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Abstract

The sustainable valorization of marine biowaste, particularly shrimp residues, has emerged
as a promising strategy to develop eco-friendly agricultural inputs that enhance crop
productivity and reduce environmental impacts. This study investigated the effects of a
biotechnologically processed fermented shrimp-waste (Parapenaeus longirostris) formulation
as a biostimulant on the growth, physiological performance, and development of a local
mays variety (Zea mays L., DKC 744) under controlled pot conditions. The experiment
evaluated root, foliar, and combined applications of the biostimulant at three concentrations
(5%, 10%, and 15%) over a 90-day vegetative cycle. Morphological parameters, including
stem height, leaf number, leaf mass, and root biomass, were measured at regular intervals,
while chlorophyll a and b contents were assessed to evaluate photosynthetic efficiency.
The results indicated that all biostimulant treatments significantly enhanced mays growth.
Root-applied biostimulants primarily stimulated root biomass by up to 764.0 ± 66.8 g
at the 10% concentration, whereas foliar applications improved above-ground traits,
including stem elongation and leaf formation, reaching maximum heights of 200.0 ± 1.9 cm
and 17.0 ± 0.4 leaves under intermediate concentrations. Combined root and foliar
applications produced the highest stem height (240.0 ± 5.6 cm), leaf number (19.0 ± 0.0),
leaf mass (1034.0 ± 11.1 g), and chlorophyll content (2.44 ± 0.9 for chlorophyll a) at
10–15% concentrations. The results also revealed that moderate concentrations generally
provided the most balanced stimulation, suggesting the presence of an optimal dose
threshold. This study demonstrated the comparative effectiveness of root, foliar, and
combined applications of a fermented shrimp-waste biostimulant and identified an optimal
concentration. However, its limitations lie in the use of controlled pot conditions and a
single crop variety, which restrict the extrapolation of results to field-scale applications
and diverse agroecological environments. Therefore, more research is needed to explore
the action mechanisms of the studied biostimulant and elicitors, mainly the interaction
between biocompounds and the treated plant.
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1. Introduction
Shrimp diversity encompasses a wide range of marine and freshwater species, notably

Litopenaeus vannamei and Penaeus monodo, which dominate global aquaculture due to their
high productivity and adaptability [1–4]. The intensification of shrimp production has led
to substantial volumes of by-products, representing up to 50–60% of total biomass, thereby
raising significant environmental concerns [2,5]. Biotechnological approaches, particularly
microbial and lactic acid fermentation, have emerged as efficient and eco-friendly meth-
ods for processing these residues while reducing reliance on harsh chemicals [6]. These
fermentation-based techniques facilitate simultaneous deproteinization and demineraliza-
tion, yielding high-quality chitosan and other bioactive compounds [1].

Importantly, fermented shrimp waste has demonstrated significant potential in agricul-
tural applications as an organic fertilizer and soil conditioner, enhancing nutrient cycling,
soil microbiota, and crop productivity [7]. Such applications contribute to waste minimiza-
tion and support environmentally sustainable farming practices. Advances in wastewater
management further complement these strategies by reducing nutrient discharge and
environmental pollution [8]. Despite these promising developments, challenges related to
process scalability, economic feasibility, and standardization persist.

Biotechnological treatments, particularly microbial and fermentation-based processes,
enable the conversion of these wastes into bioactive compounds such as chitosan, peptides,
and organic acids with significant agronomic value [9–11]. These compounds act as plant
biostimulants by enhancing nutrient uptake, root development, and photosynthetic effi-
ciency, thereby improving crop growth and productivity [12]. In addition, shrimp-derived
additives have demonstrated effectiveness in soil conditioning, promoting beneficial mi-
crobial communities, and improving soil structure and fertility [13,14]. The incorporation
of chitin and its derivatives into agricultural systems has also been linked to induced
systemic resistance in plants, protecting a wide range of phytopathogens, including fungi
and bacteria [15]. Furthermore, shrimp waste-based formulations can function as natural
pesticides or elicitors, reducing reliance on synthetic agrochemicals and mitigating en-
vironmental risks [16]. Therefore, continued research is essential to fully exploit shrimp
waste-derived products as sustainable agricultural inputs that enhance productivity while
protecting environmental health [17,18].

Shrimp production in Morocco, though more limited compared to major global produc-
ers, is progressively gaining attention within integrated aquaculture and marine resource
management frameworks, generating significant quantities of shell-derived waste requiring
sustainable valorization [19]. Recent studies have explored the bioconversion of shrimp by-
products, including species such as Penaeopsis serrata and Metapenaeus monoceros, into high-
value compounds like chitosan and bioactive metabolites with agricultural potential [20,21].
In parallel, valorization approaches integrating marine and agro-industrial residues, such
as composting with grape marc and molasses, have demonstrated promising improvements
in soil fertility and nutrient recycling under Moroccan conditions [22,23]. Furthermore,
research on crustacean waste, including Callinectes sapidus, highlights broader oppor-
tunities for exoskeleton utilization within circular bioeconomy strategies [24]. Despite
these advances, scientific research in Morocco remains fragmented, with limited large-scale
implementation, insufficient field validation, and a lack of standardized processing tech-
nologies. Therefore, future investigations should prioritize integrated, field-scale studies
to optimize shrimp waste-based inputs under arid and semi-arid conditions. Emphasis
should also be placed on developing cost-effective, locally adapted bioprocesses to support
sustainable agriculture and environmental protection in Morocco.

This study aims to evaluate the effects of a biostimulant derived from a biotechno-
logically processed shrimp co-product on the growth and development of a Mays variety.
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The shrimp co-product, rich in bioactive compounds such as chitin, chitosan, and peptides,
is expected to act both as a nutrient enhancer and as a natural elicitor of plant defense
mechanisms. In this study, we selected Parapenaeus longirostris, a demersal crustacean
widely distributed in the Mediterranean Sea and eastern Atlantic, inhabiting sandy–muddy
bottoms at depths of approximately 20–700 m, with the highest abundance between 70 and
400 m. In Morocco, it represents a key target species of demersal trawl fisheries along both
the Atlantic and Mediterranean coasts, particularly near M’diq and Nador, contributing
significantly to national shrimp landings despite observed fluctuations and declines linked
to environmental variability and fishing pressure.

This study differentiates itself from existing shrimp-waste biostimulant research
through a context-specific valorization strategy and an enhanced biotechnological pro-
cessing approach. Rather than relying on generic crustacean residues, the study utilizes
Parapenaeus longirostris, a species of high commercial relevance in Morocco, thereby aligning
biomass sourcing with locally available fishery by-products and reinforcing a territorially
anchored circular-economy model. The innovation further resides in the application of a
controlled fermentation process that promotes the biotransformation of chitinous material
into more bioavailable derivatives, including low-molecular-weight chitosan and bioactive
peptides, which are known to exhibit both nutritional and elicitor functions. In contrast to
conventional studies that often assess biostimulants under optimal or standardized condi-
tions, this work explicitly targets semi-arid agroecosystems typical of Moroccan agriculture,
characterized by water scarcity and heterogeneous soil fertility.

2. Materials and Methods
2.1. Plant Material

In this experiment, silage maize Zea mays was used as the plant material due to
its wide agronomic importance and extensive use as a model species in experimental
studies related to plant physiology, stress tolerance, and biostimulant applications. The
variety employed was “DKC 744,” originating from the United Arab Emirates, selected
for its adaptability and performance under varying environmental conditions. Maize is
frequently utilized in scientific research owing to its well-characterized growth dynamics,
sensitivity to environmental factors such as temperature and water availability, and its
suitability for evaluating treatment effects under controlled conditions [25]. In addition,
Zea mays has been widely used in experimental investigations involving biostimulants,
where exogenous applications have demonstrated improvements in growth, yield, and
stress resilience, particularly under drought and water-limited conditions [26,27]. Its
root system and biomass production also make it a valuable model for studying plant
material properties and responses to chemical treatments [28]. Sowing was carried out in
plastic pots, with one seed per pot, and maintained at ambient temperature to simulate
natural growing conditions while ensuring controlled experimental reproducibility. This
experimental design allows for an accurate assessment of biostimulant effects on maize
growth and development.

2.2. Animal Material

The animal material used in this study to prepare the biostimulant is derived from
the pink deep-sea shrimp Parapenaeus longirostris, a widely distributed demersal species
inhabiting the eastern Atlantic Ocean and the Mediterranean Sea [29,30]. This species is
particularly abundant along the Moroccan Atlantic coast, where it constitutes an impor-
tant component of bottom trawl fisheries and contributes significantly to national seafood
production [31]. Its high commercial value has led to intensive exploitation, with large
quantities processed for human consumption, generating substantial organic by-products
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such as heads, shells, and exoskeleton residues [32]. These by-products represent a valuable
source of bioactive compounds, including proteins, chitin, minerals, and carotenoids, which
can be effectively utilized in the formulation of agricultural biostimulants. The valorization
of P. longirostris waste aligns with circular economy principles by transforming fishery
discards into high-value products, thereby reducing environmental pollution associated
with improper disposal. Given the species’ relative abundance and economic importance
in North African and Mediterranean fisheries [33], its use as a raw material provides both
ecological and economic advantages. Furthermore, the conversion of shrimp processing
waste into biostimulants supports sustainable resource management, enhances agricultural
productivity, and mitigates the environmental footprint of the fisheries sector. This ap-
proach highlights the potential of marine bioresources as innovative inputs in sustainable
agriculture while contributing to waste reduction and ecosystem protection.

2.3. Soil

The soil used was a mixture consisting of one-third compost, one-third sand, and
one-third cork oak forest soil, with a pH of 5.5.

2.4. Biostimulant

The biostimulant applied was derived from a fermented shrimp-waste formulation. It
was prepared through a biotechnological transformation of fresh shrimp residues. In a 20 L
plastic container maintained at 20 ◦C, 8 kg of freshly ground shrimp waste was mixed with
2 kg of molasses as a carbohydrate source. The mixture was inoculated with a fermentation
starter culture composed of selected and purified bacterial strains with fermentative and
acidifying capacity. Fermentation was monitored by pH measurements until the product
stabilized [19].

After 15 days of fermentation, the pH stabilized at 3.9, with observed inhibition
of nematodes and elimination of unpleasant odors. Subsequently, the biostimulant was
balanced with a mineral solution containing essential micronutrients, including potassium
oxide, boron, copper, iron, and manganese.

To perform the different treatments, the resulting biostimulant was diluted to four con-
centrations: 5%, 10%, and 15%, in comparison with a negative control (water). Treatments
were applied using three modes:

Root application: TR5 (5%), TR10 (10%), TR15 (15%)
Foliar application: TF5 (5%), TF10 (10%), TF15 (15%)
Combined application (root + foliar): TC5 (5% root + 5% foliar), TC10 (10% root + 10%

foliar), TC15 (15% root + 15% foliar)
Applications were performed via watering, with 40–50 mL per plant depending on

developmental stage, once per week during the vegetative cycle.

2.5. Experimental Design

The experiment was carried out at the experimental station of the Biology Department,
Ibn Tofail University (Kenitra, Morocco; 34.247395 N, −6.586882 W), under controlled field
conditions representative of the regional agroclimatic context. The study area is character-
ized by a Mediterranean climate, with an average annual temperature of approximately
22 ◦C and a mean annual rainfall of about 507 mm. The trial was conducted over 90 days,
from April to June 2024, corresponding to the active vegetative growth phase of the plants.
Environmental conditions were monitored throughout the experimental period to minimize
variability related to temperature and precipitation.

A completely randomized block design was adopted to ensure experimental robust-
ness and to reduce the influence of spatial heterogeneity. The experimental setup comprised
three independent blocks, each corresponding to a specific mode of biostimulant applica-
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tion: root application (Block 1), foliar application (Block 2), and combined root and foliar
application (Block 3). Within each block, three treatment concentrations (5%, 10%, and 15%)
were tested alongside a negative control consisting of water only. This design allowed for
a comparative assessment of both the application method and concentration-dependent
effects of the biostimulant on plant performance.

The biostimulant solutions were prepared by diluting the stock extract with distilled
water to obtain the desired concentrations prior to each application. For root treatments
(TR5, TR10, and TR15), the diluted solutions were applied directly to the soil at the base of
each plant, ensuring uniform distribution in the rhizosphere to facilitate root uptake. Foliar
treatments (TF5, TF10, and TF15) were administered by spraying the solutions evenly onto
the leaf surface until runoff, allowing direct absorption through the leaf tissues. Combined
treatments (TC5, TC10, and TC15) consisted of simultaneous root and foliar applications at
equivalent concentrations, integrating both uptake pathways. All treatments were applied
once per week throughout the vegetative cycle, with application volumes ranging from 40
to 50 mL per plant depending on the developmental stage. Each treatment was replicated
three times. This standardized and controlled application protocol ensured consistent
exposure across treatments and enabled a reliable evaluation of biostimulant effects.

2.6. Measured Parameters
2.6.1. Morphological Parameters

The monitoring and evaluation of the effects of biostimulants were conducted
throughout the crop cycle, with measurements taken every 15 days on three samples
per measurement.

Effect of Biostimulants and Elicitors on the Growth of the Aerial Part

To assess the impact of biostimulant and elicitor applications on the development of
the aerial parts of maize plants, stem height and leaf number were systematically monitored
throughout the vegetative cycle. These parameters were recorded at 15-day intervals (15,
30, 45, 60, 75, and 90 days) to capture temporal growth dynamics. In parallel, the fresh
weights of the aerial biomass were measured to quantify treatment-induced variations in
vegetative vigor and biomass accumulation. Attention was given to the effects of applied
biostimulant treatments (TR5, TR10, and TR15), allowing for a comparative evaluation of
dose-dependent responses. This approach enabled a comprehensive assessment of how
biostimulant concentration influences maize stem elongation and overall aerial growth
over the 90-day experimental period.

Effect of Biostimulant and Elicitor Application on Root Growth

To evaluate the influence of biostimulant and elicitor applications on root development
in mays plants, key root growth parameters were systematically monitored throughout
the vegetative cycle. Root length and biomass were assessed at regular 15-day intervals
(15, 30, 45, 60, 75, and 90 days) to capture temporal changes in belowground growth
dynamics. Particular emphasis was placed on root-applied biostimulant treatments (TR5,
TR10, and TR15), enabling a comparative analysis of concentration-dependent effects. This
methodological approach provided a comprehensive evaluation of how biostimulant and
elicitor concentrations modulate mays root growth over the 90-day experimental period.

2.6.2. Physiological Parameters
Chlorophyll Pigment Concentration

Chlorophyll content in maize (Zea mays L.) leaves was assessed on day 80 of the
vegetative cycle to evaluate the physiological response of plants to biostimulant and elicitor
applications. Measurements were performed using a portable SPAD-502P chlorophyll
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meter (Konica Minolta, Chiyoda City, Japan), a non-destructive optical device widely used
to estimate relative chlorophyll content based on leaf light absorbance. This timing was
selected to correspond to an advanced vegetative stage, when differences in photosynthetic
capacity among treatments are expected to be clearly expressed.

For each treatment, including root application (TR5, TR10, TR15), foliar application
(TF5, TF10, TF15), combined application (TC5, TC10, TC15), and the untreated control,
three biological replicates were analyzed. In each replicate, fully expanded and healthy
leaves located at the mid-canopy level were selected to minimize variability related to leaf
age and position. SPAD (Model of a portable chlorophyll meter manufactured by Konica
Minolta) readings were taken at three different points along the central portion of each leaf
blade, avoiding the midrib, and the mean value was calculated to represent one replicate.
The obtained SPAD values were expressed as relative chlorophyll content (µg g−1) and
used to compare treatment effects.

2.7. Statistical Analysis

Recorded data were organized in Excel sheets depending on the parameters studied,
applied concentrations, and treatment period. ANOVA one-way followed by post hoc
test was used to compare the parameters studied during growth and vegetation, between
treatments (three replicates were applied for each parameter). The use of three replicates
per parameter is justified as a standard experimental design in agronomic studies, ensuring
sufficient statistical power to detect treatment effects while maintaining resource efficiency.
Replication reduces random variability, improves estimate precision, and strengthens the
reliability and reproducibility of the results. The comparison addressed the application
area (root, foliar, and a combination of them), the sampling periods (15, 30, 45, 60, and
75 days for growth and morphological parameters; 30, 60, 90 days for leaf mass; and
80 days for chlorophyll), and concentrations of biostimulants (5%, 10%, 15%, and control).
The comparison of Chlorophyll content between treatments was conducted by one-way
ANOVA followed by a post hoc test, while the comparison between chlorophylls a and
b was done via a t-test (only two samples). Linear regression analysis was performed
to evaluate the relationship between time (days) and leaf number across all treatments
applied to Zea mays. The slope, intercept, coefficient of determination (R2), and statistical
significance (p-value) were calculated to assess growth dynamics and model fit. All analyses
were conducted at a significance level of p < 0.05, with highly significant results considered
at p < 0.001. Correspondence Analysis was used to select the most efficient treatments,
considering applied concentration and treatment as dependent variables, while periods
and treated areas were considered as factors. Generalized linear models (Gaussian, identity
link) were applied to assess effects of time, treatment type, and concentration, including
interactions, on stalk size, leaf number, and foliar weight, using controls as reference
categories. The SPSS Statistics for Windows, version 25.0, was used to perform Statistical
analyses. Significant differences were considered at p < 0.05.

3. Results
3.1. Effect on the Growth of Mays
3.1.1. Root-Applied Biostimulant

The data presented in Figure 1A show the effect of root-applied biostimulant treat-
ments (TR5, TR10, TR15) on Mays stem height over a 90-day vegetative cycle. All treatments
exhibited a progressive increase in stem length, with a noticeable acceleration between
days 45 and 75 (p < 0.05). Furthermore, TR10 and TR15 consistently produced slightly
higher stem heights compared to TR5, particularly at the later stages (days 60–90) (p < 0.05).
By day 90, both TR10 and TR15 reached 228.0 ± 10.4 cm, surpassing TR5 (206.0 ± 3.4 cm)
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(p < 0.05), which highlights the greater efficacy of higher concentrations. The results indi-
cate that root-applied biostimulant significantly enhances mays aerial growth, with optimal
performance at 10% and 15% concentrations.

 
Figure 1. Effect of biostimulant on the evolution of mays stem size during its vegetative cycle in cm
((A): Root treatment; (B): Foliar treatment; (C): Combined effect) (TR 5: 5%, TR10: 10%, TR15: 15%;
TF5: 5%, TF10: 10%, TF15: 15%; TC5: 5% root + 5% foliar, TC 10: 10% root + 10% foliar, TC 15: 15%
root + 15% foliar) (Comparison was conducted by ANOVA one way, followed by post hoc test and
significant values were at p < 0.05 (*** > ** > * for days; a > b for treatments)).

3.1.2. Foliar-Applied Biostimulant

Figure 1B illustrates the effect of foliar-applied biostimulant treatments (TF5, TF10,
TF15) on mays stem height over a 90-day vegetative cycle, and results were compared
via ANOVA one-way. Stem growth increased steadily for all treatments, with notable
acceleration between days 45 and 75 (p < 0.05). TF10 achieved the highest stem heights,
reaching 200.0 ± 1.9 cm at day 90, followed by TF5 (192 cm) and TF15 (182 ± 1.9 cm)
(p < 0.05). Early-stage growth (days 15–45) showed minimal differences between treatments,
indicating a similar initial response. Further, foliar application of the biostimulant positively
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influenced mays aerial growth, with 10% concentration providing optimal performance
compared to lower and higher doses.

3.1.3. Combined Root and Foliar Biostimulant

The effect of combined root and foliar biostimulant applications (TC5, TC10, TC15)
on mays stem height over a 90-day vegetative cycle is presented in Figure 1C. All tested
concentrations of the biostimulant showed a consistent increase in stem length throughout
the period. The rapid growth was observed between days 45 and 75. By day 90, the highest
stem heights were recorded for TC10 (240.0 ± 5.6 cm) and TC15 (239.0 ± 2.0 cm), while TC5
reached only 230 cm (p < 0.05). In contrast, early-stage growth differences were minimal
(p > 0.05). Moreover, the combined application of the biostimulant proved more effective
than root-only or foliar-only treatments, with 10–15% concentrations providing optimal
stimulation of mays stem development (p < 0.05).

The linear regression analysis (Table 1) demonstrated that all treatments exhibited
highly significant relationships between time and plant growth (p < 0.001), confirming the
robustness of the experimental trends. The consistently low p-values indicate that the ob-
served increases in plant height are not due to random variation but are strongly influenced
by treatment effects. Combined applications (TC) showed the highest growth rates and
strongest statistical significance, highlighting a synergistic interaction between root and
foliar pathways. Root treatments (TR) also displayed significant effects, outperforming
foliar applications (TF), which exhibited comparatively lower slopes despite remaining
statistically significant.

Table 1. Linear regression analysis of relationships between time and plant growth and
treatment effects.

Treatment Slope (cm/day) Intercept (cm) R2 p-Value

Control 1.6 6.8 0.97 <0.001

TR5 2.15 7.5 0.98 <0.001

TR10 2.35 8.2 0.99 <0.001

TR15 2.28 8 0.98 <0.001

TF5 2 7.2 0.97 <0.001

TF10 2.08 7.5 0.98 <0.001

TF15 1.95 7.4 0.97 <0.001

TC5 2.4 8.5 0.99 <0.001

TC10 2.55 9 0.99 <0.001

TC15 2.52 9.1 0.99 <0.001

The GLM (Table 2) revealed that time remains the dominant driver of stalk growth, but
treatment effects significantly modify this trajectory. The combined treatment (TC) exhibited
the highest coefficient and strongest interaction with time, confirming a synergistic effect
between root and foliar applications. The dose–response relationship was significant,
particularly for combined treatments, where 10–15% concentrations maximize growth.
Interaction terms demonstrated that treatment efficacy intensifies over time, especially after
45 days. Foliar treatment alone showed comparatively weaker and less consistent effects,
particularly in interaction with concentration.
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Table 2. Generalized linear model (GLM) showing the effects of Time (days), Treatment type
(Root = TR, Foliar = TF, Combined = TC, Control), and Concentration (5%, 10%, 15%), including their
interactions, on stalk size evolution.

Predictor Coefficient (β) Std. Error t-Value p-Value

Intercept (Control at Day 15) 7 1.25 5.6 <0.001

Time (Days) 2.35 0.18 13.05 <0.001

TR (Root vs. Control) 5.42 1.1 4.93 <0.001

TF (Foliar vs. Control) 3.18 1.08 2.94 0.006

TC (Combined vs. Control) 8.76 1.15 7.61 <0.001

Concentration (Dose) 2.67 0.95 2.81 0.008

Time × TR 0.42 0.07 6 <0.001

Time × TF 0.28 0.06 4.67 <0.001

Time × TC 0.55 0.08 6.88 <0.001

TR × Concentration 1.95 0.72 2.71 0.01

TF × Concentration 1.22 0.7 1.74 0.089

TC × Concentration 2.85 0.78 3.65 <0.001

Time × Concentration 0.31 0.05 6.2 <0.001

3.2. Effect on Leaves During Vegetative Cycle
3.2.1. Root-Applied Biostimulant

The effect of root-applied biostimulant treatments (TR5, TR10, TR15) on the number
of mays leaves during the vegetative growth cycle is presented in Figure 2A. The results
obtained were compared by ANOVA one-way. The analysis of graphs showed that all
treatments increased the leaf number over time compared to the blank (p < 0.05). The TR10
treatment produced the highest leaf counts, with 18.0 ± 0.5 leaves by day 90, compared to
17.0 ± 0.4 leaves for TR5 and TR15 (p < 0.05).

Figure 2. Effect on leaves during vegetative cycle ((A): Root treatment; (B): Foliar treatment;
(C): Combined effect) (TR 5: 5%, TR10: 10%, TR15: 15%; TF5: 5%, TF10: 10%, TF15: 15%; TC5:
5% root + 5% foliar, TC 10: 10% root + 10% foliar, TC 15: 15% root + 15% foliar) (Comparison was
conducted by ANOVA one way, followed by post hoc test and significant values were at p < 0.05
(*** > ** > * for days; a > b for treatments)).
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The linear regression analysis (Table 3) indicated a highly significant increase in leaf
number over time for all treatments (p < 0.001), confirming a strong temporal growth pattern.
The combined treatments (TC10 and TC15) exhibited the highest slopes (0.18 leaves/day),
reflecting superior stimulation of leaf development compared to individual applications.
Root treatments (TR) also showed strong effects, particularly at 10%, while foliar treatments
(TF) demonstrated moderate but still significant improvements. The consistently high R2

values (0.98–0.99) indicate excellent model fit and reliability of the observed trends. The low
p-values across all treatments confirm that differences in leaf production are statistically
significant and treatment-driven.

Table 3. Linear regression analysis of relationships between time and plant leaves and
treatment effects.

Treatment Slope (Leaves/Day) Intercept R2 p-Value

Control 0.13 3.2 0.98 <0.001

TR5 0.16 3.5 0.99 <0.001

TR10 0.17 3.9 0.99 <0.001

TR15 0.16 3.8 0.99 <0.001

TF5 0.15 3.4 0.98 <0.001

TF10 0.16 3.6 0.99 <0.001

TF15 0.16 3.6 0.99 <0.001

TC5 0.17 3.9 0.99 <0.001

TC10 0.18 4.2 0.99 <0.001

TC15 0.18 4.2 0.99 <0.001

The GLM (Table 4) indicated that time is the primary determinant of leaf number
increase, reflecting a steady developmental progression. Among treatments, the combined
application (TC) exhibited the largest positive effect, followed by root (TR) and foliar
(TF) treatments. The dose–response relationship is significant, with higher concentrations
(10–15%) enhancing leaf production. Interaction terms revealed that treatment effects inten-
sify over time, particularly for combined applications, indicating a cumulative physiological
benefit. Further, the TC × concentration interaction confirmed a synergistic mechanism,
whereas foliar treatment alone shows weaker responsiveness to increasing dose.

3.2.2. Foliar Biostimulant

Figure 2B demonstrates the effect of foliar biostimulant treatments (TF5, TF10, TF15)
on the number of mays leaves throughout the vegetative cycle. Graphs showed that all
treatments increased the number of leaves compared to the blank (p < 0.05). The TF10 and
TF15 treatments resulted in slightly higher leaf counts than TF5, reaching 17.0 ± 0.3 leaves
by day 90 compared to 16.0 ± 02 for TF5.

3.2.3. Combined Root and Foliar Biostimulant

Figure 2C presents the effect of combined root and foliar biostimulant applications
(TC5, TC10, TC15) on the number of mays leaves during the vegetative cycle. All treatments
showed an increase in leaf number among treated plants. The most rapid growth occurred
between days 45 and 75. By day 90, the highest leaf counts were recorded under TC10 and
TC15 treatments (19.0 ± 0.0 leaves), while TC5 reached 18.0 ± 0.2 leaves (p < 0.05). The
combined application consistently produced greater leaf numbers compared to individual
treatments (p < 0.05).
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Table 4. Generalized linear model (GLM) with Gaussian distribution and identity link was fitted to
evaluate the effects of Time (days), Treatment type (Root = TR, Foliar = TF, Combined = TC, Control),
and Concentration (5%, 10%, 15%), including their interactions, on the evolution of leaf number.

Predictor Coefficient (β) Std. Error t-Value p-Value

Intercept (Control at Day 15) 4 0.42 9.52 <0.001

Time (Days) 0.155 0.012 12.92 <0.001

TR (Root vs. Control) 1.18 0.36 3.28 0.002

TF (Foliar vs. Control) 0.92 0.35 2.63 0.012

TC (Combined vs. Control) 1.85 0.38 4.87 <0.001

Concentration (Dose) 0.74 0.28 2.64 0.011

Time × TR 0.021 0.004 5.25 <0.001

Time × TF 0.015 0.004 3.75 <0.001

Time × TC 0.028 0.005 5.6 <0.001

TR × Concentration 0.52 0.21 2.48 0.017

TF × Concentration 0.31 0.2 1.55 0.128

TC × Concentration 0.79 0.23 3.43 0.001

Time × Concentration 0.012 0.002 6 <0.001

3.3. Effect on Leaf Mass During Vegetative
3.3.1. Root-Applied Biostimulant

Figure 3A illustrates the effect of root-applied biostimulant treatments (TR5, TR10,
TR15) on mays leaf mass during the vegetative cycle. The increase in leaf mass was observed
across all treatments from day 30 to day 90, compared to the non-treated plants (p < 0.05).
The TR5 and TR10 treatments showed slightly higher values than TR1 at each sampling
time, with final leaf masses reaching 1018.0 ± 20.3 g and 1016.0 ± 16.4 g, respectively, at
day 90. However, the differences between TR5 and TR10 were minimal (p > 0.05).

The GLM demonstrated that time exerts a dominant positive effect on foliar biomass
accumulation, with a marked increase between 30 and 90 days (Table 5). Among treat-
ments, the combined application (TC) showed the highest coefficient, confirming superior
performance compared to root (TR) and foliar (TF) treatments alone. The dose effect
was significant, indicating that increasing concentrations (up to 10%) enhance biomass
production. Further, interaction terms reveal that treatment effects intensify over time, par-
ticularly for combined applications, highlighting a strong synergistic mechanism. Finally,
the TC × concentration interaction is especially pronounced, confirming that combined
treatments respond more efficiently to increased dosage, whereas foliar treatments alone
exhibit weaker responsiveness.

3.3.2. Foliar Biostimulant

Figure 3B presents the effect of foliar biostimulant treatments (TF1, TF5, TF10) on mays
leaf mass throughout the vegetative cycle. Leaf mass increased progressively from day 30
to day 90 across all treatments. The TF5 treatment significantly produced the highest leaf
mass values, reaching 993.0 ± 15.3 g at day 90, followed closely by TF10 and TF1 (p < 0.05).

3.3.3. Combined Biostimulant

Figure 3C shows the effect of combined biostimulant treatments (TC1, TC5, TC10) on
mays leaf mass during the vegetative cycle. A steady increase in leaf mass was observed
for all treatments from day 30 to day 90. The highest leaf mass was recorded with TC5
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(1034.0 ± 11.1 g) at day 90 (p < 0.05), followed closely by TC10 and TC1 (5%). The minimal
variation among treatments was recorded at later stages (p > 0.05).

 
Figure 3. Effect on leaf mass during vegetative ((A): Root treatment; (B): Foliar treatment;
(C): Combined effect) (TR 5: 5%, TR10: 10%, TR15: 15%; TF5: 5%, TF10: 10%, TF15: 15%; TC5:
5% root + 5% foliar, TC 10: 10% root + 10% foliar, TC 15: 15% root + 15% foliar) (Comparison was
conducted by ANOVA one way, followed by post hoc test and significant values were at p < 0.05
(*** > ** > * for days; a > b for treatments)).

3.4. Effect of Biostimulants and Elicitors on Root Growth
3.4.1. Root-Applied Biostimulant

Table 6 illustrates the effect of root-applied biostimulant treatments (TR5, TR10, TR15)
on mays root growth throughout the vegetative cycle. Comparison of results was conducted
by ANOVA one-way, and significant values were at p < 0.05. Root biomass increased
consistently across all treatments from day 30 to day 90, compared to the non-treated
plants. The treatment TR10 produced the highest final root mass (764.0 ± 66.8 g) at day
90 (p < 0.05), followed closely by TR15 and TR5. The small variation (p > 0.05) among
treatments was recorded at later stages.
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Table 5. Generalized linear model (GLM) with Gaussian distribution and identity link was fitted to as-
sess the effects of Time (30, 60, 90 days), Treatment type (Root = TR, Foliar = TF, Combined = TC, Con-
trol), and Concentration (1%, 5%, 10%), including their interaction terms, on foliar weight evolution.

Predictor Coefficient (β) Std. Error t-Value p-Value

Intercept (Control at Day 30) 210 22.1 9.5 <0.001

Time (Days) 13.45 1.02 13.19 <0.001

TR (Root vs. Control) 312.6 18.4 16.99 <0.001

TF (Foliar vs. Control) 240.75 17.95 13.41 <0.001

TC (Combined vs. Control) 335.8 19.1 17.58 <0.001

Concentration (Dose) 18.25 6.8 2.68 0.011

Time × TR 2.85 0.44 6.48 <0.001

Time × TF 2.1 0.42 5 <0.001

Time × TC 3.4 0.48 7.08 <0.001

TR × Concentration 9.75 3.85 2.53 0.015

TF × Concentration 6.2 3.7 1.68 0.101

TC × Concentration 12.9 4.1 3.15 0.003

Time × Concentration 1.05 0.18 5.83 <0.001

Table 6. Effect of biostimulants and elicitors on root growth (TR 5: 5%, TR10: 10%, TR15: 15%; TF5:
5%, TF10: 10%, TF15: 15%; TC5: 5% root + 5% foliar, TC 10: 10% root + 10% foliar, TC 15: 15% root +
15% foliar).

Days Root Treatment Foliar Treatment Combined Treatment Control

TR5 TR10 TR15 TF5 TF10 TF15 TC5 TC10 TC15

30 200.00 ± 25.5 200.0 ± 24.7 197.8 ± 21.6 89.0 ± 12.6 90.0 ± 13.5 90.0 ± 11.6 207.0 ± 25.9 209.0 ± 26.2 208.8 ± 25.02 75.0 ± 9.3

60 517.5 ± 22.4 518.3 ± 51.3 518.0 ± 49.4 298 ± 27.9 300.0 ± 30.3 302.0 ± 31.6 518.9 ± 55.1 520.6 ± 27.1 520.0 ± 51.4 240 ± 27.2

90 756.0 ± 64.2 764.0 ± 66.8 763.8 ± 78.1 395 ± 34.9 400.0 ± 38.1 397.0 ± 28.3 777.0 ± 69.1 780.0 ± 68.2 780.0 ± 61.4 330 ± 29.1

3.4.2. Foliar-Applied Biostimulant

Table 6 presents the effect of foliar-applied biostimulant treatments (TF5, TF10, TF15)
on mays root growth during the vegetative cycle. Root biomass increased progressively
across all treatments from day 30 to day 90. The TF10 treatment yielded the highest
root mass (400 g) at day 90. Differences among treatments were relatively small, with
diminishing returns at higher levels (TF15).

3.4.3. Combined Root and Foliar Biostimulant

Table 6 shows the effect of combined root and foliar biostimulant treatments (TC5,
TC10, TC15) on mays root growth during the vegetative cycle. Root biomass increased
steadily from day 30 to day 90 across all treatments, with the highest values recorded under
TC10 and TC15 (780.0 ± 68.2 and 780.0 ± 68.2 g, respectively) (p < 0.05). The results suggest
a synergistic effect of simultaneous root and foliar applications. However, the minimal
differences among treatments were recorded at later stages.

3.5. Effect on Chlorophyll Content
3.5.1. Root-Applied Biostimulant

Figure 4A presents the effect of root-applied biostimulant treatments (TR5, TR10,
TR15) on chlorophyll content in mays leaves. The level of chlorophyll a ranged between
2.13.0 ± 0.4 and 2.15.0 ± 0.4 (p > 0.05), while chlorophyll b values varied more noticeably
from 0.8 ± 0.2 to 1.12 ± 0.4 (p < 0.05), with the highest content recorded under TR10. The
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balance between chlorophyll a and b indicates an optimized light-harvesting complex,
supporting healthier plant metabolism.

 
Figure 4. Effect of biostimulant on chlorophyll content ((A): Root treatment; (B): Foliar treatment;
(C): Combined effect) (Comparison between treatments was conducted by ANOVA one-way, while
t-test was used for type of chlorophyll, and significant values were at p < 0.05 (** > *)).

3.5.2. Foliar-Applied Biostimulant

Figure 4B shows the effect of foliar-applied biostimulant treatments (TF5, TF10, TF15)
on chlorophyll content in mays leaves. Chlorophyll a increased slightly with higher con-
centrations, reaching a maximum of 2.19 under TF10, while chlorophyll b exhibited a more
pronounced increase from 1.13 ± 0.5 (TF5) to 1.37 ± 0.5 (TF10 and TF15) (p > 0.05). Further,
foliar biostimulation positively influences mays leaf physiology, with TF10 appearing as
the most effective concentration for optimizing chlorophyll synthesis (p < 0.05).

3.5.3. Combined Root and Foliar Biostimulant

Figure 4C presents the effect of combined root and foliar biostimulant treatments (TC5,
TC10, TC15) on chlorophyll content in mays leaves. Chlorophyll a increased progressively
with higher concentrations, reaching a maximum of 2.44 ± 0.9 under TC15 (p < 0.05), while
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chlorophyll b also rose slightly from 1.39 ± 0.6 (TC5) to 1.45 ± 0.0 (TC15). Moreover, the
combined treatment, particularly at 15%, demonstrates the strongest stimulatory effect on
mays leaf physiology and pigment synthesis (at p < 0.05).

3.6. Multivariate Analysis

In this part, recorded results were analyzed with Correspondence Analysis, and the
results are presented in Figures 5–7. Results are presented in 2D plot: Axis 1 and Axis 2
with total inertia of 94.2XX (red color) and colored circles (n = 5) are used to differentiate
the groups associating treatments and periods. During the growth phase (Figure 5), TF15
was most efficient after 30 days, while after 45 days, TC5, TR10, and TR5 were the most
important. After 70 days, TR15, TC10, and TC15 were the most important treatments.

 
Figure 5. Correspondence Analysis (2D plot: Axis 1 and Axis 2 (red color)) of applied biostimulants
(abbreviations in blue color (TC, TF, and TR)) and growth periods (abbreviations (D) in black color)
of the Mays (TR 5: 5%, TR10: 10%, TR15: 15%; TF5: 5%, TF10: 10%, TF15: 15%; TC5: 5% root + 5%
foliar, TC 10: 10% root + 10% foliar, TC 15: 15% root + 15% foliar; D: Day). (colored circles (n = 5) are
used to differentiate the groups associating treatments and periods).

Results of CA are presented in 2D plot: Axis 1 and Axis 2 with total inertia of 80.3XX
(red color) and colored circles (n = 5) are used to differentiate the groups associating
treatments and periods (Figure 6). After 15 days, TC10 and TC15 were the most efficient,
while after 45 days, TR10 and Control were the most important treatments (Figure 6). From
30 to 75 days, TR15, TC5, TF10, and TF15 were the most important treatments. After
90 days, only TR5 was the most important treatment.

The correspondence Analysis of the biostimulants (abbreviations in blue color (TC, TF,
and TR)) on weight of leaves (FW)and roots (RW) (black color) during study periods (Days
30, 60, and 90 in black color) of Mays is presented in Figure 7. Results are presented in two
axes with total inertia of 99.9XX. Correspondence Analysis demonstrated 4 groups. First,
5%, 10%, and 15% applications on TC and TR were mostly efficient for root weight after 30,
60, and 90 days. Control mays showed higher weight of leaves after 60 and 90 days.
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Figure 6. Correspondence Analysis (2D plot: Axis 1 and Axis 2 (red color)) of applied biostimulants
on leaves (abbreviations in blue color (TC, TF, and TR)) +and growth periods (abbreviations (D) in
black color) of the Mays (TR 5: 5%, TR10: 10%, TR15: 15%; TF5: 5%, TF10: 10%, TF15: 15%; TC5: 5%
root + 5% foliar, TC 10: 10% root + 10% foliar, TC 15: 15% root + 15% foliar; D: day). (colored circles
(n = 5) are used to differentiate the groups associating treatments and periods).

 
Figure 7. Correspondence Analysis (2D plot: Axis 1 and Axis 2 (red color)) of applied biostimulants
(abbreviations in blue color (TC, TF, and TR)) on weight of leaves (FW)and roots (RW) (black color)
during study periods (Days 30, 60, and 90 in black color) of Mays (TR 5: 5%, TR10: 10%, TR15: 15%;
TF5: 5%, TF10: 10%, TF15: 15%; TC5: 5% root + 5% foliar, TC 10: 10% root + 10% foliar, TC 15: 15%
root + 15% foliar). (colored circles (n = 5) are used to differentiate the groups associating treatments
and periods).
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4. Discussion
Currently, many studies have addressed the biostimulants prepared from food and

natural residues, including crustaceans [34,35]. These investigations have addressed the
chemical compounds [36], nutrients [35], preparation of biotechnologies [37], and applica-
tions of shrimp-derived biostimulants to improve the growth, productivity, and protection
of crops [37,38]. In this study, we evaluated the effect of shrimp-derived biostimulants on
a local Mays variety (Zea mays L., DKC 744) in Morocco, characterized by harsh climate
conditions. The recorded results showed the capacity of the prepared biostimulant to
improve the growth and photosynthesis of the treated plant. This is suggested to improve
crops in the climate of North Africa.

The observed enhancement of mays stem growth under root-applied biostimulant
treatments (TR5, TR10, TR15) aligns with previous studies reporting that chitosan-based
and shrimp-derived biostimulants stimulate vegetative development through improved nu-
trient uptake and hormonal modulation [39,40]. The dose-dependent increase, particularly
under TR10 and TR15, is consistent with findings by [41], who demonstrated that moderate
to high concentrations of elicitors enhance cell elongation and division, leading to taller
stems. Notably, similar trends were reported by Elouali et al. [35], where 10–15% chitosan
applications increased plant height by approximately 20–30%, and by Biswas et al. [42],
who observed a 25% yield improvement with chitin nanofiber supplementation, reinforcing
the concentration-dependent growth response. The accelerated growth between days 45
and 75 may reflect the period of maximum metabolic activity, where biostimulants op-
timize photosynthetic efficiency and carbohydrate allocation. These results corroborate
similar observations in mays and other cereals, where root-applied bioactive compounds
promote aerial biomass accumulation and overall vigor [43]. The slight difference between
TR10 and TR15 suggests a threshold effect, beyond which additional concentration yields
marginal gains. Overall, the study confirms that shrimp-fermented biostimulants can be
effectively used to enhance mays stem growth under controlled conditions, supporting
their potential for sustainable crop management. In addition, such biostimulant-induced
growth enhancement may play a critical role in improving plant tolerance to abiotic stresses
prevalent in Morocco, particularly high temperature and water scarcity [44,45]. By enhanc-
ing root functionality and water-use efficiency, biostimulants can help maintain growth
under drought-prone conditions [46]. Improved physiological status may also reduce
stress-induced growth inhibition during periods of irregular rainfall [47]. Consequently,
the integration of shrimp-derived biostimulants could represent a promising strategy to
sustain maize productivity in semi-arid and water-limited agroecosystems.

The results of foliar-applied biostimulant treatments (TF5, TF10, TF15) on mays stem
height are consistent with previous studies showing that foliar application of bioactive
compounds can enhance vegetative growth by improving nutrient uptake and stimulating
phytohormone activity [48]. The observation that TF10 outperformed both lower and
higher concentrations aligns with reports of a hormetic effect, where intermediate doses
of biostimulants maximize growth responses while excessive concentrations may induce
mild stress or metabolic saturation [49]. Supporting this, Bagchi et al. [38] reported that
10% chitin nanofiber foliar application increased plant height and biomass by approxi-
mately 18–25%, while Hossain et al. [11] observed improved physiological performance
and growth stability at similar concentrations, confirming optimal mid-dose efficiency. The
early-stage similarity among treatments suggests that initial stem elongation is less sensi-
tive to foliar applications, whereas the accelerated growth between days 45 and 75 reflects
the period of peak photosynthetic and metabolic activity, enhanced by the biostimulant.
Comparable findings in mays and other cereals indicate that foliar application can improve
plant vigor and aerial biomass, especially under optimal concentration ranges [50]. Overall,
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the study supports the effectiveness of a 10% foliar-applied shrimp-derived biostimulant
in promoting mays stem growth under controlled conditions. Beyond growth promotion,
foliar-applied biostimulants may also enhance tolerance to abiotic stresses typical of Mo-
roccan agroecosystems. By improving leaf physiological status, chlorophyll stability, and
photosynthetic efficiency, such treatments can help mitigate drought- and heat-induced
growth inhibition [51]. Enhanced foliar nutrient assimilation may also support better water-
use efficiency under limited irrigation [27]. Consequently, foliar biostimulant application
represents a promising approach to sustaining maize productivity under the increasingly
variable climatic conditions of semi-arid regions.

The results of combined root and foliar biostimulant applications (TC5, TC10, TC15)
on mays stem height are consistent with previous research, indicating that integrated appli-
cation strategies maximize nutrient uptake, hormonal stimulation, and overall vegetative
growth [49]. The pronounced growth acceleration between days 45 and 75 corresponds
to the peak metabolic and photosynthetic activity of mays, a period where biostimulants
can significantly enhance cell elongation and division [40]. The superior performance of
TC10 and TC15 compared to TC5 aligns with dose–response findings in cereals, where in-
termediate to high concentrations provide optimal stimulation without inducing metabolic
stress [50]. Minimal differences during early stages suggest that initial growth is less
sensitive to biostimulant application, with combined treatments exerting cumulative effects
over time. These findings corroborate reports that synergistic root and foliar applications
outperform single-mode applications in promoting aerial biomass accumulation [39]. Over-
all, the study demonstrates that shrimp-derived biostimulants, applied in combination at
10–15%, can effectively enhance mays stem growth under controlled conditions.

The results on mays leaf development under root, foliar, and combined biostimulant
applications are consistent with previous studies demonstrating that shrimp-derived and
chitosan-based biostimulants enhance vegetative growth by promoting cell division and
expansion, nutrient uptake, and phytohormone regulation [39,40]. Root application (TR10)
produced the highest leaf counts, suggesting that moderate concentrations optimize nu-
trient assimilation without causing metabolic saturation, in agreement with observations
by [49]. Foliar treatments (TF10 and TF15) also improved leaf production, reflecting the ef-
ficacy of direct leaf absorption in stimulating photosynthesis and canopy development [50].
Combined root and foliar applications (TC10, TC15) yielded the greatest leaf numbers, indi-
cating a synergistic effect that enhances vegetative growth more effectively than individual
applications, as reported in cereals by [52]. The period of rapid leaf expansion between
days 45 and 75 corresponds to peak vegetative metabolism, where biostimulant action
is most pronounced. Overall, these findings confirm that intermediate concentrations of
combined biostimulants provide optimal stimulation of leaf formation in mays.

The effects of root, foliar, and combined biostimulant applications on mays leaf mass
are consistent with previous studies demonstrating that shrimp-derived and chitosan-based
biostimulants enhance biomass accumulation by improving nutrient uptake, stimulating
phytohormones, and promoting cell division [39,40]. Root-applied treatments (TR5, TR10)
showed that moderate to high concentrations increase leaf mass, whereas higher doses be-
yond 5–10% offered minimal additional benefits, aligning with the hormetic effect reported
by [49]. Foliar applications (TF5, TF10) similarly indicated that intermediate concentrations
optimize leaf biomass, supporting findings by [50] on efficient photosynthetic stimulation
via foliar uptake. Combined root and foliar applications (TC5, TC10) produced the greatest
leaf mass, suggesting a synergistic effect that enhances vegetative growth more effectively
than single-mode treatments, consistent with [52]. The gradual increase in leaf mass from
day 30 to day 90 highlights the sustained action of biostimulants throughout the vegetative
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cycle. Overall, these results confirm that moderate concentrations, particularly in combined
applications, provide the most efficient enhancement of mays leaf biomass.

The effects of root, foliar, and combined biostimulant applications on mays root
growth are consistent with previous studies showing that shrimp-derived biostimulants
and chitosan-based elicitors enhance root biomass by stimulating nutrient uptake, hormonal
activity, and cell division in the rhizosphere [39,40]. Root applications (TR10) promoted the
highest root mass, reflecting optimal stimulation at moderate concentrations, while higher
doses produced marginal additional benefits, in line with the hormetic response reported
by [49]. Foliar applications (TF10) indirectly enhanced root growth, likely via improved pho-
tosynthate allocation and systemic signaling, supporting observations by [50]. Combined
root and foliar treatments (TC10, TC15) achieved the greatest root biomass, indicating a syn-
ergistic effect that maximizes nutrient absorption and overall plant vigor, consistent with
findings in cereals by [52]. Minimal differences at higher concentrations suggest a threshold
beyond which root growth stabilizes. Overall, the study confirms that moderate combined
biostimulant applications are most effective for enhancing mays root development.

The effects of root, foliar, and combined biostimulant applications on mays chloro-
phyll content are consistent with previous studies demonstrating that shrimp-derived and
chitosan-based biostimulants enhance photosynthetic pigment synthesis by stimulating
nitrogen assimilation and chloroplast development [39,40]. In root-applied treatments,
chlorophyll b showed the most pronounced increase, with TR10 achieving 1.12 compared
to 0.8 in TR5, suggesting that moderate concentrations optimize pigment biosynthesis
without causing metabolic saturation, similar to the 8–15% increases reported by [49].
Foliar application (TF10) further enhanced chlorophyll a and b contents (2.19 and 1.37,
respectively), supporting findings by [50] that foliar biostimulants improve light-harvesting
and photosynthetic efficiency. Combined root and foliar treatments (TC10, TC15) produced
the highest chlorophyll levels, with chlorophyll a reaching 2.44 and b 1.45, highlighting a
synergistic effect that maximizes pigment accumulation, in agreement with [52]. The results
indicate that intermediate to higher concentrations, particularly in combined applications,
are most effective for enhancing mays leaf physiology. Overall, these findings confirm
that biostimulant application promotes photosynthetic capacity, which is directly linked to
improved growth and productivity.

The observed improvements in maize growth, biomass accumulation, and physio-
logical performance under root, foliar, and combined biostimulant applications can be
mechanistically explained by the synergistic action of chitosan-derived compounds on
plant metabolism, nutrient dynamics, and stress physiology. Chitosan and its derivatives
are known to enhance membrane permeability and root surface activity, thereby improv-
ing nutrient uptake efficiency and stimulating phytohormonal pathways involved in cell
division and elongation, as reported by Latha et al. [37]. The pronounced responses at inter-
mediate concentrations (10–15%) reflect a typical hormetic behavior, where optimal doses
activate metabolic processes without inducing toxicity, consistent with Elouali et al. [35],
who reported 20–30% growth enhancement under similar conditions. The accelerated
growth phase between days 45 and 75 corresponds to peak metabolic demand, during
which biostimulants enhance photosynthetic capacity, chlorophyll synthesis, and carbohy-
drate allocation, as supported by Qazizadah et al. [53]. Moreover, combined root and foliar
applications likely induce a systemic response, integrating local nutrient absorption with
foliar signaling, thereby maximizing biomass production and physiological efficiency [54].
This synergistic effect is comparable to microbial biostimulant interactions described by
Sun and Shahrajabian [55], where improved root–shoot communication enhances overall
plant resilience. Collectively, these mechanisms explain the observed improvements in
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growth, chlorophyll content, and stress tolerance, supporting the role of shrimp-derived
biostimulants as effective tools for sustainable crop intensification.

Despite the promising outcomes, several limitations constrain the interpretability and
generalization of the findings. First, the experimental design relied on only three replicates
per treatment, which, although common in preliminary agronomic studies, may limit
statistical power and the detection of suitable treatment effects under variable conditions.
Second, the chemical characterization of the fermented shrimp-waste biostimulant was
not conducted, preventing precise identification and quantification of active compounds
such as chitin derivatives, peptides, and minerals responsible for the observed responses.
Third, the absence of mechanistic investigations restricts understanding of the physiological
and molecular pathways underlying plant stimulation and stress tolerance. Additionally,
the study focused on a single maize variety and short-term growth parameters, without
assessing long-term yield, soil interactions, or environmental impacts. These constraints
highlight the need for integrated biochemical, molecular, and multi-site field studies.

5. Conclusions
In conclusion, this study demonstrated that a fermented shrimp-waste formulation

significantly enhances the growth and physiological performance of a local mays variety
when applied via root, foliar, or combined methods. Across all treatments, stem height,
leaf number, leaf mass, root biomass, and chlorophyll content were positively influenced,
with the greatest improvements observed under combined root and foliar applications.
Moderate concentrations, particularly 10–15%, consistently produced optimal results, in-
dicating a dose-dependent stimulatory effect without adverse saturation. The combined
application strategy exhibited a synergistic effect, maximizing both vegetative and physio-
logical parameters. Leaf and root biomass accumulation increased steadily throughout the
vegetative cycle. Chlorophyll content also improved, suggesting enhanced photosynthetic
efficiency and potential for higher productivity. Therefore, the study confirms the potential
of biotechnologically processed shrimp co-products as an effective biostimulant for mays
cultivation. The findings support the integration of such biostimulants into sustainable
agricultural practices to improve crop growth and resilience. Despite the importance of
this study, limitations include the lack of an action mechanism, and the chemical content of
the biostimulant was not assessed. Therefore, more investigations are needed to evaluate
the action mechanism of the biostimulants.
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