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Abstract

The escalating challenges of climate change, soil degradation, and the need to ensure global food
security are driving the transition towards more sustainable agricultural practices. Biostimulants, a
diverse category of substances and microorganisms, have emerged as promising tools to enhance
crop resilience, improve nutrient use efficiency (NUE), and support sustainable intensification.
However, their widespread adoption is hampered by significant variability in efficacy and a lack of
consensus on their optimal use. This comprehensive review synthesizes current scientific knowledge
to critically evaluate the performance of biostimulants within sustainable agricultural systems. It
aims to move beyond isolated case studies to provide a holistic analysis of their modes of action,
efficacy under stress, and interactions with the environment. The analysis confirms that biostimulant
efficacy is inherently context-dependent, governed by a complex interplay of biological,
environmental, and management factors. Performance variability is explained by four core
principles: the Limiting Factor Principle, the Biological Competition Axiom, the Stress Gradient
Hypothesis, and the Formulation and Viability Imperative. A significant disconnect exists between
promising controlled-environment studies and variable field results, highlighting the danger of
extrapolating data without accounting for real-world agroecosystem complexity. Biostimulants are
not universal solutions but are sophisticated tools whose value is realized through context-specific
application. Their successful integration requires a precision-based approach aligned with specific
agronomic challenges. We recommend that growers adopt diagnostic tools and on-farm trials, while
producers must provide transparent multi-location field data and invest in advanced formulations.
Future research must prioritize field-validation, mechanistic studies using omics tools, and the
development of crop-specific protocols and industry-wide standards to fully unlock the potential of
biostimulants for building resilient and productive agricultural systems.

Keywords: agricultural biologicals; biostimulant efficacy; context-dependent response; abiotic stress
mitigation; microbial inoculants; PGPR; PGPF; seaweed extracts; humic substances; field-
performance variability; soil microbiome interactions

1. Introduction

Human societies transitioned from foraging to settled agriculture, selectively cultivating crops
to support growing populations. Today, global cropland spans over 1.5 billion hectares, intensifying
pressure to meet escalating food demand [1]. Climate change exacerbates these challenges through
desertification, flooding, salinity, and heightened disease pressure, compelling reliance on synthetic
fertilizers and agrochemicals to maintain yields [2]. However, increasing awareness of environmental
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and health impacts, including soil degradation, water pollution, and biodiversity loss, has shifted
focus toward regenerative practices [3]. Agriculture now confronts a critical paradox: producing
sufficient food for a projected global population of nearly 10 billion by 2050 while drastically reducing
its ecological footprint [1-3]. This urgency is amplified by climate-induced abiotic stresses [2], and
historical input-dependent farming models [3], necessitating innovative tools like biostimulants to
reconcile productivity with sustainability.

In response, the agricultural sector has embraced more sustainable paradigms, including
integrated pest management (IPM), regenerative agricultural practices, and organic production,
reflecting a shift in both practice and market demand [4]. However, these systems often face a
productivity gap compared to conventional agriculture and can struggle with reliable nutrient
delivery and effectively manage pest suppression (insects, pathogens and weeds), particularly under
stress conditions [5]. This limitation has unveiled a critical need for novel innovations that can
consistently enhance crop resilience and resource efficiency without relying solely on conventional
chemical inputs.

Agricultural biologicals amendments, particularly biostimulants (both living microbial
organisms and non-living), have emerged as a promising category of inputs to address this need.
Biostimulants are defined as substances or microorganisms or their synthetic derivatives that
stimulate natural processes to enhance nutrient uptake, efficiency, abiotic stress tolerance, and/or
crop quality traits, regardless of their nutrient content [6]. These biostimulants represent a paradigm
shift in crop management [6]. The biostimulants concept dates to ancient farmer practices and early
scientific discoveries of plant-microbe symbiosis in the 19th century, which has evolved into a rapidly
expanding industry today [7]. This development is driven by consumer demand for sustainable food,
stricter environmental regulations, new policies for clean air, water and environment particularly in
the European Union, and the need for climate-resilient agriculture. The global bio stimulant market
is now projected to reach USD 6-8 billion by 2030-2035, with a compound annual growth rate (CAGR)
of 10-13% [8]. The biostimulants category encompasses a vast diversity of products, broadly classified
as microbials to refer to being produced/processed from natural materials. The commonest examples
include plant-growth-promoting rhizobacteria (PGPR), arbuscular mycorrhizal fungi (AMF) which
encompass the “living”, while the non-microbials includes seaweed extracts, humic substances, and
protein hydrolysates [9].

This very diversity has led to significant complexity and confusion regarding definitions, modes
of action, and functional classifications, often blurring the lines with biofertilizers and biopesticides
[10,11]. For growers, this confusion translates into a major practical barrier: the difficulty of selecting
and using products effectively. A lack of understanding of specific modes of action makes product
choice challenging [10,12]. For example, a symbiotic root microbial colonizer may need to be applied
when there are a host plant and application to a non-host plant may result in relationship failure and
therefore loss of function. This critically affects the efficacy of biostimulants, making it notoriously
variable and highly dependent on a complex interplay of factors including environmental conditions,
soil microbiota, crop species, application method and agronomic management [13]. A product
demonstrating significant effects in one trial condition may show no effect in another, leading to
inconsistent field results and eroding farmer confidence [9,10]. The common referred to failure
example of biostimulants in the North Great Plains (NGP) of the United States is the multi-state trial
on commercially available products on yield advancement and nitrogen reduction in common row
crops which showed no response in more than 70% of the trials [14]. This variability suggests
biostimulants are not simple "silver bullets" but tools whose success depends on a deep
understanding of their interaction with the entire cropping system.

These practical challenges underscore critical knowledge gaps. There is a pressing need to move
beyond isolated case studies and provide a synthesized, critical analysis of biostimulant performance
across diverse environments. A comprehensive understanding of how their modes of action translate
into efficacy under specific abiotic stresses, and how their activity is modulated by soil properties
and amendments, is essential for guiding both research and farmer practical adoption. Therefore, this
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review aims to provide a systematic analysis of the biostimulants in Sustainable Agricultural Systems

focusing on Performance, modes of action, efficacy under stress, and interactions with soil

environments. Our specific objectives are to:

1.  Systematically classify biostimulants based on their biological sources and primary functional
mechanisms.

2. Critically assess their documented efficacy in mitigating major abiotic and biotic stresses and
enhancing nutrient use efficiency.

3. Analyze the environmental, biological, and managerial factors that drive their variable
performance in agronomic settings.

4. Evaluate the interactions between biostimulants and soil physicochemical properties and
common agricultural amendments.
Synthesize both positive and negative research findings to provide a balanced evidence base.
Provide evidence-based recommendations for their practical integration into sustainable crop

production systems and identify key future research priorities.

2. Classification and Composition of Biostimulants

2.1. A Framework for Categorization

The application of substances to enhance plant growth predates scientific understanding, with
ancient agricultural practices utilizing seaweed and their extracts, plant extracts, animal and bird
manures to improve soil fertility and crop vigor [7]. Early scientific developments in biostimulants
began to emerge in the late 19th century with the landmark discovery of nitrogen-fixing bacteria
(Rhizobium spp.) by Hellriegel and Wilfarth in 1886, which laid the groundwork for microbial
inoculants [6,15,16]. The mid-20th century saw systematic investigation of non-microbial sources,
particularly seaweed extracts (Ascophyllum nodosum), for their ability to promote growth and stress
tolerance beyond mere nutrient provision [16,17]. The term "biostimulant" gained currency in the
1980s and 1990s, coinciding with the commercialization of plant-growth-promoting microorganisms
(PGPMs). Subsequent decades expanded the category to include humic substances, amino acids,
protein hydrolysates, and other novel compounds, driven by advances in extraction technologies and
a growing understanding of plant-microbe interactions [7,9,10].

The extraordinary diversity of biostimulants, ranging from live microbes to complex chemical
mixtures necessitates a clear classification system to understand their function and application. The
most fundamental classification divides them into two overarching categories based on the nature of
their active ingredient: microbial and non-microbial [6,10,18]. This dichotomy is crucial as it dictates
the product's mode of action, stability, handling requirements, and interaction with the environment.
For example, the living needs food (source of energy) when inactivated and a live host to colonize
when applied to the environment.

Microbial biostimulants consist of beneficial microorganisms that actively colonize the
rhizosphere or plant tissues to stimulate growth through a variety of biological processes. The
microbials are typically standardized by colony or spore-forming unit counts (bacteria vs fungi) or
filaments depending on the source and require specific formulation and handling to maintain
viability [19,20]. Plant-Growth-Promoting Rhizobacteria category includes bacteria such as Bacillus,
Pseudomonas, Azospirillum, and Rhizobium. These have various modes of action including biological
nitrogen fixation (BNF), solubilization of phosphorus and potassium, production of phytohormones
like auxins, and induction of systemic resistance (ISR) against pathogens [18,21]. Another important
group is beneficial fungi, which encompasses arbuscular mycorrhizal fungi (AMF) such as Glomus,
and Rhizophagus spp., that extend the root system, enhancing water and nutrient uptake, and fungal
biocontrol agents like Trichoderma spp. that antagonize pathogens through competition,
mycoparasitism, and secretion of cell-wall-degrading enzymes [22,23].
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Non-microbial biostimulants are the largest of these commercially available products and
comprise non-living substances derived from organic or inorganic sources. Their efficacy is based on
their chemical composition, and they are characterized by the concentration of active compounds
e.g., 12% humic acid, and 15% amino acids, offering greater shelf stability but lacking the ability to
reproduce or colonize [24]. These include products like Humic Substances, which are derived from
decomposed organic matter like peat, and compost. Humic and fulvic acids substances improve soil
structure and cation exchange capacity (CEC), enhance root membrane permeability, and chelate
nutrients, making them more available to plants [25,26].

Beyond humic substances, seaweed extracts represent a major category of non-microbial
biostimulants. Sourced primarily from brown algae such as Ascophyllum nodosum and Ecklonia
maxima, these complex extracts are valued for their rich composition of polysaccharides [27] (e.g.,
alginates), betaines, and natural phytohormones including cytokinins and auxins. These components
collectively enhance stress tolerance, improve nutrient efficiency, and increase crop yield [27,28].
Commercially available products in this category include Acadian Organic (Acadian Seaplants
(Dartmouth, Nova Scotia, Canada, B3B 1X8)), Kelpak® (Kelpak Products International - Capricorn
Business Park, Cape Town, Western Cape, 7945, South Africa), and YieldOn® from Syngenta -
Houston, TX 77070, USA).

Another significant category consists of protein hydrolysates and amino acids, which are
derived from plant or animal by-products through enzymatic or chemical hydrolysis. These
formulations provide a bioavailable source of organic nitrogen, function as natural chelating agents,
and serve as precursors for stress-related metabolites and plant hormones [29]. A representative
commercial product is Terra-Sorb® (FMC Corporation). Inorganic compounds also constitute an
important class of non-microbial biostimulants that are commonly utilized for stress remediation.
Silicon-based products enhance plant structural integrity and abiotic stress tolerance, while
phosphites induce defense pathways against oomycete pathogens such as Phytophthora and Pythium
species [30,31]. Notable commercial examples include Nutri-Phite® (Nutri-Tech Solutions - Yandina,
Queensland 4561, Australia) and Sil-Matrix® (Certis USA LLC - Columbia, Maryland 21046, U.S.A).

The category of botanicals and biopolymers encompasses a diverse range of plant-derived
extracts and processed natural polymers. This includes extracts from species such as Moringa and
Yucca, which are rich in antioxidants and saponins, and chitosan, a biopolymer derived from shellfish
exoskeletons that elicits plant defense responses [31,32]. Commercially available products in this
segment include Amplify™ (AgriGro, Doniphan, MO, USA) and ARMOUR-ZONE (Westbridge
Agricultural Products, Chelsea, Vista, CA, USA).

Table 1. Classification of common biostimulant categories, their sources, modes of action, and example

products.
Category Primary Sources Typical Mode of Action ~ Example Products &
(MOA) Formulations

Microbial Biostimulants

PGPR Bacteria: Bacillus, Nutrient solubilization, Utrisha™ N (Corteva;
Pseudomonas, N-fixation, liquid), TerraMax
Azospirillum, phytohormone (BASF; granular)
Rhizobium production, Induced

Systemic Resistance

(ISR)
Beneficial Fungi Fungi: Enhanced root surface Trianum™ (Koppert;
Mycorrhizae area, nutrient/water powder),
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(AMF),

Trichoderma

Non-Microbial Biostimulants
Humic Substances Leonardite, peat,

compost

Seaweed Extracts Brown algae:
Ascophyllum
nodosum

Protein Hydrolysates | Animal/plant by-

products

Inorganic Compounds | Mineral deposits

uptake, pathogen

antagonism

Improve soil CEC &
structure, nutrient
uptake, hormone-like
activity

Betaines,
polysaccharides, and
phytohormones enhance
stress tolerance

Source of bioavailable
N, chelating agents,
stress metabolite
precursors

Structural integrity (5i),

induced resistance

d0i:10.20944/preprints202509.1427.v1
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MycoApply®

(granules)

Humifirst (liquid),
Black Earth (granular)

Acadian (liquid),
Kelpak® (liquid)

Terra-Sorb® (FMC;
liquid)

Sil-Matrix® (liquid),
Nutri-Phite® (liquid)

(Phosphites)

Note. The product list is given as an example not to promote the product.

2.2. Functional Classification

Apart from their composition, biostimulants are most times categorized based on their main
desired function, a trend that most times results in overlapping groups and produces a lot of
regulatory as well as user confusion [10]. This functional characterization is of three main groups:
Biofertilizers which are products that have mainly the function of increasing availability of nutrients,
solubilization, as well as plant absorption. Some examples are nitrogen-fixing inoculants such as
Rhizobium lequminosarum (e.g., TagTeam® COAT, provided by Novozymes BioAg Inc., Minnetonka,
MN 55305, USA) and phosphate-solubilizing bacteria such as Bacillus megaterium (e.g., JumpStart®,
produced by Novozymes BioAg Inc. as well as Corteva agro.

This encompasses another category of biopesticides that originate from products intended for
pest, disease, or weed management through means of biological action. These include microbial
agents such as Bacillus thuringiensis in pest management [33] (DiPel® DF, Valent BioSciences LLC,
870 Technology Way, Libertyville, IL 60048, USA) and fungal antagonists such as Trichoderma
harzianum for disease management (RootShield® Plus+, BioWorks Inc., Victor, NY 14564, USA and
MycoUp™ from Corteva). Also included in the biopesticide category are seaweed products (e.g.,
Acadian® Organic, Acadian Seaplants Limited. 30 Brown Avenue, Dartmouth, NS B3B 1X8, Canada)
and humic products (e.g., HumiFirst, HumiPlant, Unit E1, Burlington, ON L7L 5H9, Canada) [6].

2.3. Formulation Technologies: (Active in Nature Versus Inactive)

Under the technical approach employed in formulation products are categorized as live and
non-living microbials. Live microbial products, for example, must -in some cases- be fermented and
stabilized through encapsulation methods specifically to protect their viability. Liveliness ensures
dynamic interactions that can potentially exist over long periods of time when stored properly [10].
Non-microbial products, on the other hand, take advantage of other extraction and purification
methods (e.g. alkaline hydrolysis) to produce bioactive compounds, which are stable and enjoyable
use [10], but typically function through direct stimulation of chemicals [19]. Recently there has been
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a movement towards dividing this exceptional category of products into two factions, with new
inventions such as microbial engineering and nanotechnology bridging a gap and fostering higher
efficacy and consistency within both categories of products [9,10]. Still, even with these unique
aspects, identification persists in being a major issue towards incorporating biostimulants at the
grower’s level, partially because of a lack of awareness [33], who often improperly identify
biostimulants as nothing more than a modified fertilizer or pesticide supplemented with natural
materials.

3. Modes of Action: The Way Biostimulants Work

Biostimulants enhance plant physiological processes without acting as primary nutrients or
pesticides like how synthetic chemicals do. Their primary modes of action include metabolic priming
and molecular signaling, which collectively improve growth, stress tolerance, and yield.

The principal mechanism is the modulation of phytohormones. Microbial biostimulants, such as
PGPR and beneficial fungi, synthesize and release phytohormones including auxins, cytokinins, and
gibberellins [21,28,34,35]. These regulate cell division, elongation, and differentiation, thereby
improving root architecture and shoot development, which increases plants natural defense against
pest and stress [6,13]. Non-microbial biostimulants (e.g., seaweed extracts) similarly contain
hormone-like compounds that influence plant development.

Biostimulants also enhance enzymatic activity in nitrogen assimilation and carbon metabolism,
improving nutrient use efficiency and biomass accumulation. Under abiotic stress, they induce
osmotic adjustment through the accumulation of osmolytes (e.g., proline, glycine betaine), helping
maintain cellular turgor [36,37]. Additionally, they mitigate oxidative stress by upregulating
antioxidant enzymes (e.g.,, SOD, CAT, POD) and stress-responsive genes encoding protective
proteins (e.g., HSPs, LEAs).

Against biotic stress, biostimulants induce systemic resistance. Beneficial microbes such as PGPR
and Trichoderma spp. elicit jasmonic acid/ethylene-dependent induced systemic resistance (ISR)
through molecular signaling. This have been documented in cucumber [38], Arabidopsis thaliana [39],
and other plants species [40]. Other compounds, including chitosan and seaweed extracts, stimulate
salicylic acid-mediated systemic acquired resistance (SAR). Microbial agents also suppress pathogens
via competitive exclusion, antibiosis, and the production of siderophores, antibiotics, and lytic
enzymes [16,22,41-43]. Furthermore, biostimulants like humic substances enhance soil structure by
promoting aggregation and porosity, thereby supporting root growth and nutrient diffusion [44]. The
good example is beneficial microbes such as PGPR and fungi like Trichoderma which colonize roots
and trigger jasmonic acid/ethylene-dependent induced systemic resistance (ISR), priming the plant
for accelerated defense response upon pathogen attack [40,43].

Alternatively, compounds like chitosan and seaweed extracts stimulate salicylic acid-mediated
systemic acquired resistance (SAR), particularly effective against biotrophic pathogens [45].
Additionally, microbial biostimulants suppress diseases via competitive exclusion and antibiosis
through the release of siderophores, antibiotics, and lytic enzymes [16,22]. The core function of
biostimulants lies in improving nutrient use efficiency. Microbial strains solubilize insoluble
nutrients, while mycorrhizal fungi extend root reach via hyphal networks [46,47]. In legumes,
rhizobia symbiosis enables biological nitrogen fixation, providing sustainable nitrogen nutrition
[16,48]. Concurrently, biostimulants like humic substances and microbial exudates improve soil
structure by enhancing aggregation and porosity, facilitating better root growth and nutrient
diffusion [25].
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Biostimulant
Category
PGPR (e.g., Bacillus

, Pseudomonas)

Beneficial Fungi

(AMF, Trichoderma)

Seaweed Extracts

Humic Substances

Protein
Hydrolysates/Amino
Acids

Chitosan

Primary Modes of Action (MOA)

N-fixation, P-solubilization,
Phytohormone production (IAA),
ISR, Antibiosis

Enhanced nutrient/water uptake,

Pathogen antagonism, ISR

Osmotic adjustment, Antioxidant

defense, Phytohormone-like activity

Improved soil CEC, Root membrane
permeability, Nutrient chelation
Chelation, Osmoregulation,

Metabolic precursors

Elicitation of plant defenses (SAR),

Antimicrobial activity

Key Bioactive
Compounds/Mechanism
IAA, Siderophores, ACC
deaminase, Antibiotics,
Exopolysaccharides
Extensive hyphal network,
Mycoparasitism, Chitinase
enzymes

Betaines, Polysaccharides
(alginates, laminarin), Cytokinins,
Auxins

Humic acids, Fulvic acids,
Polyphenols

Free L-amino acids, Peptides,

Organic Nitrogen

Chitin derivatives,

Oligosaccharides

d0i:10.20944/preprints202509.1427.v1

These products do not provide a single silver bullet but rather modulate the plant's own systems
for growth, stress response, and nutrient acquisition. Understanding these mechanisms is paramount
for aligning the correct biostimulant type with specific agronomic challenges, which is the focus of
the following sections.

4. Efficacy Under Specific Abiotic Stresses

Biostimulants enhance plant resilience to abiotic stresses by targeting specific physiological
response pathways which are affected by the environment and thus, a single biostimulant can
produce both positive and negative response under diverse conditions [2,12]. Under drought stress,
microbial plant growth-promoting rhizobacteria (PGPR) such as Azospirillum brasilense and Bacillus
subtilis improve soil moisture retention and root exploration through exopolysaccharide production,
while non-microbial biostimulants like seaweed extracts and humic acids enhance osmoprotectant
synthesis (proline, glycine betaine) and antioxidant enzyme activity (SOD, CAT) to maintain cellular
integrity [37,49-51]. Some studies have documented both negative and positive yield increases up to
68% under moderate drought conditions [19,52].

For salinity stress, halotolerant PGPR (e.g., Bacillus pumilus) regulate ion homeostasis by
enhancing K*/Na* ratios and reducing stress ethylene via ACC deaminase, while arbuscular
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mycorrhizal fungi (AMF) improve phosphorus and water acquisition, with complementary foliar
applications of amino acids and seaweed extracts providing substrates for compatible solutes and
oxidative defense [53-55]. Under temperature extremes, biostimulants such as seaweed extracts,
protein hydrolysates, and amino acids stabilize membranes and proteins through heat-shock protein
induction and cryoprotectant accumulation [56-58].

Waterlogging stress is mitigated through bacterial promotion of aerenchyma formation for
oxygen transport and improved nitrogen metabolism [59,60]. This is achieved through soil structure
building and enhancing plant antioxidant defense by AMF [61-63]. Others from bacteria produce
hormones and scavenge harmful oxygen species, increase osmoregulatory compounds and improve
nutrient availability which helps the plant to survive water stress. Mechanisms include ACC
deaminase production, which lowers stress-induced ethylene, and the synthesis of osmoprotectants
and antioxidants [63,64].

Table 3. Efficacy of Biostimulants in Mitigating Key Abiotic Stresses.

Abiotic  Key Physiological Effective Primary Mechanism of Reference
Stress Challenge Biostimulant Mitigation
Types
Drought | Osmotic stress, PGPR, Seaweed Osmolyte accumulation, [37]
Oxidative damage extracts, Humic Antioxidant induction,
acids Improved root architecture
Salinity | Iron toxicity, Halotolerant Ion homeostasis (1K*/Na*), [51]
Osmotic stress PGPR, AMF, Osmotic adjustment,
Amino acids Antioxidant defense
Heat Protein Trichoderma spp., Heat-shock protein (HSP) [48]
Stress denaturation, PGPR, Seaweed induction, Membrane
Membrane extracts stabilization
instability
Chilling | Membrane Microbial Cryoprotectant synthesis, [65]
Stress rigidification, ROS consortia, Seaweed = Antioxidant defense
generation extracts
Flooding | Hypoxia, Reduced Azospirillum, Aerenchyma formation, [50]
nutrient uptake Pseudomonas spp. Anaerobic metabolism
support

5. Efficacy Against Biotic and Physiological Stresses

5.1. Suppression of Pathogens and Nematodes

Biostimulants combat diseases primarily through induced systemic resistance (ISR) and
competitive microbial exclusion. Beneficial rhizobacteria (PGPR) and fungi (e.g., Trichoderma,
mycorrhizae) colonize root zones to prime jasmonic acid/ethylene defense pathways, enabling
accelerated response to pathogen attack [43]. Additional suppression mechanisms include antibiotic
production, siderophore-mediated iron competition, and direct mycoparasitism [22]. Practical
applications demonstrate Trichoderma harzianum effectively reducing soil-borne diseases like
damping-off (Pythium spp.) and wilt (Fusarium spp.), while Bacillus and Pseudomonas strains counter
bacterial and fungal pathogens through multiple mechanisms [66-68]. For instance, Bacillus subtilis
inoculation reduces Fusarium oxysporum impact in tomatoes [69], while Pseudomonas putida
suppresses Fusarium oxysporum through siderophore production and enhanced photosynthesis
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[70,71]. Notably, Bacillus aryabhattai strain SRB02 controls tomato Fusarium wilt by inhibiting fungal
growth while modulating host defense through enhanced salicylic acid and amino acid accumulation
[52]

5.3. Alleviation of Physiological Stresses

Biostimulants address internal imbalances through multiple mechanisms: humic substances
celebrating micronutrients (Fe, Zn) to improve availability [25]. Arbuscular mycorrhizal fungi
enhances phosphorus acquisition via extended hyphal networks [47]; while amino acids and seaweed
extracts reduce transplant shock through organic nitrogen supply and root regeneration stimulation
[72]; and reproductive stress is mitigated via improved pollen viability and fruit set [48].
Additionally, quality parameters including sugar content (brix), anthocyanin levels, and shelf life are
significantly enhanced through targeted applications [28]. In addition, post-injury applications of
amino acids and seaweed extracts accelerate tissue repair by supplying substrates for protein
synthesis and cell wall regeneration while mitigating oxidative damage [73].

Table 4. Efficacy of Biostimulants in Mitigating Biotic and Physiological Stresses.

Stress Specific Effective Primary Mechanism of Reference
Category Challenge Biostimulant Action
Types
Biotic Stress | Soil-borne Trichoderma spp.,  Mycoparasitism, [59]
pathogens (e.g.,, PGPR (Bacillus, Competition, Antibiosis,
Fusarium, Pseudomonas) Induced Systemic Resistance
Pythium) (ISR)
Insect pests Chitosan, Cell wall signification, [69,70]
(e.g., aphids, Phenolic-rich Induction of defensive
mites) plant extracts secondary metabolites
Physiological | Nutrient AMF, Humic Nutrient solubilization, [74,75]
Stress deficiency (e.g.,  substances, PSB Chelation, Enhanced root
P, Fe, Zn) surface area
Transplant Amino acids, Supply of organic N, [72]
shock Seaweed extracts  Stimulation of root
regeneration
Poor fruit set / Amino acids, Improved pollen viability, [48]

flowering Microbial Hormonal modulation

consortia
Physical injury ~ Amino acids, Callus formation, Energy [8]
(hail, wind) Seaweed extracts = metabolism recovery

6. Performance Variability and Influencing Factors

The most consistent finding in biostimulant research is the inherent variability in product

efficacy, where significant improvements in stress tolerance or yield in some contexts contrast with
null or even negative results in others [76,77]. This inconsistency stems not from product deficiency
but from the complex interplay of biological, environmental, and management factors that modulate
biostimulant performance. Understanding these influences is crucial for interpreting experimental
results, setting realistic agricultural expectations, and enhancing product reliability [12,56].
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6.1. Fundamental Principles Governing Variability

Two core principles explain much of the observed performance variation: 1). The limiting factor
principle posits that biostimulants demonstrate maximal efficacy when addressing specific
physiological constraints. For instance, phosphate-solubilizing microorganisms (e.g., Pseudomonas
spp-) show significant growth promotion in low-phosphorus soils but provide negligible benefits in
phosphorus-replete conditions [78]. Similarly, osmoprotectant-rich seaweed extracts (e.g., from
Ascophyllum nodosum) substantially improve drought tolerance in water-limited environments but
show minimal effects under optimal irrigation [79,80]. 2). The biological competition axiom states
that successful establishment of microbial biostimulants depends on their ability to compete with
resident soil communities [81,82]. Inoculants often fail when outcompeted by native microbiota,
inhibited by chemical residues from previous applications, or introduced to soils lacking sufficient
organic matter to support colonization and growth, or introduced in environment with chemical
inhibitors and lacking synagy [81,82].

6.2. Environmental and Edaphic Determinants

Field environments act as stringent filters on biostimulant performance through several
mechanisms: Soil physicochemical properties significantly influence efficacy, with pH critically
affecting microbial survival and bioactive compound stability (most beneficial bacteria thrive at pH
6.0-7.5) [83,84]. While soil texture determines product selection, sandy soils with low water-holding
capacity respond well to moisture-retaining products like humic substances, whereas clay soils
require oxygen-tolerant formulations, and amendment that improve aeration [85,86]. Additionally,
the soil is composed of billions of native bacteria and fungi, which all determines whether introduced
strains face synergy or competition, with established communities often exhibiting priority effects
that limit colonization by new inoculants [87]. Notably, degraded soils with low microbial diversity
typically show stronger responses to inoculation than biologically diverse soils, the same way we see
higher plant response to fertilizers under low fertility soils [88,89], as documented by Dadzie, et al.
[90] observed greater colonization by native micro-organisms in degraded soils. Even when other
factors guide the criteria for microbial specie selection, the previous management history creates
legacy effects that modulate efficacy, where previous fungicide applications can suppress fungal
biostimulants (e.g., Trichoderma spp.), and high nitrogen fertilization reduces plant dependence on
symbiotic nitrogen-fixing bacteria [89].

6.3. Climatic and Management Influences

Climatic factors dramatically affect biostimulant function: temperature regulates microbial
metabolic rates (e.g., Azospirillum brasilense thrives in warm soils but performs poorly in cool
conditions) and can denature heat-sensitive compounds in non-microbial formulations. For example,
[91] observed a reduction in growth with temperature in Azospirillum brasilense C16 spp isolated from
Guinea grass. Most of the soil micro-organisms need moisture to carry out their respiration and move
in the soil. Moisture availability controls microbial mobility and nutrient diffusion; solar radiation
degrades light-sensitive components in foliar applications, making early morning or evening
application critical for efficacy [92-94]. In addition to the soil environment, management practices
often determine practical success: microbial product viability depends on maintained cold chains and
proper storage conditions throughout the distribution network [95], tank-mixing with incompatible
chemicals e.g., copper-based fungicides with bacterial inoculants, or using poor quality water high
chlorine, and extreme pH can inactivate products [96-98]. Application timing must align with both
crop growth stages and stress anticipation to achieve desired effects, as applying drought-mitigating
products after severe stress establishment often proves ineffective. Previous rotation management
including tillage, crop species, and residue (microbial food), influences the soil food web, which also
influences the colonizing power of a new microbial inoculant [99,100]. This comprehensive
framework explains why biostimulant performance is inherently context-dependent and underscores
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the importance of matching products to specific environmental conditions, soil properties, and
management practices to achieve consistent results.

7. The Greenhouse vs. Field Efficacy Disparity

A critical analysis of biostimulant literature reveals a significant disconnect between results from
controlled environments and working farms. While greenhouse studies dominate the published
evidence base, their optimized conditions often fail to predict performance in the complex, dynamic
realities of open-field agriculture. This "translation gap" profoundly impacts efficacy interpretation,
research priorities, and farmer expectations.

7.1. Limitations of Controlled Environment Research

Greenhouse studies provide essential advantages for early-stage research: precise
environmental control, high replication capacity, facilitated sampling, and accelerated results. These
features make them indispensable for proof-of-concept work and mechanistic studies. However,
these very advantages create inherent limitations for real-world prediction [101]. The absence of
complex stress interactions, where field crops face multiple simultaneous stresses (heat, water deficit,
pest pressure), limits translational validity [102]. The confined root environment of containers creates
artificial rhizosphere conditions that intensify root exudate concentrations and distort nutrient
dynamics, potentially exaggerating treatment effects [103,104]. Furthermore, greenhouse conditions
buffer environmental extremes (UV radiation, wind, hail) that many biostimulants are designed to
mitigate, while sterile or simplified potting media eliminate microbial competition, allowing
unrealistically successful colonization of introduced inoculants [101].

The greenhouse studies typically report strong, statistically significant improvements in
biomass, nutrient uptake, and stress marker reduction due to biostimulants. But when these
treatments are taken to the field conditions, they show modest, variable, or non-significant effects,
and show strong season- and location-dependence [101]. This discrepancy reflects how controlled
environments optimize conditions for biostimulant expression, while field conditions with
heterogeneous soils, unpredictable weather, and competitive biological communities create a
stringent performance filter [101].

The overreliance on greenhouse data results in failed translation of promising results and farmer
skepticism [105] creating unrealistic expectations and inconsistent outcomes, which all hinder

adoption and recommendation confidence [101]. Addressing this disparity requires a strategic
approach: prioritizing multi-year, multi-location field trials that expose products to authentic

stresses [106], clearly contextualizing greenhouse findings with their limitations; and demanding
local field validation data from manufacturers [106-108]. While greenhouse research remains
valuable for discovery, the future of biostimulants depends on bridging this gap through rigorous
field validation.

8. Crop-Specific Responses to Biostimulants

The notion of a universal biostimulant is scientifically unsound given the profound
physiological diversity among plant species and even varieties. Crops differ significantly in root
architecture, nutrient demands, and stress tolerance mechanisms, making product efficacy highly
crop specific [109]. A biostimulant that enhances yield in one crop may show negligible or even
negative effects in another, necessitating a precision-based approach rather than generalized
applications of biostimulants [110].

Cereals respond best to biostimulants targeting early nutrient acquisition and root development.
Microbial inoculants, particularly PGPR like Azospirillum and Azotobacter, demonstrate consistent
benefits through biological nitrogen fixation, auxin production, and phosphate solubilization,
resulting in 5, 15% yield gains under field conditions [110-112]. Cyanobacteria show special efficacy
in flooded rice systems [113,114]. Optimal application involves seed treatment or in-furrow
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placement for microbial products, with foliar applications of seaweed extracts or humic substances
timed to critical growth stages [60]. Responses are often limited in high-fertility soils or when
chemical seed treatments compromise microbial viability [97].

Quality-driven horticultural production benefits particularly from fungal biostimulants.
Trichoderma species enhance root development and suppress soil-borne pathogens [38,59,68], while
AMTF improves phosphorus uptake in nutrient-intensive crops like tomatoes and peppers [75]. Non-
microbial options including amino acid formulations and seaweed extracts reduce transplant shock
and improve fruit quality parameters [27,28,72,73]. Application methods must align with objectives:
soil incorporation for fungal benefits versus foliar sprays for quality enhancement [76,115]. Over-
application of amino acids may stimulate excessive vegetative growth, and fungicide incompatibility
can limit fungal biostimulant efficacy. Long-cycle crops (perennial crops), benefit from biostimulants
that enhance long-term soil health and stress resilience. Humic substances improve soil structure and
nutrient retention, while AMF established at planting provides lasting water and nutrient uptake
benefits [26]. Seaweed extracts mitigate intermittent stress events and improve harvest quality
[27,28,73]. Broadcast granular applications suit long-term soil improvement, while foliar sprays
address anticipated stress events.

Table 5. Crop-Specific Biostimulant Recommendations.

Crop Type  Key Challenges Recommended Types  Application
Method

Cereals Early establishment, nutrient PGPR, Humic acids Seed treatment, in-
efficiency furrow

Legumes Biological nitrogen fixation Specific rhizobia Seed inoculation

Vegetables Soil diseases, transplant shock, Trichoderma, AMF, Soil incorporation,
quality Seaweed extracts foliar

Plantations | Long-term soil health, periodic Humic substances, Broadcast
stress AMEF, Seaweed granules, foliar

extracts

NB. These are not static recommendations, consider reviewing product label.

9. Biostimulants Interactions with Soil Amendments

Biostimulants are rarely applied in isolation but are integrated into agricultural systems
employing various soil amendments to enhance fertility and soil health. These amendments ranging
from organic materials like manures, and composts to inorganic inputs like lime create complex soil
environments that significantly influence biostimulant performance, particularly for microbial
products [116,117]. The interactions can be synergistic (amplifying benefits), additive (cumulative
effects), or antagonistic (inhibitory), making understanding these dynamics crucial for optimizing
biostimulant efficacy in both organic and conventional systems [118,119].

Soil amendments significantly influence biostimulant efficacy by modifying the soil
environment in which they function. Organic amendments can have contrasting effects: well-
composted organic matter provides stable habitat and resources that enhance microbial biostimulant
activity, while fresh manure may introduce toxic ammonia levels and competitive microbiota that
inhibit inoculated strains [120,121]. Biochar improves soil habitat and moisture retention but may
absorb organic biostimulant compounds, while wood chips immobilize nitrogen during
decomposition, limiting nutrient availability for both plants and microbes [122]. Inorganic
amendments similarly create variable conditions, lime and gypsum adjust pH to ranges that may
favor or inhibit specific microbial communities, while sand improves drainage but offers minimal
biological interaction [123]. Thus, amendment selection and timing directly determine whether
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biostimulants encounter synergistic, neutral, or antagonistic conditions for their establishment and
function.

Compost provides carbon sources that fuel microbial biostimulant activity [117]; biochar's
porous structure offers protective habitats for microbes [118,119]; well-composted matter buffers pH
and adsorbs toxins Antagonistic: High C: N amendments starve nitrogen-dependent microbes;
biochar may adsorb organic biostimulant compounds [118,119]; chemical fertilizers can suppress
my-corrhizal associations.

Table 8. Amendment-Biostimulant Interactions.

Amendment Primary Effect Microbial Biostimulants =~ Non-Microbial
Biostimulants

Composted Adds OM & Synergistic: food & Additive/Synergistic

Manure nutrients habitat

Fresh Manure High soluble N Antagonistic: toxicity Variable: salt degradation

Biochar Increases CEC, Synergistic: habitat Antagonistic: adsorption
porosity (adsorption risk)

Wood N immobilization Antagonistic: N starvation Antagonistic: poor

Chips/Mulch growth

Lime Raises pH Variable: pH-dependent Variable: alters solubility

Successful integration requires: (1) preliminary soil testing to understand conditions; (2)
prioritizing stabilized amendments over fresh; (3) strategic timing to avoid antagonisms; (4) matching
amendment-biostimulant combinations to objectives; and (5) continuous monitoring and adaptation
based on crop responses.

10. Observations and Recommendations

The comprehensive analysis confirms that biostimulant efficacy is inherently context-
dependent, reflecting the complex interplay of biological, environmental, and management factors
rather than product inconsistency. Four core principles explain performance variability: The
observed variability in biostimulant performance can be understood through four foundational
principles: the Limiting Factor Principle, where efficacy peaks when addressing specific constraints
such as phosphate-solubilizing microbes in low-phosphorus soils; the Biological Competition Axiom,
which states that microbial success depends on establishment within competitive soil ecosystems; the
Stress Gradient Hypothesis, indicating that benefits are greatest under sub-optimal conditions
compared to high-input systems; and the Formulation and Viability Imperative, where supply chain
issues like improper storage and handling are responsible for many microbial product failures. These
principles collectively underscore the context-dependent nature of biostimulant efficacy,
emphasizing that success is determined by the alignment of product function with specific
agricultural constraints and conditions. Effective use requires: (1) diagnosing primary constraints
through soil testing; (2) integrating biostimulants into holistic management; (3) demanding local field
validation data; (4) conducting on-farm trials; (5) proper handling of microbial products; (6) following
a decision framework assessing soil health, stresses, and input history. Producers should: (1) provide
transparent multi-location field data; (2) invest in advanced formulation technologies; (3) adopt
targeted, evidence-based marketing; (4) educate distribution chains on proper handling.

Future work should: (1) prioritize field-based greenhouse studies; (2) elucidate mechanisms
using omics tools; (3) develop crop- and amendment-specific protocols; (4) create predictive soil
health tools; (5) establish industry-wide standards.
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Figure 1. A Framework for Biostimulant Recommendations.

11. Conclusions

This review has addressed the growing imperative to enhance agricultural sustainability and
productivity amidst climate change and environmental degradation. To this end, we have
synthesized the current scientific understanding of agricultural biostimulants, examining their
classification, modes of action, and efficacy against abiotic and biotic stresses. Our analysis confirms
that biostimulants are sophisticated tools capable of modulating plant physiology to improve
nutrient use efficiency, stress tolerance, and crop quality.

A central finding of this work is the profoundly context-dependent nature of biostimulant
efficacy. Performance is not a function of product quality alone but is governed by a complex
hierarchy of factors, including soil properties, native microbiota, climate conditions, crop species, and
management practices. The significant disparity between highly controlled greenhouse studies and
variable field results underscores the critical limitation of extrapolating data without accounting for
real-world agroecosystem complexity. Furthermore, interactions with soil amendments can be either
synergistic or antagonistic, necessitating an integrated systems approach rather than treating
biostimulants as standalone solutions.

The primary take-home message is that biostimulants are not universal "silver bullets." Their
successful implementation requires a precision-based approach, where product selection and
application are carefully matched to specific environmental constraints and agronomic challenges.
To bridge the gap between their significant potential and on-farm reliability, future research must
prioritize multi-year, multi-location field trials to generate robust, validated efficacy data.
Mechanistic studies using omics tools are needed to elucidate interactions with soil microbiomes
under varying conditions. Furthermore, the development of crop- and amendment-specific
protocols, predictive soil health tools, and industry-wide standards is essential.

Ultimately, unlocking the full promise of biostimulants for sustainable intensification demands
a concerted effort across the sector: rigorous and transparent science, targeted education for growers
and agronomists, and evolved regulatory frameworks that categorize products based on biological
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function. When applied judiciously within integrated management systems, biostimulants can be
powerful components in developing more resilient and productive agricultural systems for future
generations.
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ACC: 1-Aminocyclopropane-1-Carboxylate
AME: Arbuscular Mycorrhizal Fungi

BNF: Biological Nitrogen Fixation

CEC: Cation Exchange Capacity

CAGR: Compound Annual Growth Rate

Fe: Iron

IPM: Integrated Pest Management

ISR: Induced Systemic Resistance

NGP: North Great Plains

NUE: Nutrient Use Efficiency

PGPR: Plant-Growth-Promoting Rhizobacteria
PGPM: Plant-Growth-Promoting Microorganisms
ROS: Reactive Oxygen Species

SAR: Systemic Acquired Resistance

PGBF: Plant growth Promoting Fungi
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