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ABSTRACT

Seaweed-based biostimulants (SBB) have emerged as sustainable alternatives for
traditional soil-based agriculture and have garnered worldwide attention in recent years.
Despite their growing popularity, there is limited information available on the application and
efficacy of SBB in hydroponic crops. This study assesses the biostimulant effects of a
commercial SBB using Lemna minor as a model organism, developing a standardized bioassay
for evaluating SBB in hydroponic cultures. The experiment was carried out under controlled
conditions, following a randomized design with 10 treatments. These treatments included SBB
(oT1, 05T1, 2T1) alone at concentrations of 0, 0.5, and 2.0 mg/L, SBB (0T2, 05T2, 2T2) +
Hoagland and Arnon nutrient solution, and SBB (0T30, 05T3, 2T3) + 2.5 g/L NaCl. A control
group (oTC) with distilled water was also included. The results showed that the isolated SBB
did not significantly differ (p > 0.05) from the control treatment. Treatments in group T2 had
significantly higher coverage area compared to treatments in group T3. The highest absolute
percentage of coverage area was observed in 0.5T2 (14.0 £ 1.2%). Regarding the specific
growth rate SGR, the higher growth rates were observed in 0.5T2 (0.37 + 0.02% day1). Group
T2 treatments exhibited significantly higher dry biomass (p < 0.05) than group T3 treatments.
Treatment with NaCl hindered plant growth. This methodology could enhance the development
of a robust protocol for evaluating seaweed biostimulants for hydroponic crops.
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Lemna minor como organismo modelo para avaliar bioestimulantes de
algas marinhas para culturas hidroponicas

RESUMO

Os bioestimulantes a base de algas marinhas (SBB) surgiram como alternativas
sustentaveis para a agricultura tradicional e t€ém atraido aten¢do mundial nos Gltimos anos.
Apesar de sua crescente popularidade, ha poucas informagdes disponiveis sobre a aplicagdo e a
eficacia dos SBB em cultivos hidropdonicos. Este estudo objetivou avaliar os efeitos
bioestimulantes de um SBB comercial utilizando Lemna minor como organismo modelo,
desenvolvendo um bioensaio padronizado para a avaliacdo de SBB em culturas hidropdnicas.
O experimento foi realizado em condi¢gdes controladas, seguindo um delineamento
experimental casualizado com 10 tratamentos. Esses tratamentos incluiram SBB puro (0TI,
0.5T1, 2T1) nas concentragdes de 0, 0,5 e 2,0 mg/L, SBB (0T2, 0.5T2, 2T2) + solugdo nutritiva
de Hoagland e Arnon, e SBB (0T30, 0.5T3, 2T3) + 2,5 g/L de NaCl, além de um grupo controle
(0TC). Os resultados mostraram que o SBB isolado nao diferiu significativamente (p > 0,05)
do tratamento controle. Os tratamentos do grupo T2 apresentaram area de cobertura
significativamente maior em comparacdo com os tratamentos do grupo T3. A maior
porcentagem absoluta foi observada em 0.5T2 (14,0 + 1,2%). Em relagdo a taxa de crescimento
especifico (SGR), as maiores taxas de crescimento foram observadas em 0.5T2 (0,37 £+ 0,02%
dia™). Os tratamentos do grupo T2 exibiram biomassa seca significativamente maior (p < 0,05)
do que os tratamentos do grupo T3. O tratamento com NaCl inibiu o crescimento das plantas.
Esta metodologia podera aprimorar o desenvolvimento de um protocolo robusto para a
avaliacdo de bioestimulantes de algas marinhas para cultivos hidroponicos.

Palavras-chave: bioestimulantes, extrato de algas marinhas, lentilha d'agua.

1. INTRODUCTION

The increasing worldwide need for sustainable agricultural methods has led to the
emergence of sustainable bioinputs as a viable substitute for conventional chemical inputs. This
demand is forecasted to surpass US$18.9 billion by 2026 (Mordor Intelligence, 2022). In
particular, the biostimulants sector was valued at US$4.46 billion in 2025 and is projected to
reach US$7.84 billion by 2030, indicating a yearly growth rate of 11.9% (Markets and Markets,
2025).

Biostimulants are substances or microorganisms that enhance natural physiological
processes in plants, seeds, or the rhizosphere, leading to improved nutrient absorption and
utilization, increased resilience to environmental stresses, and enhanced crop quality (Calvo et
al., 2014). These agricultural inputs act independently of their inherent nutritional value,
focusing on activating plant responses to enhance their performance (Rouphael and Colla, 2020;
Du Jardin, 2015).

Among the various biostimulant products, seaweed-based biostimulants (SBB) stand out
for their complex matrix of bioactive molecules, including sulfated polysaccharides, amino
acids, plant hormones, and minerals, which act synergistically to modulate plant physiology
(Du Jardin, 2015; Rengasamy et al., 2016; Gandhi ef al., 2024; Ramos et al., 2025). Particularly
promising are biostimulants derived from the brown seaweed Ascophyllum nodosum. Studies
demonstrate that, even at low concentrations, these extracts can stimulate plant growth,
modulate root development, and increase tolerance to abiotic stresses such as salinity and

drought in traditional soil-based agriculture (Calvo et al., 2014; Shukla et al., 2019). Despite
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the growing popularity of SBB, there is limited information available on its application and
efficacy in hydroponic crops.

Hydroponics is a soilless technology that enables the growth of plants and vegetables by
providing nutrients through water. It requires precise environmental control, balanced nutrition,
and a nutrient solution containing minerals dissolved in water. In this cultivation method, plant
roots are either submerged in or in contact with the nutrient solution, allowing direct nutrient
absorption for growth. This technique has become popular in modern societies as it enables the
cultivation of crops like lettuce, arugula, tomatoes, strawberries among others, in greenhouses
with less space than traditional soil-based farming. Nutrient solutions in hydroponics are crucial
for plants, as they provide essential macronutrients such as nitrogen, phosphorus, potassium,
calcium, magnesium, and sulfur, along with micronutrients like iron, zinc, manganese, copper,
boron, molybdenum, and chlorine. These nutrients play vital roles in various physiological,
structural, and metabolic processes of plants, even in small quantities (Jung and Kim, 2020;
Yang et al., 2021; Niu and Masabni, 2022; Dasgan et al., 2023; Pomoni et al., 2023; Park and
Williams, 2024; Ofiez et al., 2025).

In this context, SBB could have a significant nutritional impact in hydroponic systems, as
seaweed-derived extracts are abundant in micro and macronutrients like those mentioned above
(Battacharyya ef al., 2015; Mughunth et al., 2024; Boa Ventura et al., 2025). Moreover, batch
testing of biostimulant effectiveness in agricultural production remains a crucial need for the
industry (Li et al., 2022). Therefore, it is crucial to develop standardized protocols for
evaluating the feasibility of incorporating SBB into hydroponic systems as a nutrient medium
or nutrient adjuvant solution. To confirm the effectiveness and safety of these bioinputs requires
reliable, quick, and cost-effective methods, especially for initial testing before large-scale field
experiments (Brain et al., 2008). In this regard, duckweed (Lemna minor), a small aquatic plant
from the Lemnaceae family, has become a useful model organism. Its sensitivity to
environmental factors, rapid response to changes in nutrients, and easy cultivation in controlled
laboratory settings make it a valuable tool for conducting bioassays (Brain ef al., 2008, Ekperusi
etal.,2019; Van Dyck et al., 2021).

The use of L. minor in bioassays provides significant economic and operational benefits
compared to traditional testing methods. Its short life cycle, rapid vegetative growth rate, easy
maintenance, and small cultivation area required result in reduced operating costs and quick
results (Bottcher and Schroll, 2007; Ziegler ef al., 2015; Hader, 2018; Thingujam ef al., 2024).
L. minor has been proven to be a suitable bioindicator for evaluating biostimulants due to its
ability to respond to plant growth regulators and environmental stimuli, making it ideal for
laboratory screening and prototyping studies (Ziegler ef al., 2015; Utami et al., 2018).

The industry would greatly benefit from the ability to assess the efficacy of various
bioproducts with different compositions before implementing them on a larger scale. Therefore,
this research focused on exploring the viability of Ascophyllum nodosum seaweed-based
biostimulants in non-traditional crop settings and suggested the creation and normalization of
a quick and effective bioassay method utilizing duckweed (L. minor) as a model organism to
assess and confirm the utility of these bioinputs in hydroponic agriculture.

2. MATERIAL AND METHODS

2.1. L. minor origin and maintenance
The colonies of the aquatic macrophyte L. minor used in the study were collected in a fish
farming system (24°49'47.42" S, 48°09'52.66" W) in the municipality of Cajati, Sdo Paulo,
Brazil. The taxonomic identification of the species was confirmed through morphological
analysis, using specific dichotomous keys for the family Lemnaceae (Bog ef al., 2020).
Following collection, the plants were transferred to the Laboratory of Algae and Aquatic
Plants Studies, where a stock culture was established to ensure the consistency and health of
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the biological material used in the bioassays. Healthy colonies consisting of three fronds were
selected and cultivated exclusively for maintenance purposes in a hydroponic nutrient solution
(Plant-Prod®, 0.69 g/L), which is routinely used in the laboratory for the long-term cultivation
of aquatic plants, ensuring plant viability and physiological uniformity prior to the experiments.
The stock cultures were maintained under controlled conditions in an incubation chamber
(EletroLab, ELE202/5) at 25 + 1°C, with a 12-hour photoperiod and a light intensity of 100
umol photons m™ s™', in accordance with ISO 20079 guidelines for aquatic plant assays
(Naumann et al., 2007).

2.2. Experimental design

The bioassay was conducted in a randomized design over seven days. The experimental
units were composed of Low Form glass beakers, which were filled with 100 mL of medium
for each treatment. Each experimental unit received 12 L. minor leaves from homogeneous
colonies. All experimental units were maintained in an incubation chamber under controlled
conditions of temperature (25 £ 1°C), photoperiod (12 h light/12 h dark), and photon flux
density of 60 + 10 umol photons m 2 5!,

To evaluate the isolated and combined effects of different concentrations of Ascophyllum
nodosum seaweed-based biostimulants (SBB) with different concentrations of nutrient
solutions, 10 different treatments in triplicate were organized into three experimental groups
and one control group. The treatments included three isolated SBB concentrations of 0, 0.5, or
2.0 mg/L (0T1, 05T1, 2T1), three combinations of SBB (012, 05T2, 2T2) + Hoagland and Arnon
nutrient solution, three combinations of SBB (0T3, 05T3, 2T3) + NaCl (2.5 g/L), and a control
group (oTC) containing distilled water only. The treatment solutions were prepared by diluting
SBB in distilled water to obtain final concentrations of 0.5 and 2.0 mg/L. The saline stress
condition was induced by adding 2.5 g/L sodium chloride (NaCl) to SBB. The treatments
containing SBB solution were prepared from the commercial product Marine Plant Extract
Powder (Acadian Seaplants Limited, Canada — AMPEP®). The experimental assays were
conducted using the Hoagland and Arnon nutrient solution, selected for its well-established,
chemically defined, and widely accepted composition in plant physiology and hydroponic
studies, allowing greater reproducibility and comparability of the experimental results. The
experimental assays were conducted using the Hoagland and Arnon (1950) nutrient solution,
selected for its well-established, chemically defined, and widely accepted composition in plant
physiology and hydroponic studies, which allows greater reproducibility and comparability of
the experimental results. This solution contained macronutrients (KNO3, Ca(NO3)2, KH2POs,
KNO;, KH2PO4, Ca(NO3)2, MgSOs4) and micronutrients (EDTA-Fe, H;BO3, MnSO4, ZnSOg4,
CuSOy4, and NaMoOs), which are essential for plant development. To simulate a salt stress
condition in L. minor, a NaCl solution at a concentration of 2.5 g/LL was prepared from a stock
solution, according to the methodology described by Godoy et al. (2017).

2.3. L. minor growth parameters

To validate the bioassay proposal, growth and morphological parameters were considered.
The growth parameters considered were surface coverage area, dry biomass, and specific
growth rate.

The surface coverage area (%) was quantified through analysis of digital images captured
at the beginning (day 0) and end (day 7) of the bioassay. The images were processed in Image]®
software, converted to 8-bit format, and analysed with the Threshold tool to binarize the image
(Figure 1), separating the area covered by the fronds from the area covered by the culture
medium. The coverage area was expressed as the percentage of pixels corresponding to plants
relative to the total area of the experimental unit.
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Figure 1. Model to quantify the surface coverage area (%) of L. minor. The digital images
were captured at the beginning (day 0) and end (day 7) of the bioassay and were processed in
Image)® software, converted to 8-bit format, and analyzed with the Threshold tool to binarize
the image. Exemplifying (A) original image, in (B) 8-bit image, and (C) final image after
treatment with “Threshold”.

After obtaining the final fresh biomass for each treatment, dry biomass was quantified by
weighing the L. minor specimens on the seventh day of each treatment. The process of removing
excess surface water was performed using absorbent paper, with five repetitions of two minutes
each, until no moisture marks appeared on the paper. Subsequently, a forced circulation
thermoelectric oven was used at 45°C for 25 h to dry the biomass. The mass was then
determined on a precision analytical balance (Kern PFB 300-3, accuracy: 0.001 g) to obtain the
final dry biomass weight.

To evaluate the specific growth rate (SGR), the increase in the number of fronds (leaves)
over time was observed throughout the experiment on the initial day and the final day of the
test using Equation 1.

__Inin (final number of leaf) —Inin (initial number of leaf)

SGR =

cultivation days (1)
For the morphological parameter, a visual analysis of the leaves was used, established
using scoring criteria defined by a comparative description of the observations in relation to the
control group. Changes in the shape, color and texture of the leaves were visually observed
throughout the period, assigning scores from 1 to 5 for each experimental unit (Table 1).

2.4 Statistical analysis

The data were analysed using R statistical software. Normality and homogeneity of
variances were assessed with the Shapiro-Wilk and Levene tests, respectively. As the
assumptions were not met (p < 0.05), the nonparametric Kruskal-Wallis test was used to
compare treatments. Differences between means were identified using Dunn's multiple
comparisons test with Bonferroni correction (p < 0.05) to control experimental error. Statistical
analyses were conducted to evaluate the effects of treatments on the parameters evaluated. For
leaf number and area coverage, average values between the measurement days were used. For
specific growth rate, the number of leaves obtained at the beginning and end of the experiment
was used to calculate the values with the equation. For dry biomass, the values obtained at the
end of the experiment were used. Principal Component Analysis (PCA) was performed on the
variables leaf number, area coverage, specific growth rate, and dry biomass to explore patterns
of multivariate variation among samples by reducing the dataset's dimensionality. A
Permutational Multivariate Analysis of Variance (PERMANOVA) was conducted using the
adonis2 function of the vegan package to assess significant differences in the multivariate
composition of the variables among treatments. The analysis tested the effects of the factors
concentration, treatments, and their interaction, concentration and treatments on the
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multivariate variation. Euclidean distance was used as a measure of dissimilarity between
samples, and the significance of the effects was determined through 999 random permutations.
The envfit function was applied to fit vectors of the physicochemical parameters, pH, and
electrical conductivity, to the ordination space generated by PCA. Statistical significance was
determined through 999 random permutations. All analyses were conducted using R software
Version 4.1.3.

Table 1. Morphological parameters used for visual analysis of L. minor grown using seaweed-based
biostimulants (SBB) at concentrations of 0, 0.5, and 2.0 mg/L, either alone or in combination with
Hoagland and Arnon nutrient solution or with NaCl (2.5 g/L). The scoring criteria were established
qualitatively by comparing the observations directly with the control group, with scores ranging from 1
to 5.

Qualitative characteristics

Scoring - -
Coloring Size Appearance
. . Reduced and deformed Necrosis, partial .to complete
Score 1 Yellowing (Chlorosis) chlorosis,
fronds .
and mortality.
Score 2 Light Greep, with Reduced fronds Signs of stress., onset of necrosis,
Yellowing and marginal chlorosis.
nght Green Frons smaller than the .
Score 3 (less intense than the Less vigorous development.
control
control)
Light Green Frons similar to the Normal appearance
Score 4 (comparable to the .
control and absence of anomalies.
control)
Plants exhibiting high vigor,
Dark Green Larger and uniform a healthy appearance,
Score 5 . '
(intense) fronds and no signs of stress or
anomalies.
3. RESULTS

The findings showed that the growth of L. minor was significantly influenced by treatments
with nutrient medium, irrespective of the SBB concentration. Additionally, L. minor
experienced rapid mortality under salt stress conditions, regardless of the SBB concentration.
There were significant differences (p < 0.05) among treatments in groups T2 and T3, but no
significant differences (p > 0.05) were found among treatments in groups T2 and T1 (Figure 2).

3.1. Growth parameters

The number of leaves of L. minor was significantly different (p < 0.05) among treatments.
Treatments in group T2, with different doses of biostimulant + Hoagland and Arnon nutrient
solution, resulted in a significantly greater number of leaves (p < 0.05) compared to treatments
in group T3. Specifically, in group T2, the concentration of 0.5 mg/L of the biostimulant (o.5T2)
presented the highest absolute values, with 45.13 + 2.3 leaves, followed by treatments without
biostimulant ¢T2 (40.53 & 1.8) and 2 T2 (40.76 £ 2.1), but with no significant differences among
them. Similarly, the coverage area showed significant differences (p < 0.05) among the
treatments. Treatments in group T2 had significantly higher cover (p < 0.05) compared to
treatments in group T3, but no significant difference compared to treatments in group T1. The
highest absolute percentages of coverage area were observed in treatments in group T2, with
14.0 £ 1.2% for 05T2, 11.0 + 0.8% for ¢T2, and 11.5 £ 0.9% for ,T2. Treatments in groups T1,
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T3, and the control group (TCo) had intermediate values that were not statistically different.
However, treatments in group T3 had lower cover percentages (1.0 £ 0.2%), indicating the
negative impact of salt stress on the growth of L. minor (Figure 2).

Regarding SGR, the treatments in group T2 showed significantly higher growth rates (p <
0.05) than those observed in treatments T3, being 0.37 + 0.02% day ! for ¢5T2, 0.34 £ 0.01%
day! for ¢T2 and 0.35 + 0.02% day! for ,T2. Dry biomass followed the same pattern as the
other parameters. Group T2 treatments exhibited significantly higher dry biomass (p < 0.05)
than group T3 treatments, with no significant differences (p > 0.05) compared to the remaining
treatments. Treatment osT2, in absolute terms, displayed superior efficiency compared to the
other concentrations and treatments, indicating a synergistic effect of the Hoagland and Arnon
nutrient solution with SBB on the growth of L. minor (Figure 2).

A
B
60 18
. . = 16 2
§ r a E\i 14 a
3 g 12t
= S 10
. 5 8
9] ]
£ g o
E] bbb Z 4
Z o 2 b b b
(1117 2 Y
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= 5 0006 |
> E 0.005 |
= 4
= g 0004
vt £ 0.003 |
o < b
&} 5 0002 b , 0D
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& o001 ¢ ﬁ“ m m
0.000 e

=TC ®T] ®,TI ET] ®T2 8,,T2 08,72 0713 0, T3 0,T3
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Figure 2. Growth parameters of L. minor using seaweed-based biostimulants (SBB) at
concentrations of 0, 0.5, and 2.0 mg/L, either alone or in combination with Hoagland and Arnon
nutrient solution or with NaCl (2.5 g/L), along with a control group, for evaluation and
validation of the use of SBB in hydroponic cultures. (A) The number of leaves. (B) the cover
area. (C) specific growth rate (SGR). (D) dry biomass. Different letters indicate significant
differences (p < 0.05) among treatments.

3.2. Morphological variations and visual alterations in L. minor

Analysis of the images obtained by GIMP software on the first and seventh days to measure
the coverage area revealed visually detectable morphological differences. L. minor in the T2
treatments developed leaves with more intense green coloration, larger size, and improved leaf
appearance, which possibly resulted in superior coverage area results. The T1 and control
treatments exhibited normal morphology, but with less intense green coloration, while the T3
treatments exhibited morphological changes indicative of severe stress, including marginal
chlorosis, necrosis, and eventual plant death, confirming the deleterious effects of salt stress
unmitigated by the biostimulant at the tested concentrations (Figure 3). Visual analysis,
according to the established methodological criteria, demonstrated that the T2 treatments
resulted in better physiological conditions in L. minor (Table 2).

AR Rev. Ambient. Agua vol. 21, €3136 - Taubaté 2026
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Treatments

Control
(TCy)

Tl
(Isolated SBB in T1,5)

T2

(SBB + Hoagland and
Armon Solution in T2 5)

T3

(SBB + NaCl 2.5 g/L in
T30A5)

Figure 3. Morphological records of L. minor using seaweed-based biostimulants (SBB) at
concentrations of 0, 0.5, and 2.0 mg/L, either alone or in combination with Hoagland and
Arnon nutrient solution or with NaCl (2.5 g/L), along with a control group, for evaluation and
validation of the use of SBB in hydroponic cultures. Qualitative records are related to the
treatment groups that used SBB at 0.5 mg/L concentrations over the seven-day period.

Table 2. General descriptive records of morphological variations and visual alterations in L. minor
grown using seaweed-based biostimulants (SBB) at concentrations of 0, 0.5, and 2.0 mg/L, either alone
or in combination with Hoagland and Arnon nutrient solution or with NaCl (2.5 g/L), along with a

control group.

Qualitative analysis of

Treatments leaf morphology
Coloring Size Appearance
Normal, without
Light green No significant growth anomalies,

Control group

T1
(Isolated SBB)

T2
(SBB + Hoagland and
Arnon Solution)

T3
(SBB + NaCl 2.5 g/L)

(less intense than T2)

Light green
(less intense than T2)

Dark green
(more intense among
treatments)
Yellowing (marginal
chlorosis)
and dark spots
(necrosis)

stimulus

Similar to control
(no significant growth
stimulation)

Larger fronds, uniform
growth

Reduced and deformed
fronds

but with less vigorous

development
Normal, without
anomalies,

but with less vigorous

development
Healthy, no signs of stress

(correlated with greater

coverage area)

Severe signs of salt stress,
including mortality in
some cases
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3.3. Integrated analysis of parameters

PERMANOVA applied to the Principal Component Analysis (PCA) data matrix showed
that treatments were more decisive than concentrations (R? = 0.92; p = 0.001). Treatments in
group T2 were clearly separated from the others. However, the lack of a clear correlation with
electrical conductivity in treatment T3 suggests that factors other than salinity could be
influencing the results. For concentration and the interaction between concentration and
treatment, this was not significant (p > 0.001). These findings suggest that the multivariate
structure of the analyzed data was more influenced by the combination of biostimulant and
nutrient solution rather than the concentrations alone.

In the PCA (Figure 4), the proportion of variation explained by the first two axes accounted
for 96.8% of the total combined variation of the variables analyzed by the model. Axis 1 (PCA
1) explained 73.7% of the data variability and was positively associated with the treatments of
Group T1 (only SBB at 0.5 and 2.0 mg/L), the control, and pH. The highest pH values observed
in these treatments were, respectively, 6.92 for 0.5T1, 6.59 for 2T1, and 6.64 for 0TC (control).
Furthermore, the analysis indicates a strong positive relationship between this axis and the
variables SGR, leaf number, dry biomass, and cover area. These variables demonstrated a
positive association together but exhibited a negative relationship with pH. In contrast,
treatment T3, which showed a positive relationship with the variables SGR, leaf number,
biomass, and cover, was negatively projected onto axis 1. Treatment T3 obtained the highest
electrical conductivity values due to the presence of sodium chloride at 2.5 g/L; however, the
relationship demonstrated by PCA was not evident (Figure 4).

2-
Concentration

! 0.0
P 0.5

— . 4

. o 20

R 0

< Treatment

O

o

Condyctivity

50 25 0.0 25 50
PCA1(73,7%)
Figure 4. Principal Component Analysis (PCA) of the growth parameters of L. minor, along
with pH and conductivity variables, using seaweed-based biostimulants (SBB) at
concentrations of 0, 0.5, and 2.0 mg/L. The SBB treatments were applied either alone or in
combination with Hoagland and Arnon nutrient solution or with NaCl (2.5 g/L), in addition
to a control group.

4. DISCUSSION

The present study proposed a model for evaluating Seaweed-based biostimulants (SBB) in
hydroponic crops, an area where their effects are still little explored. Hydroponic systems are

AR Rev. Ambient. Agua vol. 21, €3136 - Taubaté 2026
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increasingly vital for the commercial cultivation of leguminous and vegetable plants (Niu and
Masabni, 2022), mainly due to the possibility of using organic nutrient sources in the
hydroponic solution (Park and Williams, 2024). The findings of the present study indicate that
the growth of L. minor was primarily influenced by the Hoagland and Arnon solution than by
the varying concentrations of SBB. This highlights the importance of nutrient solutions in
hydroponic systems. However, there is a possibility of a synergistic interaction between the
SBB and the Hoagland and Arnon solution, as evidenced by the superior performance, in
absolute terms, of L. minor growth in the treatment with 0.5 mg/L within the T2 group,
compared to other treatments, including ¢T2, which only had the Hoagland and Arnon solution.

Previous research has shown that biostimulants work best in conjunction with proper
nutrition rather than as a replacement. Additionally, biostimulants are most effective when used
in low concentrations and may become harmful at high concentrations (Du Jardin, 2015;
Rouphael and Colla, 2020). However, the concentrations used in the present study did not allow
such confirmation, requiring further investigation involving different SBB concentrations in
future tests with L. minor. Additionally, extending the experimental duration would probably
provide a clearer illustration of this potential synergistic impact.

The substitution of hydroponic nutrient solution with seaweed extracts should be assessed
individually, as it may have negative effects in inappropriate proportions. This was
demonstrated by Ofiez et al. (2025) in their study on the impact of different ratios of Sargassum
polycystum seaweed extract mixed with a commercial hydroponic nutrient solution on the
growth and yield of green lettuce (Lactuca sativa L.) in a hydroponic system. The researchers
found significant improvements in plants treated with up to 50% seaweed extract compared to
those treated with 100% hydroponic nutrient solution. However, they cautioned against
exceeding the 50% substitution level, as it could be harmful.

Dasgan et al. (2023) studied the impact of three biofertilizers (Chlorella vulgaris
microalgae, rhizobacteria, and fungi) in a floating hydroponic system with a 50% decrease in
mineral fertilizer on lettuce yield and quality. The researchers found that the rhizobacteria
treatment led to the most significant growth outcomes. Additionally, combinations of 100%
mineral fertilizer and rhizobacteria resulted in the highest lettuce yield, likely due to the
increased nutrient availability from the rhizobacteria. Similarly, Jung and Kim (2020) suggested
that a blend of mackerel and brown seaweed (Undaria pinnatifida) wastewater could serve as
a high-quality biofertilizer in open-flow lettuce hydroponics. The researchers noted that the
biofertilizer met the required content levels for nitrogen, phosphorus, potassium, and heavy
metals, and one-month-old lettuce plants exhibited a notably higher growth rate compared to
the control group, along with increased chlorophyll and carotenoid levels and enhanced
antioxidant activity.

The positive effects of SBB on plants may be due to a synergistic interaction between SBB
and the nutrient solution, as seaweed extracts can enhance plant uptake and utilization of
nutrients through various mechanisms (Ofiez et al., 2025). Indeed, seaweed extracts contain a
diverse array of bioactive compounds, such as sulfated polysaccharides, amino acids, vitamins,
phytohormones, and micronutrients (Battacharyya et al., 2015, Boa Ventura et al., 2025), which
work together to optimize key physiological processes like photosynthesis, protein synthesis,
and nutrient uptake (Calvo ef al., 2014; Moraes et al., 2025). In the current study, it was noted
that under restrictive nutritional conditions, the effectiveness of the biostimulant was limited,
as there were no significant differences between the control group and the treatments in the T1
group that only received the biostimulant. This indicates that L. minor did not respond well to
the bioactive compounds in the SBB when the nutrient solution was absent. This finding is
crucial for understanding how biostimulants work and emphasizes that these products should
be viewed as supplements rather than replacements for mineral nutrition (Du Jardin, 2015;
Rouphael and Colla, 2020).
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Recent research has indicated that the effectiveness of biostimulants is closely linked to
the nutritional status of plants (Yakhin ef al., 2017; Rouphael and Colla, 2020; Boutahiri ef al.,
2024). In situations of nutrient deficiency, such as when there is no nutrient medium present
(control group and T3 treatments), the mechanisms through which biostimulants work may be
compromised due to a lack of essential cofactors, decreased metabolic energy, and alterations
in gene expression (Battacharyya et al., 2015; Rouphael and Colla, 2020). This can limit the
synergistic effects and evidence of biostimulant impacts on plant growth, as observed in the
current research. Therefore, it is crucial to recognize that biostimulants can serve as enhancers
of plant physiology within existing cultivation practices and are unlikely to fully replace
essential nutrients in hydroponic crops.

In the present study, we found that SBB was not effective in alleviating salt stress in L.
minor at the concentrations tested. This suggests that the stress intensity or SBB concentrations
used may not have been sufficient to demonstrate a protective effect, despite the osmoregulatory
properties of A. nodosum extracts (Khan et al., 2009). A previous study assessing growth
parameters in L. minor using sodium chloride as a reference substance found that total frond
area was the most sensitive parameter to salt stress, with a mean effective concentration (ECso)
of 2.74 + 0.25 g/L. Fresh weight and number of fronds had ECso values of 3.15 + 0.46 g/L and
3.98 + 0.24 g/L, respectively (Godoy et al., 2017). Therefore, it is crucial to consider the
sensitivity of the test organism, as factors like seasonality and external influences can impact
the observed sensitivity levels. To further investigate this, we recommend conducting a dose-
response curve for salt sensitivity in L. minor using lower NaCl concentrations combined with
varying doses of SBB.

The aquatic plant L. minor is well-known as a valuable model organism for
ecotoxicological and bioactivity research because of its distinct characteristics (Utami et al.,
2018). It 1s favored for its fast growth, ability to reproduce asexually for genetic consistency,
sensitivity to various chemical substances, and simple cultivation following globally accepted
protocols like the OECD guidelines (OECD, 2006; Radi¢ et al., 2010; Chakrabarti et al., 2018).
In this context, the results obtained in this study support the potential of L. minor as a model
organism for biostimulant screening. The species showed sufficient sensitivity to differentiate
the various treatments and responded quickly to changes in bioassay conditions. The correlation
between the different growth parameters assessed (leaf number, area coverage, SGR, and dry
biomass) further validates the use of these plants for future bioassays.

Comparative research has shown a correlation between responses observed in L. minor and
other plant species (Cardoso et al., 2021; Klein ef al., 2025). This similarity indicates that the
results from duckweed bioassays can be reliably applied to commercial crops and serve as an
initial assessment of biostimulant effects. The methodology presented in this study can be
adjusted to assess various biostimulants, concentrations, and stress conditions. However,
incorporating additional analyses such as photosynthetic activity, chlorophyll content, and
antioxidant enzymes (Radi¢ et al., 2010; Zezulka et al., 2013) could enhance the comprehensive
evaluation of biostimulant effects. Despite the limitations identified in this study and the
potential for future research, the findings suggest the need for refining protocols for SBB
evaluation in future studies.

5. CONCLUSION

Based on the findings of this study, it is recommended that additional research be carried
out to investigate the suitability of L. minor in evaluating the effects of SBB from A. nodosum
on hydroponic crops. The method described offers a straightforward, consistent, and replicable
initial model that fulfills the essential requirements for a quick and cost-effective preliminary
bioassay, enabling the verification of the efficacy of bio-inputs prior to field trials.
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