GORI - Bigelow Labs ARS Pilot Project
g/__%/

FINAL REPORT

Bigelow Labs ARS Pilot Project

Title: Offshore Platform-based Macroalgae Production

Awarded by the Interagency Working Group on Research for Farming of Kelp and Seagrass

Research conducted by the Gulf Offshore Research Institute (GORI)

Research Team

Pl: Mr. Kent Satterlee, Ill; Executive Director, Gulf Offshore Research Institute
Co-PI’s:
Dr. Kristen A. Davis, Associate Professor in the Department of Civil & Environmental

Engineering at the University of California, Irvine.

Dr. Brian Snyder, Associate Professor and Ecological Economist with the Department of
Environmental Sciences at Louisiana State University, Baton Rouge.

Mr. Ivan Puckett, COO of Blue Silo Aquaculture
Mr. Ryan Bart Reid, Industry consultant and director of algae production.

Ms. Sara Hamann, Scientific Director, Gulf Offshore Research Institute

April 2024



GORI - Bigelow Labs ARS Pilot Project

TABLE OF CONTENTS

Page No.
[, EXecUtive SUMMANY .o 3
Il. Modeling Seaweed Farming Potential in the Gulf of Mexico........ 6
[ll. Techno-economic ANAlySiS.....ccceeeeiiiiiiiiiiiiiiee e 13
IV. Synthesis of Species Research .......ccccoeeeeeeeiiiiieeeiieeeeeeeeeeeeeeeeee, 15
V. Pilot Macroalgae Project ........cccuvevieeevieieiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeen 16
VI. SEaWEEd PrOCESSING.....cciuveiceeeeeieesteeretee e ettee e sseaessae st e saess e saeaeaens 16
VII. Seaweed Valorization........cccevevivieieieeeecesre e e e 17

VL RO O O CES eneeeeiee ettt e e ee et e e eeeseeeesenasenesensesasenasenaennees 19



GORI - Bigelow Labs ARS Pilot Project

|.  Executive Summary

This project was awarded by the Interagency Working Group on Research for Farming of Kelp and
Seagrass through a subaward to Bigelow Laboratory of Ocean Science in Boothbay, Maine.

Our research focused on taking a retired/repurposed offshore oil platform in the Gulf of Mexico
(GOM) and using it as a logistical hub and energy source. The platform will provide power to
operate the facility and office/warehouse/bunkhouse for offshore farm workers. The farm will
automate to the extent possible using uncrewed technologies and new manufacturing
technology powered by renewable energy (solar and wave). The desired outcome is a multi-
trophic farm that is scalable and has minimal environmental impacts; and, at the same time,
addresses national goals of climate change, nutrient loading, energy transition, and food quality
and security.

The GOM is a promising location for seaweed aquaculture among US and state waters given its
high productivity, wide shelf, shallow depths, and the potential for ecosystem co-benefits.
Specifically, the GOM suffers from high levels of macronutrients from agricultural and water
treatment runoff, with induced harmful algal blooms and associated low-oxygen dead zones.
Seaweed aquaculture requires abundant macronutrients and could potentially reduce the
impacts of anthropogenic nutrient loads. Physical oceanographic observations were collected at
West Delta 117 (site of seaweed farm trial) and South Pass 83 oil platforms in fall 2023.
Oceanographic conditions as measured in this study are conducive to seaweed growth. The g-
MACMODS model was further updated to include sub-daily time stepping and more accurate
nutrient limitation methods after calibration using Ocean Era tank growth datasets. Forcing data
were acquired, and 16 years of simulations were used to create macroalga yield and nitrogen
uptake maps across the GOM. The model results show these locations are 3-4 times more
productive for seaweed cultivation than other similar coastal areas due to the high nutrient loads.
See Figure 1.

To identify macroalgae species suitable for cultivation on platforms in the GOM, we conducted a
comprehensive study of species employed in commercial operations worldwide. The GOM is a
temperate ocean with fluctuating temperatures throughout the year (ranging from cool in winter
to warm in summer), limits the choice of commercially valuable species. Out of the species
investigated for potential candidacy, the top five candidates were Ulva Sp., Gracilaria Sp.,
Kappaphycus alvarezii, Caulerpa racemose, and Asparagopsis taxiformis. A small-scale farm was
deployed with Gracilaria Sp. at the West Delta 117 site was badly damaged by a vessel passing
by. The research team developed a submersible farm concept that can be deployed in future
research. See Figure 2. Water samples taken at the South Pass 83 site showed that the lithium
concentration in the water column was three times higher than expected for a typical ocean
environment and points to needed research to extract critical minerals from seawater utilizing
seaweed.
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A technoeconomic analysis of platform-based seaweed culture was performed by creating a set
of net present value (NPV) models that simulates the costs of growing Gracilaria or Sargassum.
For Gracilaria, we assume that the biomass is processed for agar on the platform. For Sargassum,
we assume that biomass is used to extract rare earth elements (REEs) using chelating agents. In
theory, Gracilaria could be processed for REE’s and agar in sequence, but given the uncertainty
associated with the costs associated with both systems, we decided to model only one system
per species. After agar or REEs are extracted, we assume that the waste is injected into the
subsurface using a carbon dioxide removal system called biomass slurry fracture injection. While
the seaweed will remove CO; from the atmosphere, it will also remove N and P as it grows.
Estimates of the damage costs of excess N vary over several orders of magnitude depending on
the ecosystem into which the N is released. Both systems modeled had a positive NPV and IRR
between 16% and 19%.

New Orleans

| A

Miss. River . e e AT ~—

Port Fourcon

Median Harvest [gDW m~2 y~1]

5000.0

0N 4000.0
) WD 175 Platform
30°N
aos 02 medion o 0o
3000.0
29.5°N
29°N 2000.0
28.5°N 1000.0 South Pass 83 Platform
aos a3 wadian ars
28°N e
93°w 92w 91'w 90w 89w 88w 87°Wllgg

2000 3000 4000 5000 6000 7000
Harvest Quantiles [gDW m~2 y~1]

(c)

Figure 1

(a) The project site is located in the Gulf of Mexico approximately 53 nautical miles from Port Fourchon,
LA, (b) on the idle platform-SP 83, (c) Model estimates of harvestable biomass in the area of the
proposed oil platform locations.
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@ Blue Silo Aquaculture

Figure 2 — Submersible farm concept to be deployed in future research as presented to Bigelow Labs
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ll. Modeling Seaweed Farming Potential in the Gulf
of Mexico

The University of California at Irvine (UCI) modeling team, lead by Dr. Kristen Davis, has
developed an estimate of seaweed aquaculture potential in the Gulf of Mexico using the latest
calibrated tools and datasets. The Gulf of Mexico is a promising location for seaweed aquaculture
among US and state waters given its high productivity, wide shelf / shallow depths, and the
potential for ecosystem co-benefits. Specifically, the Gulf of Mexico suffers from high levels of
macronutrients from agricultural and water treatment runoff, with induced harmful algal blooms
and associated low-oxygen dead zones. Seaweed aquaculture requires abundant macronutrients
and could potentially reduce the impacts of anthropogenic nutrient loads.

The g-MACMODS model (Arzeno-Soltero et al., 2023) has been further updated to include sub-
daily time stepping and more accurate nutrient limitation methods after calibration using Ocean
Era tank growth datasets. This enables operating g-MACMODS with a wider variety of forcing
data sources. In the Gulf of Mexico, the PICES Il biogeochemistry model has produced a series of
hindcast simulations that include estimates of nutrient inputs from freshwater sources, included
rivers along the Gulf of Mexico coastline. Nitrate from the top 20m of the water column was
extracted from these hindcasts for use in g-MACMODS. PAR data from the ECMWF ERA5
reanalysis were interpolated to 3-hour values, and a 3-hour time step was used in simulations.
Forcing data were acquired for the years 2003-2019, and 16 years of simulations were used to
create macroalga yield and nitrogen uptake maps across the Gulf of Mexico. See Figure 3.

Significantly, macroalga yield at the two platform sites in the Gulf of Mexico appear to be 3-4
times higher than in other locations in the U.S. and globally. As seen in Figure 1, the macroalga
yield is projected to be 3500 — 4500 grams dry weight per square meter per year compared to
Figure 4 with a projected average yield of 1200 grams dry weight per square meter per year. The
large difference in projected yield is due to the high nutrient loads coming from the Mississippi
River discharge.

Extrapolating g-MACMODS macroalgal yield and nitrogen over any particular area is fraught with
issues, including competing uses, permits and regulations, and in the case of un-coupled models,
the total yield that could be supported based on the ecosystem limits. In the Gulf of Mexico, the
NOAA NCCOS effort to identify Areas of Opportunity (AOA) for aquaculture produced maps
higher potential for aquaculture development in the Gulf of Mexico, however these areas appear
more suited toward finfish aquaculture efforts, as they are in deeper water with lower nutrients.
The UCI modeling team has complied data layers used in the Gulf of Mexico NOAA NCCOS AOA
process, as well as other near-shore layers that are likely to cause exclusion of aquaculture. See
Figure 5. Work is in process to produce appropriate buffers around these layers to enable
mapping of macroalgae potential. Analyses will include ranking which competing uses are most
significant in reducing macroalgae potential in high-yield areas, and comparing the
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anthropogenic inputs and locations to the nitrogen update potential from possible macroalgae
aquaculture.
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Figure 3 - Median and standard deviation (S.D.) of potential harvest (A-B), total biomass production (C-
D), and nitrogen uptake (D-E) from Eucheuma-type tropical red macroalgae in the Gulf of Mexico
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Figure 8. Model-field comparisons (temperate brown seaweed). (a) Locations of Macrocystis and Saccharina (farmed and
wild) observations listed in Supplementary Table 4. (b) Boxplot of maximum biomass achieved by G-MACMODS over the
course of a year as compared to the mean harvested biomass from the available literature (details in Supplementary Table 4).
Boxplots represent values across all G-MACMODS grid cells. Only values above a biomass of 50 g-DW m~2 (the seed density
for temperate brown seaweed in G-MACMODS) are portrayed. (c) Comparison of macroalgae biomass in the available
literature (harvested yield or wild standing stock) to the biomass in corresponding G-MACMODS locations (harvested yield or
maximum standing stock). For details, please refer to the Methods section in the manuscript.

Figure 4 — Model-field comparisons by Arzeno-Soltero, I.B. et al.
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Figure 5 -Map of potential conflicting objects, structures, uses and protected areas when considering
macroalgal cultivation potential in the Gulf of Mexico.

Observational Study at Two Oil Platforms in the Gulf of Mexico.

Physical oceanographic observations were collected at West Delta 117 (site of small-scale
seaweed farm trial) and South Pass 83 oil platforms in fall 2023. Figure 6 shows depth profiles of
water temperature, salinity, and density for each platform site on 06 September 2023 and
illustrates expected density variation with depth, including the presence of a freshwater plume
near the surface at West Delta 117 during the sampling period. Additionally, an oceanographic
data instrument suite was located at the South Pass 83 platform for approximately two months
from 09 September — 19 November 2023. Measurements included currents, pressure, water
temperature, conductivity, salinity, oxygen, and photosynthetically active radiation (PAR) at 22
meters depth on a mooring attached to the platform cross-supports. See Figure 7. Tidal range in
sea surface height during the deployment was 0.5 meters. Currents in the upper 10m of the
water column are on average 15 cm/s. See Figure 8. Oceanographic conditions as measured in
this study are conducive to seaweed growth.
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Figure 6. (Left) Water temperature, salinity, and density profiles from CTD casts taken on 06 September
2023 at two oil platforms in the study region — West Delta 117 and South Pass 83 (right).
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Figure 7. (left) South Pass 83 oil platform, (bottom) ADCP, CTD, and PAR sensors, (right) sensors in place
on South Pass 83.
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Figure 8. Time series of pressure, water temperature, salinity, current speed, and oxygen saturation from
an oceanographic mooring placed on South Pass 83 oil platform at 22m depth in Fall 2023.
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lll. Techno-economic Analysis

To investigate the technoeconomic feasibility of platform-based seaweed culture, we created a
set of net present value (NPV) models. NPV models sum the capital and operating costs and
revenues through time and discount the value of future cash flows to account for the time value
of money. When NPV is positive for a given discount rate, we conclude that an investment would
be profitable.

We developed NPV models that simulated the costs of growing Gracilaria or Sargassum. For
Gracilaria, we assume a tube net culture system similar to that studied by Mantri et al. (2020).
For Sargassum, we assume a paddock-like system as proposed by Sherman et al. (2018). In our
baseline parameterization, we assume production rates of 2.5 to 10 dry tonnes per ha per year
for both species (Wu et al. 2023; DeAngelo et al. 2023). For both species, we assume that
platform rental costs $250,000 per year and use relatively conservative assumptions about labor
and labor costs ($1.6 million per year for Gracilaria and $800,000 per year for Sargassum due to
the lower cost paddock growth system).

Because the costs of offshore operation can be high, we assume that multiple value-added
products can be harvested from each species. For Gracilaria, we assume that the biomass is
processed for agar on the platform. For Sargassum, we assume that biomass is used to extract
rare earth elements (REEs) using chelating agents. In theory, Gracilaria could be processed for
CMs and agar in sequence, but given the uncertainty associated with the costs associated with
both systems, we decided to model only one system per species. After agar or REEs are extracted,
we assume that the waste is injected into the subsurface using a carbon dioxide removal system
called biomass slurry fracture injection (BSFI; Snyder 2022). In BSFI, biomass is ground and
injected into relatively deep (> 1000 m) subsurface formations under high pressure. The pressure
fractures the rock, creating a space for biomass storage. In this way the carbon in the seaweed
biomass can be sequestered and the operator can sell carbon dioxide removal credits. These
credits have recently sold for over $250 per tonne CO,, but we use the more conservative $150
per tonne in our base case parameterization. This is below the EPA’s most recent social cost of
carbon. One advantage of using existing infrastructure for carbon storage is that the existing wells
could be reused. Therefore, we model a well purchase price of $S1 million per well, which, given
that we are interested in old, shallow-water platforms, is conservative.

Agar processing costs assumptions are based on onshore agar costs. We assume an agar
processing CAPEX of $10 million and an OPEX of $2 per kg dry weight (Herrera-Rodriguez et al.
2018). We assume that 3% of the dry weight is recovered as agar and that agar is sold for $10 per
kg. To estimate the costs and revenues associated with REE production we modeled a chelation
system. We do not have a reliable estimate of the CAPEX of a REE chelation system, but we
assumed a cost of S1 million. We used data from Milinovic et al. (2021) and Adebayo et al. (2022)
to estimate the REE content of seaweed as a proportion of dry biomass. Based on preliminary
studies, we select four REEs (Nd, Dy, Pr, and Tb) and assume a chelator cost of $50 per kg. We
assume that chelators can be used five times before loss. We have very little data on the actual
costs of REE chelators, so we consider $50 per kg to be a target price.

13
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We use identical financial assumptions for both species. We assume that 50% of the project is
financed through a five-year loan at 8% interest and that the rest is financed with cash. The tax
rate is 28%, capital depreciates at a straight-line, 10% annual rate, and we assume a discount rate
of 10%. We only account for cash flows for 10 years, which is conservative. Presumably, some of
the capital investment will still be operational for more than 10 years, and this would improve
the system economics.

While the seaweed will remove CO, from the atmosphere, it will also remove N and P as it grows.
Excess N and P in the Gulf of Mexico creates an annual dead zone. Estimates of the damage costs
of excess N vary over several orders of magnitude depending on the ecosystem into which the N
is released (Sobota et al. 2015; Keeler et al. 2016). In order to be conservative, we report the
value of N reduction separately, assuming a social cost of $2000 per tonne (Van Grinsven et al.
2013). We use the Redfield ratio to estimate N in the seaweed.

Gracilaria

In the baseline Gracilaria model, the 20,000 ha farm produces 137 dry tonnes of biomass per day
or 50,000 tonnes per year. This is processed to agar and the residual biomass is injected into a
BSFI well. This process removes about 51,333 tonnes of CO; from the atmosphere annually (net
CO; storage is 48,945 tonnes after accounting for the energy use of injection). Because the energy
required for processing and injection is provided by diesel, energy costs are significant, exceeding
$2 million per year. Nonetheless, the system has a positive NPV and an IRR of 19%. The annual
(undiscounted) revenue is approximately $22 million, with $15 million from agar production and
$7 million from carbon storage. In addition to these monetized flows, there is an additional
reduction of 9,000 tonnes of N per year, equivalent to a reduced environmental damage on the
order of $18 million. If our assumption about the social cost of N is correct, this implies that the
N removal is almost as valuable as the agar production.

Sargassum

In the baseline Sargassum model, a 10,000 ha farm produces 36,254 dry tonnes per year, a
slightly higher production rate than the Gracilaria model. When we do not include the costs and
revenue associated with REE production, the system still returns a positive NPV and an IRR of
16%. The addition of the REE module does not significantly alter the NPV as the quantities of REEs
are relatively modest. Given the farm production, the mass of REEs is estimated to be 362 kg of
Nd, 119 kg of Dy, 90 kg of Pr and 145 kg of Th. Together, we estimate this to add about $288,000
of net revenue per year at $50 per kg chelator prices.

Uncertainty

Note that there are large uncertainties associated with the costs of seaweed production
(DeAngelo et al. 2023). One uncertainty is in the biomass production at any given location. Given
that the proposed sites are near the mouth of the Mississippi River and the high spring and
summer N and P concentrations in the river plume, growth rates could be elevated. However,
the model suggests that low growth-rates can be offset via scale. Unlike in land-based agriculture,
there are minimal constraints to adding additional farmland. Thus, while growth rates are
important, they are not determinative. Instead, scale is critical. For the model system to break
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even, the scale of the growth, processing and injection systems must be commensurate. If they
are, the system will generally break even under the specified assumptions.

IV. Synthesis of Species Research

To identify macroalgae species suitable for cultivation on platforms in the Gulf of Mexico, we
conducted a comprehensive study of algae species employed in commercial operations
worldwide, particularly those utilizing rope/line methods for macroalgae culture. While rope
cultivation is prevalent globally, there is scarce information about commercial macroalgae rope
culture in the Gulf of Mexico.

Most macroalgae farming occurs either in cold oceanic conditions, involving red and brown algae
species, or in tropical oceans, where red and green algae species thrive in warmer water. The
Gulf of Mexico, being a temperate ocean with fluctuating temperatures throughout the year
(ranging from cool in winter to warm in summer), limits the choice of commercially valuable
species. Out of the species investigated for potential candidacy, the top five candidates were Ulva
Sp., Gracilaria Sp., Kappaphycus alvarezii, Caulerpa racemose, and Asparagopsis taxiformis.

Our selection criteria for the most promising macroalgae species were as follows: it had to be
native to or identified in the Gulf of Mexico, possess established commercial value, and
demonstrate a history of commercial production at scale worldwide. These criteria aimed to
avoid introducing non-native species into the Gulf's natural waters and ensure that the chosen
species had practical and economical significance, with established cultural methods that could
be replicated in the Gulf.

While all the top five candidate species met the specified criteria, we ultimately chose Gracilaria
spp. as our primary candidate. This decision was largely influenced by the existence of an
artisanal, wild commercial fishery for Gracilaria in the Gulf supplying the aquarium trade.
Leveraging this fishery, we could obtain freshly harvested Gracilaria for a rope culture
demonstration at the platform. Gracilaria, the second most cultured macroalgae species globally
after Nori (Porphyra spp.), serves various purposes, including food (Ogo) and the production of
high-quality agar, a highly demanded product with numerous food and industrial applications.
Gracilaria is abundant in the Gulf, and our samples were sourced from Russ Kronenwetter, who
collected them from 60-ft deep ocean-floor algae fields off Tampa, Florida.
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V. Pilot Macroalgae Cultivation Demonstration

We had 2 pints of Gracilaria shipped to Louisiana from Florida which arrived via FedEx overnight.
We held the algae in an ice chest submerged in seawater with areation. The algae appeared
healthy and robust.

We acquired 600 feet of rope along with tubular netting to create an array designed for
attachment. Tubular netting has gained widespread popularity as a technique for "seeding"
macroalgae in commercial systems worldwide. This method allows algae the flexibility to grow
and extend beyond the netting while providing a secure and protected environment for the initial
seed cuttings until they establish themselves and firmly attach. Subsequently, the tubular netting
is longitudinally affixed along the length of the rope.

On September 5th, we conducted the initial phase of our experiment. After weighing the algae,
we divided it into small clumps, placing them at 6-inch intervals within a 20ft length of tubular
netting. To create a long-sectioned tube, we secured sections of the netting with plastic ties.
Subsequently, the seeded netting was firmly attached to the rope using plastic ties. The netting
and rope ensemble were carefully placed back into an ice chest filled with seawater for transport
to the platform.

On September 6, 2023, we transported the seeded rope/net array to the platform via boat.
Deploying the array involved attaching one end of the rope approximately 3 meters under the
surface to one leg of the platform. The other end of the rope extended some distance from the
platform and was secured at 3 meters below the surface to another rope deployed vertically in
the water column. This second rope was anchored at the bottom and featured a floating buoy
attached to the surface end. With the array in place, we left it to grow.

After 8 weeks, we returned to the platform by boat to retrieve the algae array for a
comprehensive assessment of Gracilaria growth and performance. However, upon arrival, we
discovered that the ropes had been dislodged from the platform, likely due to either boat
propeller interference or wave action. Unfortunately, the array was lost, rendering it impossible
to gather any data on growth during this period.

VI. Seaweed Processing

The pre-treatment of seaweed after harvesting is a crucial step to remove impurities, enhance
shelf life, and prepare it for various applications. The specific pre-treatment methods can vary
based on the intended use of the seaweed. The amount of space available on the platform will
be helpful when setting up for seaweed pre-treatment and processing.
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Cleaning:

e Rinse the harvested seaweed thoroughly with clean, fresh water to remove surface
debris, sand, and salt. This initial cleaning is essential to eliminate external
contaminants.

Drying:

e Drying is a common pre-treatment method. Spread the cleaned seaweed on nets or
mats to air-dry or use specialized drying equipment. Proper drying prevents microbial
growth and enhances the seaweed's shelf life.

e Air-drying or sun-drying seaweed is a traditional method. Spread the cleaned seaweed
on nets or mats to dry naturally.

e Industrial methods are also an option involve using specialized drying equipment to
dehydrate the seaweed efficiently.

Milling or Grinding:

e If the intended use involves obtaining seaweed extracts or powders, the dried
seaweed may be milled or ground into smaller particles. This step increases the
surface area for subsequent processing and efficient extraction of bioactive
compounds.

Alkaline Treatment (optional):

e Alkaline treatment can be applied to certain seaweed varieties to modify the texture
and enhance the extraction of specific compounds. This treatment is often used in the
production of seaweed-based hydrocolloids.

Hydrocolloid Extraction:

e Some seaweeds contain hydrocolloids, such as carrageenan and agar, which are used
as gelling agents or stabilizers in the food industry.

e Extraction methods involve heating and filtering to separate these compounds.

Packaging and Storage:

e After pre-treatment, package the seaweed in suitable containers to prevent
contamination and protect it from environmental factors. Proper storage conditions,
such as low temperature and low humidity, can further extend shelf life.

It's essential to note that the pre-treatment methods and order of treatments can vary depending
on the type of seaweed and its intended use.

VIl. Valorization of Seaweed

Taking into consideration the growing global and domestic seaweed markets and the utility of
the plant, it seems there is a great untapped resource that is starting to gain a little traction as a
versatile and useful commodity.

A few end products were of particular interest in our research. For example, Agar plays a pivotal
role in various industries in the United States, contributing to the advancement of science,
medicine, and food technology. In microbiology, agar serves as an essential solidifying agent for
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culture media, providing a stable environment for the growth and study of microorganisms. Its
significance in laboratories extends to applications such as gel electrophoresis, immunodiffusion
assays, and plant tissue culture.

In the food industry, agar acts as a crucial thickening and gelling agent, serving as a plant-based
alternative to traditional gelatin in products ranging from desserts to confectionery. Beyond its
role in microbiological research and gastronomy, agar finds applications in pharmaceuticals,
cosmetics, and medical settings, highlighting its versatility. The use of agar in the United States
underscores its importance as a key ingredient facilitating innovation and scientific exploration
across diverse fields.

Fertilizers and biostimulants derived from seaweed has gained substantial importance in the
United States, contributing significantly to sustainable agriculture. Seaweed-based products, rich
in beneficial compounds such as natural hormones, micronutrients, and bioactive substances,
serve as potent enhancers of plant growth and resilience. These organic alternatives provide an
eco-friendly approach to soil enrichment, reducing the reliance on synthetic chemicals and
promoting soil health.

The use of seaweed-based fertilizers and biostimulants aligns with the growing demand for
sustainable agricultural practices that enhance crop yield and quality while minimizing
environmental impacts. The unique properties of seaweed extracts, including their ability to
improve nutrient uptake, mitigate stress, and stimulate plant immune responses, position them
as valuable tools for modern agriculture, supporting both conventional and organic farming
practices.
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