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1. Introduction

The use of synthetic fertilizers in conventional agriculture has increased due to the growing worldwide
demand for food. However, only a small portion of the applied nutrients are thought to be absorbed by
crops, with nitrogen use efficiency ranging from only 20% to 30%. In addition to increasing production
costs, this low efficiency leads to serious environmental issues such as degradation of soil biodiversity,
greenhouse gas emissions, and eutrophication of water bodies (Ramesh K, et al., 2024). Slow-release
fertilizers (SRFs) have become a crucial technological approach to address this issue by synchronizing
nutrient supply with the physiological requirements of crops (Govil S 2024, Kaur J et al., 2023). The
need to reduce reliance on synthetic polymers and improve the sustainability of agroecosystems has
led to the development of controlled-release fertilizers (CRFs) from natural, biodegradable materials
in recent years. (Mendonca Cidreira AC et al., 2025).
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In this context, the management of marine biomass has drawn increasing attention. Species
like Thalassia testudinum and Syringodium filiforme produce large amounts of waste with promising
structural properties for biofertilizer design (Gholami Saravi H et al., 2026, Rivera YH et al., 2021).
Previous research shows that the mesoporous nature and low crystallinity of matrices derived from
lignocellulosic residues promote gradual nutrient release, as observed in biochar-enriched systems,
thereby enhancing apparent nutrient use efficiency compared to conventional formulations. (Borase
GB et al,, 2024, Roy A et al., 2021, Lawrencia D et al., 2021)

This study assesses a biofertilizer produced by integrating residues of the marine plants T. testudinum
and S. filiforme (ThSr) into a urea-formaldehyde matrix (UFM), resulting in the UFM+ThSr
formulation. We characterized its physicochemical properties, confirming its amorphous nature and
porosity; the Activity Index (Al) was determined 67.4%. In contrast to conventional fertilizers, which
usually follow zero-order kinetics (Lakshani N et al., 2024, Jariwala H et al., 2022, Li X et al., 2024).
For both potassium and nitrogen, kinetic analysis showed first-order release behavior. The use of
marine residues as a feedstock that is environmentally friendly for the development of advanced
biofertilizers is supported by in vivo experiments in tomato plants that showed improved agronomic
performance in comparison to conventional fertilization. (Rosa D et al., 2024)

2. Methodology

2.1 Sample collection

The marine plants Thalassia testudinum and Syringodium filiforme were chosen from the Rincon de
Guanabo Protected Natural Landscape (23°10'44"N-82°07'01"W) in Havana, Cuba. Samples were
taken from a bed where both species naturally coexist, as well as from both monospecific patches of
each species. The plant material was then rinsed under running water to remove epiphytes and salts.
After that, it was processed to produce a liquid extract used as an active ingredient in formulations in
the national cosmetics industry. This process produced solid residues known as ThSr, which
correspond to the natural mixture of T. testudinum and S. filiforme. These residues, derived from the
previously mentioned industrial treatment, were employed in this investigation. For 30 minutes, they
were left in plastic trays in the sun to dry completely. They were then sieved (0.044 mm) and ground.

2.1.1 Synthesis Biofertilizer

The biofertilizer was produced via a solvent extraction and evaporation method as described in (YH et
al., 2021, Martinez Garcia A et al., 2026). A polycondensation reaction between urea and
formaldehyde (UF) was performed, and the marine plant residues (T. testudinum and S. filiforme,
collectively ThSr) were added in situ to create the UFM+ThSr biofertilizer. The experimental
conditions are detailed in (see. Table 1). Furthermore, the matrix was obtained alone, without the
addition of marine plant residues (UFM).

Table 1. Experimental conditions for biofertilizer preparation

Urea:Formaldehyde ThSr
Samples

(mol) (@)
UFM 0.6:1 -
UFM-ThSr 0.6:1 5
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2.1.2 Determination of Production Yield of Formulations

The production yield (PY) was determined by weighing the total product obtained from each
experiment. Using the known masses of the active ingredient and the matrix, the PY was calculated
with the expression Eqn.1:

RP(%) = ﬁ

p.a t Mp

x 100 Egn.1

where:

m_f is the total mass of the formulation obtained experimentally (mg)
m_p.a is the mass of the T. testudinum and S. filiforme mixture (mg)
m_p is the initial mass of the UF matrix (mg).

2.2 Experiments
2.2.1 Determination of the Activity Index (Al) of the UFM Matrix

The Activity Index (Al) was determined following the official method for fertilizer analysis (Guo Y et
al., 2023, Stephen SM et al., 2024). To determine the cold-water soluble nitrogen (CWSN) and cold-
water insoluble nitrogen (CWIN), 1 g of the sample was weighed into a 50 mL beaker, and 20 mL of
distilled water was added. The mixture was stirred intermittently for 5 to 15 minutes and then allowed
to settle before filtration. Total nitrogen content in both the filtrate (CWSN) and the residue on the
filter paper (CWIN) was determined using the Kjeldahl method (Abrams D et al., 2014). The Al was

calculated using Eqgn. 2:
%NIAF—-%NIAC

1A (%) - %NIAF

* 100 Eqgn. 2

Where:
CWIN: % Cold-Water Insoluble Nitrogen
HWIN: % Hot-Water Insoluble Nitrogen

2.2.2 Release Profiles

Nutrient release profiles were determined using the methods described in (Rivera YH et al., 2021). The
release of potassium (K-0) and total nitrogen (Nt) was monitored for both the UFM+ThSr formulation
and a conventional fertilizer (CF, NPK 14-5-12) over a 30-day period, with samples collected every 3
days. KO was quantified using a photocolorimetric method at a wavelength of 766.5 nm with an
AA500 atomic absorption spectrophotometer (PG Instruments, Great Britain). Nt was quantified by
the Kjeldahl method (Abrams D et al., 2014, Rapisarda S et al., 2022).

A conventional, unencapsulated mineral fertilizer was used as a reference. The cumulative release
percentage of each macronutrient was calculated and plotted as a function of time.

2.2.3 In Vivo Studies

The experiment was conducted at the “Liliana Dimitrova” Horticultural Research Institute (ITHLD) in
Quivican, Mayabeque, Cuba (22°52'N, 82°23'W). The site is situated on the flat Southern Plain of
Havana at an altitude of 68 m above sea level (Hernandez JC et al., 2020). The research was conducted
in a protected cultivation house, using the tomato variety “Lycal”. Polystyrene trays with 150 alveoli,
measuring (4x4x7 cm, 45 cmd volume). Data analysis involved calculating absolute and percentage
differences between the control and UFM+ThSr treatment groups for plant height, chlorophyll content,
and total dry weight. Statistical analysis was conducted using a one-way analysis of variance (ANOVA)
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with 10 replicates per treatment. The evaluated variables included plant height (at 14 and 21 days),
stem diameter (at 21 days), and chlorophyll content. Post hoc tests were used to determine significant
differences between means at a 95% confidence level (p < 0.05).
Experimental Treatments
T1 (Control): An organic substrate composed of 90% earthworm castings (v/v) and 10% rice straw
(v/v), prepared according to the methodology described by (Casanova A et al., 2023) for horticultural
seedling production.
T2 (Biofertilizer): The control substrate (T1) enriched with 0.16 g of the UFM+ThSr biofertilizer.
Evaluated Variables

* Numbers of germinated alveoli

* Plant height (cm)

» Stem diameter (mm)

» Chlorophyll content

» Dry weight (g)

2.2.4 Kinetic Fundamentals

As previously reported (Castro-Gonzalez.LM et al., 2022, Gonzélez-Hurtado.M et al., 2021), nutrient
release from encapsulated products involves multiple parallel and serial processes. The overall release
profile is influenced by the initial dissolution of unencapsulated material, known as the burst effect
(rv). Conversely, some material may be so deeply embedded within the polymer matrix that it is
released very slowly or not at all, leading to an asymptotic maximum release, or lock-off effect (rio).

To isolate the primary release mechanism, the kinetic analysis was performed on the fractional nutrient
release (f), which normalizes the data between the burst and lock-off values, as shown in the expression
(Castro-Gonzélez.LM et al., 2022) (see Eqn.3):

— "o Eqn3

= Tlo

where r is the cumulative nutrient release at a given time. This is referred to as the “bounded fraction”
model.

The rate expression for the reaction is given by Eqn.4 (Du C et al., 2004, Ancheyta J, 2017, Lipin
AA et al., 2023):

afi
L= —kfim Eqn.4

where k; is the rate constant and m is the reaction order. The solution to this differential equation is:
fAm—fit ™ =(m- 1Dkt Egn5s

where fio is the initial fractional release. For first-order reactions (m = 1), Egn.5 is undefined, and the
solution is given by Eqgn.6:

In(f;) —In(fiy) = k; EQqn.6
2.3 Characterisation of Biofertilizer

Scanning Electron Microscopy (SEM).The surface morphology was analyzed by field emission
scanning electron microscopy (FESEM) using an FEI TENEO instrument, operated at an acceleration
voltage of 10 kV. The samples were mounted on double-sided carbon tape and coated with a gold film
for 60 s using a Leica EM ACE200 low-vacuum sputter coater. FESEM images were acquired from
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the signal generated by backscattered electrons (BSE), detected by a circular backscatter detector
(CBS). X-ray Diffraction (XRD). X-ray diffraction (XRD) patterns were obtained using a Rigaku
Miniflex diffractometer equipped with Bragg-Brentano geometry and CuKo. radiation (A=1.5408A)
with a monochromator, operated at 35 kV and 25 mA. The samples were scanned in the 20 range of 2—
70°, with a step time of 2 s and a step size of 0.05°.

BET Analysis The specific surface area was determined from nitrogen gas adsorption/desorption
isotherms at 77.3 K using a Micromeritics ASAP 2405 N analyzer. Prior to analysis, samples were
activated for 16 h at 100 °C. The Brunauer—Emmett—Teller (BET) method was used to determine the
specific surface areas and average pore diameters, while the Barrett—Joyner—Halenda (BJH) method
was employed to determine the pore size distributions from the desorption isotherms.

3. Results and Discussion
3.1 Synthesis of Biofertilizer

The production yields (PY) of the matrix and the final formulation are presented in Table 2. The yield
for the UFM+ThSr formulation exceeded 50%. Figure 1, displays the dried and ground, the urea-
formaldehyde matrix (UFM), and the final product (UFM+ThSr).

Table 2. Production yield of the matrix and formulations

Samples  PY (%)
UFM 51
UFM+ThSr 60

STARTING MATERIALS: INTEGRATION PROCESS:
Marine Plant Residues Incorporation into UFM Matrix UFEM matrix
(Thsr) (UFM+ThSr)

Thalassia testudinum

Syringodium filiforme
Modified Urea-Formaldehyde
Matrix (UFM)

Figure 1. Summary of the reaction process and biofertilizers produced. UFM matrix (a), UFM+ThSr (b)

3.1.1 Determination of the Activity Index (Al) of the UFM Matrix

Formaldehyde and urea react to form polymer chains of different lengths, which is how urea-
formaldehyde (UF) slow-release fertilizers are made. The rate of nitrogen release, which is mediated
by soil microbial activity, is determined by these chain lengths. The Activity Index (Al), which is
computed using Eqgn.2 (Giroto AS et al.,2018), quantifies the slow-release trait. Total nitrogen (Nt)
content and the cold-water insoluble nitrogen (CWIN) fraction, which shows the stability of the slow-
release nitrogen portion, are important agronomic parameters (Guo Y et al 2023, Clark K et al.,2023).
The Association of Official Agricultural Chemists (AOAC) requires a minimum Al of 40% (McCleary
BV 2023), while other sources report a typical range of 40-60% for UF-based fertilizers, reflecting
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variations in the molar ratios used during synthesis (Sahrawat KL et al.,1995, Trenkel ME 2010, IFA
2020, 1SO 19670-2017). Tables 3 and 4 present the main characteristics of the UFM matrix and its
nitrogen content distributed by fraction, respectively.

Table 3. Main characteristics of the UFM matrix.

Sample CWSN (%) CWIN (%) HWSN (%) HWIN (%) Nt(%) Al (%)

UFM 9.7 23.3 3.6 7.6 44.2 67.4

Table 4. Nt content for each fraction of the UFM matrix.

Nt (%) Nt (%) Nt (%)
Sample Fraction I Fraction Il  Fraction IlI
UFM 9.7 26.9 7.6

The UFM matrix in this investigation had an Al of 67.4% and a total nitrogen (Nt) content of 44.2%.
Cold-water insoluble nitrogen (CWIN, 23.3%) and hot-water soluble nitrogen (HWSN, 3.6%) make
up fraction I1, or slow-release nitrogen, which made up 26.9% of the total nitrogen (Tables 3, 4). These
findings imply that short- to medium-length methylene-urea chains constitute the majority of the UFM
matrix, facilitating its breakdown and increasing plant access to nitrogen. An Al of 67.4% indicates
that a significant amount of the nitrogen is in a slow-release form, which can improve the fertilizer's
agronomic efficiency by lowering losses from leaching and volatilization. These findings confirm that
the UFM matrix satisfies the minimal standards set by the AOAC for classification as a slow-release
fertilizer for agricultural use (McCleary BV 2023).

3.2 Characterization of biofertilizers.

3.2.1 Structural analysis

The final UFM+ThSr formulation, the ThSr residue, and the UFM matrix are displayed in the XRD
patterns in Figure 2. The distinctive peaks of the UFM pattern are visible. The ThSr pattern shows
multiple reflections, including sharp peaks at 20 =~ 27.4° and 31.7°, which correspond to inorganic salts
such as NaCl and underscore the need for thorough cleaning of raw material. Additionally, the pattern
exhibits broad peaks at 26 =~ 16°, 22°, and 32°, which are indicative of a semi-crystalline, complex
material. Strain effects were deemed insignificant for further diffractogram analysis and were not
included in the computations (Mittemeijer EJ, Welzel U 2013).

The diffractogram of the UFM matrix, indicative of low crystallinity, is displayed in Figure 3a (Park
B-D, Jeong H-W 2011, Yamamoto CF et al.,2016, Liu M et al.,2016). The (110) and (101) planes are
represented by the pattern's peaks at 20 ~ 22.2° and 24.8°, respectively. These two strong peaks are
consistent with earlier findings for UFM resins made with a low formaldehyde-to-urea molar ratio
(<1.4). An intense peak usually appears at 21° at molar ratios greater than 1.4 (Castro-Gonzéalez. LM
et al.,2022). The peak locations, full width at half maximum (FWHM) from Lorentzian fitting, and
crystallite size determined by the Scherrer equation are listed in Table 5.
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Figure 2. Diffractograms of the UFM matrix, the ThSr residue, and the UFM+ThSr formulation. The
arrow indicates the presence of the only ThSr peak that does not overlap with those of UFM.
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Figure 3. Diffractograms of the UFM matrix (a) and the ThSr residue (b) and their deconvolutions.

Table 5. Crystallographic parameters of UFM matrix and UFM-ThSr formulation obtained from
Lorentzian fitting.
Samples  Planes 202 (°) FWHM (°)  Dsch (nm)
UFM 110 22236 +0.007 1.65%+0.02 4.9+0.2
101 24.84+0.02 2.01+0.06 4.1+0.2

1 16.180.1 5.400.2 1.580.5
ThSr 2 21.8820.04  3.780.1  2.200.5
Halo (3) 21.86 46.0

The diffractogram for the UFM+ThSr formulation, which is typical of a low-crystallinity material, is
shown in Figure 3b. It shows two broad bands superimposed on a wide amorphous halo with a center
0f21.86°. Peaks at 20 = 16.4° and 21.9° were resolved by Lorentzian fitting. The peak centers, FWHM,
and crystallite size determined using the Scherrer equation of the UFM+ThSr formulation are shown
in Table 5. The low crystallinity of the ThSr residue is confirmed by the small crystallite sizes.
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3.2.2 Textural Characterization by N: Adsorption/Desorption

The N2 adsorption/desorption isotherms were analyzed to ascertain the material's porosity. Table 6
compiles the textural parameters for both the UFM matrix and the UFM+ThSr formulation. The UFM
matrix specific surface area of about 30.22 m?/g and average pore diameter of 14 nm were consistent
with previously reported values (Siverio L, et al.,2019). In contrast, the UFM+ThSr formulation
displayed a much smaller specific surface area of 1.40 m?/g and an average pore diameter of 5 nm.

Table 6. Results of the textural parameter analysis

Specific surface area Pore volume Pore diameter

Samples
P (m’g) (cmg ™) (nm)
UFM 30.22 0.1056 14
UFM-ThSr 1.40 0.0019 5

The pore diameters show that both materials are mesoporous in accordance with the TUPAC
classification (Thommes M et al., 2015). However, their surface areas and pore volumes are smaller
than those of typical mesoporous materials (Vallet-Regi M et al.,2007; Haoufazane et al., 2025). This
apparent disparity could be explained by the system's morphological complexity, including a highly
irregular and heterogeneous surface (Figures 5a and 5c¢), making it impossible to accurately describe
porosity using textural parameters alone. A lower N2 adsorption capacity was indicated by the
UFM+ThSr formulation's lower surface area, pore volume, and pore size compared to the UFM matrix.
This is probably because the ThSr residues are incorporated into the UFM matrix block pore entrances.
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Figure 4. N, adsorption/desorption isotherms of the UFM matrix (a) and the UFM-ThSr formulation (b).

The N2 adsorption/desorption isotherms for both materials exhibit similar, Type I11 behavior according
to the IUPAC classification (Figures 4a and 4b). This isotherm type is characteristic of non-porous or
macroporous solids and indicates weak adsorbate-adsorbent interactions (Vallet-Regi M et al.,2007).
Nitrogen adsorption was lower in the UFM+ThSr formulation than in the UFM matrix. This may be
because incorporating the ThSr residue creates a more compact structure, reducing the available
openings for adsorption. This observation is consistent with the lower textural parameters relative to
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the matrix, suggesting reduced porosity. According to the IUPAC classification (Vallet-Regi M et
al.,2007), the isotherms also display H3-type hysteresis loops, which are characteristic of materials
composed of particle agglomerates that form slit-shaped pores of irregular size and shape. The uneven
and varied surfaces observed in the SEM images (Figures 5a and 5c) are consistent with this outcome.

3.3 Surface morphology by Scanning Electron Microscopy

Figure 5 displays SEM micrographs of the UFM matrix (a), the ThSr residue (b), and the UFM+ThSr
formulation (c). All samples consist of particle agglomerates with heterogeneous and irregular
morphologies (Rivera YH et al.,2021). This fine particle size increases the specific surface area, which
can promote chemical and biological degradation in the soil (Gomez-Guzman. O et al.,2023).
Additionally, surface cavities are visible, which may act as sites for nutrient release.

Figure 5. Electron Scanning Microscopy (SEM) of UFM(a), ThSr (b), and UFM+ThSr (c).

3.4 Kinetic Analysis
For comparison, Figure 6 displays the macronutrient release from conventional fertilizer (CF). The
Kinetics of both nutrients are zero-order. Table 7 lists the lock-off release (rio) and burst release (rp)

values.
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Figure 6. Cumulative releases of K (circles) and N (rhombuses) macronutrients in the conventional

fertilizer as functions of time.

The release at the final time point was determined to be the lock-off release (rio), which denotes nutrient
exhaustion rather than a true lock-off. The rate constants (k) were found by fitting a linear model to the
fractional release (f) data derived from Eqn.3. Comparable reaction rates are consistent with the similar
slopes observed in Figure 6.
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Table 7. Burst release r, and the lock-off release rio values, rate constant (k), and coefficient of
determination (R-square) in CF for each macronutrient.

Macronutrient  r, (%) 1o (%) k (h™) R-square
K 87+1 98.8 -0.0015 £ 0.0002  0.90907
N 42+1 8.6  -0.00182 +0.00007 0.99998

The cumulative release of KO and Nt from the UFM+ThSr formulation is shown in Figure 7. In order
to calculate the y-intercept (r, at t=0) and the asymptote (rio), an exponential fit was applied to the
cumulative release data to determine the burst (r,) and lock-off (rio) release values. The exponential
shape of the curves suggests that first-order kinetics govern the release of macronutrients. The r, and
ro values for each macronutrient are compiled in Table 8.
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Figure 7. Behavior of the cumulative release of macronutrients in the UFM+ThSr formulation as a

function of time.

Table 8. Burst release rp, and the lock-off release rio values, UFM+ThSr for each macronutrient.

Macronutrient 1, (%) Mo (%)
K 155+05 265+04
N 101 161

The obtained f values for macronutrients K>O and Nt were plotted after applying Eqn.3 (Siverio L et
al.,2019). The logarithmic fractional macronutrient release in the UFM+ThSr residues as a function of
time is displayed in Figure 8. The final points for maximum time were disregarded because their values
are close to zero, which can cause significant errors when taking logarithms. A thorough examination
of the K-O data's experimental points, as shown in Figure 8a, plots of In(f) as a function of time and
lag time, showing that first-order reactions with tiag @ 97 h are more common. On the other hand, since

the UFM matrix itself contributes to nitrogen release, the release of Nt (Figure 8b) likewise follows a
first-order model but shows no lag time.
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Figure 8. Logarithmic fractional K20 (a) and Nt (b) releases in the UFM+ThSTr residues as a function of time.

Table 9 lists the reaction rates (k), lag times (tiag), and coefficients of determination (R?) for both
macronutrients. The first-order kinetics indicates a heterogeneous process governed by Fick's first law,
related to the hydration of the UFM matrix and the subsequent dissolution of nutrients from its surface.
A comparison of the rate constants for the UFM+ThSr formulation (Table 9) and the conventional
fertilizer (Table 7) shows that the biofertilizer releases nutrients at a much slower rate. This slower
release profile suggests enhanced nutrient use efficiency and reduced leaching potential. (Castro-
Gonzélez LM et al.,2022)

Table 9. Reaction rates (k) of the processes, lag times (tiag), and coefficient of determination (R?) of
the macronutrients in the UFM+Sr formulation.

Macronutrients k (h™) tiag () R?
K -0.0095 + 0.0004 97 0.99685
N -0.0027 £ 0.0001 0 0.99549

3. 5 In Vivo Study

A comparison of two treatments in tomato seedlings—a control group and a group treated with
UFM+ThSr—is shown in Figures 9a and 9b. The goal was to assess the effect of biofertilizer on
seedling growth and development of seedlings. Compared with the control, the UFM+ThSr treatment
delayed initial germination (days 5-9) by up to 42.86%. But by day 11, germination rates had recovered
and were comparable to the control. Plant height (7.14% at 14 days and 76.52% at 21 days), chlorophylI
content (20.38%), and total dry weight (23.31%) all increased as a result of the UFM+ThSr treatment,
despite this initial delay. The statistical comparison between the control and UFM+ThSr treatment
groups is shown in Figure 10. Based on 10 replicates per group, the analysis aimed to determine which
measured variables differed statistically between the treatments. A highly significant impact on plant
height at 21 days (p < 0.001) and a significant impact on chlorophyll content (p < 0.01) were found in
the statistical analysis. On the other hand, neither stem diameter nor plant height at 14 days showed
any significant differences (p > 0.05). These findings imply that the controlled-release dynamics of the
urea-formaldehyde matrix control the effects of the UFM+ThSr treatment. Since the polymeric
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structure needs to be hydrolyzed and mineralized by soil microbiota in order to release plant-available
forms of nitrogen, the initial germination delay could be explained by the limited immediate availability
of mineral nitrogen.
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Figure 9. Germination progress per day (a) and comparative analysis of growth variables (b).
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Figure 10. Statistical analysis of the different treatments. Error bars show 95% confidence intervals.
Non-significant ns (p > 0.05), Highly significant (***), (p < 0.001), Very significant (**) (p < 0.01).

However, as evidenced by notable increases in plant height, biomass accumulation, and overall
nitrogen use efficiency, this slow-release kinetics promote more nutrition that is effective in later
developmental stages (Abdelhamied AS et al.,2024). Increased nitrogen assimilation and an optimized
photosynthetic apparatus are indicated by higher chlorophyll content, which is directly related to
increased photoassimilate production and, ultimately, increased plant growth (Yan Z et al., 2025). All
of these results show that the UFM+ThSr system not only serves as a slow-release nitrogen source but
also improves plants' physiological responses and nutrient use efficiency, which leads to better growth
in later stages. This performance demonstrates its potential as a tactic to maximize plant nutrition,
reduce nitrogen losses, and advance the creation of more sustainable agricultural systems.
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Conclusion

The biofertilizer UFM+ThSr, formulated with marine plant waste, proved to be a sustainable and
efficient alternative. Its characterization revealed a mesoporous structure and an Activity Index of
67.4%, meeting slow-release standards. Nutrient release kinetics followed a first-order model,
optimizing nutrient availability and reducing losses. In vivo trials in tomatoes confirmed that, despite
an initial delay in germination, UFM+ThSr promoted superior plant growth, with notable increases in
height, chlorophyll content, and dry weight. These findings validate the potential of UFM+ThSr to
improve plant nutrition and contribute to more sustainable agricultural practices.
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