 2024/2025
Seaweed
Without 28.333b 85.667b 51.750b 4.258b 2173.50b
With 30.333a 93.083a 57.000a 4.517a 2394.00a
Nano selenium ppm
0 24.50d 74.50d 37.50d 4.13c 1575d
0.5 27.83c 84.67¢c 49.17c 4.30bc 2065¢c
1 31.17b 91.83b 60.50b 4.45b 2541b
2 33.83a 106.50a 70.33a 4.67a 2954a
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Table 7. Interaction of seaweed extracts and nano-selenium effects as foliar spray on seed cluster number, seed
cluster weight, seed weight/ plant, 1000 seed weight, seed yield of quinoa yield components after 120 days from
sowing during two successive growing seasons 2023/2024-2024/2025

Selenium concentration Seed cluster Seed cluster Seed weight/ 1000 seed Seed yield
ppm number weight plant weight (kg/feddan)
Seaweed (9) (9) (9)
First season 2023/2024
0 ppm 31.00d 67.33g 33.00f 4.03g 1386.0d
Without 0.5 ppm 30.67d 78.40f 42.00de 4.27¢f 1764.0cd
Seaweed 1 ppm 35.33¢c 89.33e 55.33¢c 4.43cd 2324.0bc
2 ppm 39.33ab 107.67b 66.00b 4.63b 2772.0ab
With Seaweed 0 ppm 30.67d 82.00f 37.00ef 4.17fg 1554.0d
0.5 ppm 32.00d 94.67d 46.67d 4.40de 1960.0cd
1 ppm 37.67bc 101.67c 57.67c 4.57bc 2422.0abc
2 ppm 41.33a 113.67a 74.67a 4.80a 3136.0a
Second season 2024/2025
0 ppm 23.00g 72.67e 36.33e 4.00e 1526.0e
Without 0.5 ppm 27.00ef 82.00d 47.33d 4.20d 1988.0d
Seaweed 1 ppm 30.33cd 85.33cd 57.33c 4.30d 2408.0c
2 ppm 33.00ab 102.67b 66.00b 4.53bc 2772.0b
With Seaweed 0 ppm 26.00f 76.33e 38.67e 4.27d 1624.0e
0.5 ppm 28.67de 87.33c 51.00d 4.40cd 2142.0d
1 ppm 32.00bc 98.33b 63.67b 4.60b 2674.0b
2 ppm 34.67a 110.33a 74.67a 4.80a 3136.0a

As shown in Table (7), the combined treatment
consistently outperformed individual applications,
confirming a synergistic interaction between the
metabolic effects of SWE and the physiological
protection  provided by nano-selenium.  This
combination appeared to optimize source sink relations,
extend the grain-filling period, and strengthen sink
strength, ultimately leading to improved seed
productivity. These results are in line with previous
studies by Rady et al. (2021); Daler et al. (2024);
Hasanuzzaman et al. (2024); Zeeshan et al. (2024) and
Zhong et al. (2024), and demonstrate the potential of
integrating  bio-stimulants with nano-materials to
improve crop yield under environmental stress
sustainably.

CONCLUSION

This study demonstrates that foliar application of
seaweed extract (SWE) and selenium-nanoparticles (Se-
NPs), whether applied individually or in combination,
significantly enhanced the vegetative growth and yield
performance of quinoa (cv. Masr3) under arid field
conditions in North Sinai across two consecutive
seasons. The co-application of SWE at 3000 mg/L and
Se-NPs at 2.0 ppm consistently produced the most
significant improvements in morphological traits,
biomass accumulation, and yield components, reflecting
a synergistic interaction between the two treatments.

These improvements are likely attributed to the
hormonal activity and senescence-delaying effects of
SWE, coupled with the antioxidant and nutrient-
mobilizing functions of Se-NPs. The findings
emphasize the potential of combining natural bio-
stimulants with nano-enabled technologies as an
innovative and sustainable agronomic practice to
enhance crop performance under climate variability.
This approach aligns with the principles of climate-
smart agriculture and offers a viable alternative to
conventional inputs, particularly in resource-limited and
stress-prone environments.
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