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Biostimulants are gaining prominence in scientific research, with the potential to
enhance plant productivity through benefits to crop yield/quality and tolerance
to environmental stresses. Through possible improvements to nutrient use
efficiency, they may also lessen the adverse environmental impacts of
conventional inorganic fertilizer use in agriculture. The application of
biostimulants is currently uncommon as a farming practice, with uncertain
effectiveness in delivering these potential benefits. Current research focuses
on biostimulant effects on plant physiological changes. There is little scientific
evidence on the impact of biostimulants on soil properties (biological, physical,
or chemical) or soil functions. This knowledge gap should be addressed
considering the vital role of soil processes in the bioavailability of nutrients, as
reflected in crop productivity. This review evaluates laboratory and field
experimental work on the effectiveness of common, non-microbial
biostimulants, with a focus on their modes of action within the soil matrix. Of
2,097 initial articles returned through the search strings, 10 were within the scope
of this review. A common soil biostimulant mechanism emerges from this
literature. This relates to the supply of nutrients provided by the biostimulants,
which stimulate native soil microbiology in mineralizing organic material in the
soil, thus producing more bioavailable nutrients for plant uptake. Additionally,
some articles link biostimulant effects to soil physical and chemical changes,
which in turn impact soil biology (and vice versa). However, there is inconsistent
evidence to provide full support for these explanatory mechanisms. This review
highlights the need for further research into the effect of biostimulants on the
native soil microbiology and associated soil properties, to provide greater clarity
on biostimulants’ modes of action and greater mechanistic insights into how they
can be used to improve crop production.
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1 Introduction

The global population is growing at an unprecedented rate,
which is increasing the demand for safe, affordable, and available
food supplies (Aratjo et al., 2023). These pressures not only relate to
the tonnage of staple foods such as wheat and maize, and fresh
produce such as salad crops, but also on the nutritional value of
these products. To meet food demands, agrochemicals, inorganic
fertilizers, and pesticides have been manufactured and used to
maximize production, but often with adverse environmental
impacts on land, air, and water (Halpern et al, 2015; Tripathi
et al, 2020). It is therefore important that future agricultural
practices use products that cause less damage to natural capital
while producing more food to meet the demand (Rouphael et al,
2020). Alternative products to inorganic agrochemicals, such as
biostimulants, have gained commercial interest in recent years, with
the biostimulant market size estimated to reach circa €2.66 billion in
2022 (Critchley et al., 2021). Biostimulants may provide a means of
improving crop productivity while simultaneously addressing the
economic, environmental, and sustainability concerns around
conventional food production systems (del Buono, 2021).

Biostimulants were defined by (du Jardin, 2015, 2012) as
substances or microorganisms that, when applied to plants, seeds,
or growing substrates, have the capacity to enhance nutrition
efficiency, stress response, and/or crop yield and quality traits,
regardless of its nutrients content. The European Biostimulant
Industry Council (EBIC) and European Commission (EC) further
defined these benefits under a new regulation in 2022, “Regulation
(EU) 2019/1009”. This included highlighting additional benefits of
increased availability of nutrients confined in the soil or rhizosphere
(The European Parliament and The Council of the European
Union, 2019).

Biostimulants were categorized by du Jardin (2012) into groups
such as humic substances and complex organic materials. However,
it was quickly recognized that those categories were not mutually
exclusive because they shared common active substances. Since
2012, there has been a continual effort to improve the categorization
of biostimulants, with more specific categories. Currently, the most
common groups of biostimulants recognized in the literature are
the following:

* humic substances

» protein hydrolysates

* seaweed extracts

» plant extracts

* biopolymers (e.g., chitosan)

* inorganic compounds (e.g., aluminum, cobalt, sodium,
selenium and silicon)

* plant-growth-promoting fungi and bacteria (PGPB)
(Grammenou et al., 2023).

These biostimulant categories can be more broadly grouped
into microbial or non-microbial substances (Ngoroyemoto et al,
2020). The latter includes humic substances, which are derived from
the decomposition of plant, animal, and microbial residues, and are

Frontiers in Agronomy

10.3389/fagro.2024.1271672

separated into humic and fulvic acids (Popa et al., 2022). Protein
hydrolysates encompass free amino acids and small peptides
(Hellequin et al., 2020). Seaweed extracts are derived from red,
brown, or green macroalgae, such as Ascophyllum and primarily
contain polysaccharides, phenolics, and osmolytes (Ali et al., 2021).
Plant extracts include a wide range of naturally synthesized
phytoextracts important in plant growth and development such
as glycinebetaine, a hormone-like biochemical regulator (Akram
et al., 2022). Biopolymers such as chitosan is a naturally occurring
sugar formed in the outer skeleton of shellfish (Shahrajabian et al.,
2021). Inorganic compounds include some essential elements
necessary for plant growth and some non-essential elements that
can promote additional growth factors (Grammenou et al., 2023).
Microbial biostimulants are plant-growth-promoting fungi and
bacteria including microbial genus such as Azotobacter spp.,
Rhizobium spp., Azospirillum spp., and Mycorrhizal fungi
(Castiglione et al., 2021).

Research into the effects of these biostimulants has increased
over the past decade, with outcomes such as increased crop
tolerance to abiotic stress (such as salinity or temperature
extremes) (Fang et al., 2020), increased nutrient content of leaves
and/or fruit of the crop (Celiktopuz et al., 2021), and improved yield
and nutrient use efficiency (Di Mola et al., 2020). More recently,
there has been a greater focus on the different mechanisms behind
these effects related to type of biostimulant. Widely reported
biostimulant mechanisms relate to interactions between foliar-
applied biostimulants and associated plant response (du Jardin
et al., 2020). These include actions such as chelation and stress-
induced responses by the plant. These plant responses may relate to
abiotic stresses such as drought (Bulgari et al., 2019) and
upregulation of genes coding for a wide range of nutrient
transporters thus altering plant metabolism (Jindo et al., 2020a,
2020b; Yakhin et al., 2017; Moreno-Hernandez et al., 2019).

However, the mechanisms of biostimulants, specifically non-
microbial types, on soil properties and processes have been seldom
reported. These mechanisms are highlighted in Figure 1, which
presents an overview of biostimulant types, soil-based mechanisms,
and beneficial provisions to the plant. This paper presents a semi-
systematic review to evaluate previous research on the impacts of
non-microbial biostimulants, when applied directly to soil, on
native soil microbiology and associated soil properties and
processes, e.g., nutrient cycling. The evidence presented in this
review will be used to identify knowledge gaps and recommend
future research that will advance the mechanistic understanding of
soil-applied biostimulants. In turn, this will inform how
biostimulants can improve crop productivity.

2 Method
2.1 Semi-systematic review

A semi-systematic review method was applied using principles
from the Preferred Reporting Items for Systematic Review and
Meta-Analysis (PRISMA) approach (Moher et al., 2009) and theory
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from Snyder (2019) to investigate the impacts of soil-applied, non-
microbial biostimulants on native soil microbiology and associated
soil properties. The semi-systematic review approach was applied to
provide an overview of the research area and current state of
knowledge, as opposed to a systematic review, which is used to
strictly synthesize and compare empirical evidence between studies
(Snyder, 2019). Three multidisciplinary databases were used:
Scopus, Science Direct, and Google Scholar. Keywords such as
“biostimulant” and “soil” were included in all searches. More
specific search strings included “non-microbial biostimulants”
AND “soil” AND (“biology” OR “microbial activity” OR
“microorganisms”) to further refine the literature down to the
specific topic.

2.2 Inclusion, exclusion criteria, and
screening process

Articles applying microbial biostimulants were excluded so that
the review could focus on (non-microbial) biostimulant impact on
native soil microbiology, rather than interactions between the
microbiology of the biostimulant and that of the native soil. The
literature search results included only experimental articles that
presented peer reviewed, primary data. Therefore, the search
excluded review papers, book chapters, and books for example.
Results were not limited by their country of origin, experimental
design (i.e., field, glasshouse or incubation experiment), or
timeframe of publication. Articles referring to non-soil
applications, or primarily focusing on plant-related mechanisms
or applications of a combination of a microbial and non-microbial
biostimulant, were excluded because these scenarios were also out
of scope. Articles that appeared across more than one database (i.e.,
duplicates) were removed. Articles were then screened in three
stages via their title, abstract, and finally full-body text for relevance.
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3 Results
3.1 Literature search results

The search strings resulted in an initial 2,097 related articles. Of
these, 925 were excluded based on the type of article. The remaining
1,172 articles were screened at the title and abstract level, of which
872 articles were excluded because they were primarily concerned
with the production of biostimulants, non-soil biostimulant
applications (such as foliar sprays or seed treatments) or
biostimulants used in bioremediation and waste studies. The full
texts of the remaining 300 articles were screened. Of these, 289 were
excluded because the paper either frequently referred to products
named as a biostimulant in the title or abstract but were later
deemed a fertilizer (i.e., applied nutrients that can be directly taken
up by the plant) (The European Parliament and The Council of the
European Union, 2019), concerned combinations of microbial and
non-microbial biostimulants, or focused predominantly on plant-
related biostimulant mechanisms (which was not explicitly stated in
the title or abstract). One article was not open access and not
available for full-text screening and therefore was excluded.
Following these exclusions, 10 articles remained within scope. An
overview of this process and corresponding search results are
presented in Figure 2.

The 10 articles included in the review range from 2002 to 2023.
The articles vary in experimental design used. For example, there
were five laboratory microcosm experiments, four of which were
carried out on soil only (Chen et al., 2002; Hellequin et al., 2020,
2018; Macias-Benitez et al.,, 2020). The other microcosm
experiment used planted wheat (Chen et al., 2003). There were
four field experiments (Alam et al, 2014; Yousfi et al, 2021;
Wadduwage et al., 2023), one of which ran alongside a
corresponding glasshouse trial (Alam et al.,, 2013). One
experiment was solely based in a glasshouse (Renaut et al., 2019).
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The articles reviewed investigated various non-microbial
biostimulants. Five of the articles focused on a single ingredient,
while the other five investigated a biostimulant containing multiple
ingredients. For example, Renaut et al. (2019) applied a seaweed
extract, Hellequin et al. (2020) applied a combination of seaweed
extract with protein hydrolysates, and Wadduwage et al. (2023)
investigated a biostimulant containing mineral trace elements,
phytoproteins, vitamins, seaweed extracts, and plant hormones.

Biostimulant application dosage and frequency varied strongly
between experiments. For example, within the field experiments,
Wadduwage et al. (2023) applied 2.5 L ha™" just once at the start of
the experiment to different types of field sites (grassland and arable),
whereas Yousfi et al. (2021) applied 10 L ha™" every 20 days to
ryegrass. There was no general consensus in these articles (or in the
wider literature) as to why these application regimes were selected.

The following section critiques each of these 10 articles. The
section is structured by the main biostimulant type applied in each
study. However, there is overlap between sections, given the
number of articles investigating the application of several
biostimulants. Moreover, information detailing each experimental
design including biostimulant application dosage and frequency are
summarized in Table 1.
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3.2 Discussion of articles identified in the
literature review

3.2.1 Seaweed extracts and protein hydrolysates
Renaut et al. (2019) investigated the effect of a commercial
seaweed extract (Acadian Seaplants Ltd, Canada) on tomato
(Solanum lycopersicum L.) and pepper (Capsicum annuum L.)
plants. The authors identified small but significant changes in the
soil microbial community structure in the rhizosphere across both
plant types in the biostimulant amended treatments (using gene
sequencing techniques). This correlated with an increase in all crop
growth parameters in both plant species in those treatments (root
and shoot growth, fruit biomass, and number of fruits). There were
greater increases in crop parameters of the pepper plants, but this
was explained by the combined treatment of the biostimulant and
hen manure. More specifically, there was a greater diversity of
bacterial genera (for example, Bacillaceae, Rhizobiaceae,
Sphingomonadaceae, and Pseudomonadaceae) present in the
biostimulant-amended treatments than the control (across both
plant species). A large proportion of the total diversity of fungi were
of the Nectriaceae family in the biostimulant-amended soils.
Nectriaceae and other fungal families identified in the study such
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TABLE 1 Literature review articles investigating the link between biostimulants and native soil microbiology as a potential mechanism for improving soil properties and processes, and associated plant growth.

Reference

Type/

length
of study

Biostimulant type

Biostimulant application dose/frequency

Analysis method

Result

Suggested biostimulant mechanism

(Renaut Glasshouse, Seaweed extract 3.5 ml L' at 250 ml per tray (applied every 2 Gene sequencing Increase in microbial Not applicable as plant productivity was explained
et al., 2019) 4 months weeks) for pepper plants only and the addition of community, structure to be the driver of soil microbial change
hen manure (every 4 weeks) with biostimulant for and diversity
tomato plants
(Hellequin Lab Seaweed extract and 300 pl diluted biostimulant per mesocosm, which MBC, mineralization rate, Increase MBC, growth of fungal Water retention, pH, energy resource
et al,, 2020) mesocosm protein hydrolysate was said to be the equivalent of 2.6 mg dried microbial composition community, functional for microorganisms
—soil only, biostimulant product, with and without straw, redundancy leading to no
49 days applied once at the beginning of the experiment change in carbon mineralization
(Hellequin Lab Protein hydrolysate 100 mg biostimulant mixed with 25 g straw, 120 MBC, mineralization Increase microbial biomass Energy resource for microorganisms
et al., 2018) mesocosm mg of this mixture was applied once at the carbon and mineralization,
—soil only, beginning of the experiment change in community favoring
49 days known decomposer species
(Alam Field, Seaweed extract Sprayed onto soil once a week, every 2 or 3 weeks MBC, microbial Increase in all microbial Energy resource for microorganisms
et al., 2014) 3.5 months at different doses (0.25, 0.50, 0.75, or 1.0 g L composition, respiration activities at medium doses
until plant harvesting, 12-14 weeks later applied once a week or
bi-weekly
(Alam Field and Seaweed extract Applied once or twice per week, or once per 2 Microbial Increase in microbial activities Not applicable as presence of plant roots were
et al., 2013) glasshouse, weeks at different rates (1,2, or 4 g LY composition, respiration but to varying extents explained to be the driver of soil microbial change
2 months depending on the dose/
frequency and whether in
glasshouse or field
(Wadduwage Field, Mineral trace elements, 2.5 L ha™, applied once at the beginning of Respiration, microbial Increased microbial respiration, Energy resource for microorganisms, direct
et al., 2023) 2 months phytoproteins, vitamins, the experiment abundance, structure, and diversity and richness, no effect impact of biostimulant (containing
molasses, plant diversity through on total abundance microorganisms), moisture content, water
hormones, and gene sequencing retention, direct effect on plant productivity
seaweed extracts impacting soil biology
(Yousfi Field, Fulvic acid 10 L ha ™, applied every 20 days Respiration, enzyme activity Increased respiration and Energy resource for microorganisms
et al., 2021) 9 months enzyme activity
(Macias- Lab Lactic, oxalic, and citric 0.05 mmol g dry soil, applied once at the Enzyme activity, gene Differentially inhibited Energy resource for microorganisms
Benitez microcosm acid beginning of the experiment sequencing, dehydrogenase activity and
et al., 2020) —soil only, (assessed individually) microbial abundance growth of communities (in
28 days terms of diversity, richness
and abundance)
(Chen Lab Fermentation products 0.005 pl g" soil, the equivalent of a field SIR, MBN, nitrogen pools Differentially inhibited growth Energy resource for microorganisms
et al., 2002) microcosm application of 0.2-1.1 L ha™', applied once of communities, initial increase
—soil only, in SIR (2-week peak)
56 days
(Chen Lab Fermentation products SIR, microbial community, Differentially inhibited growth Energy resource for microorganisms
et al., 2003) microcosm enzyme activity, nitrogen of community and nitrogen
—56 days pools, and mineralization pools/mineralization based on

additional soil amendments

MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; SIR, substrate-induced respiration.
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as Mortierellaceae are saprotrophs, critical for the decomposition of
organic matter and nutrient cycling within the soil. This is because
they are the primary agents of plant litter decomposition and their
hyphal networks readily distribute nutrients in the soil (Crowther
etal, 2012). These changes in the microbial community in both the
biostimulant (and hen manure)-amended treatments in
comparison to the control suggest that the biostimulant may be at
least partly responsible for shaping the microbial community.
However, Renaut et al. (2019) were unable to explain the driving
mechanism for this shift in microbial structure and could not
disentangle the effects of the biostimulant from the hen manure
in the tomato plant trials.

Hellequin et al. (2020) researched the potential role of a
biostimulant containing both seaweed extracts and protein
hydrolysates on soil microbiology. The focus was on carbon (C)
mineralization, which is a general function of multiple decomposers
in the soil and is commonly used to indicate overall microbial
productivity (Banerjee et al, 2016). The authors measured an
immediate reduction in the abundance of active fungi and
bacteria where the biostimulant had been applied (determined by
quantitative polymerase chain reaction to determine phylogenetic
microbial groups). This was explained by physical disturbances:
either the polysaccharides within the seaweed extract immobilizing
soil microorganisms, or from physically mixing the soil with the
biostimulant. Although the abundance of active microorganisms
reduced, the diversity indexes (measured by gene sequencing
techniques) were either maintained or increased in the
biostimulant treatments compared with the untreated soil control
(Hellequin et al., 2020). After 7 days, the total abundance of
microbial phylogenetic groups had increased from Day 0, and this
increase was greater with the biostimulant compared to the
treatments without. On the final sampling date (Day 49), the soil
microbial community in the biostimulant treatments was
significantly richer and more diverse in fungi (when compared
with bacteria) than in the control.

The sustained abundance of microbial species in the
biostimulant treatments on Day 49 was explained by multiple
factors. First, carrageenans (naturally occurring sulfated
polysaccharides) contained in seaweed extracts are comprised of
hydrophilic colloids that attract water molecules, thereby
promoting better soil water-holding capacity (WHC) and
aggregate stability, two properties that are closely linked to
microbial activity (Hellequin et al., 2020). For example, soil
moisture affects the mobility and the structural and functional
diversity of microorganisms (Tecon and Or, 2017). Moreover,
water availability is essential for the activity of soil enzymes,
which contribute to the process of nutrient mineralization, by
breaking down organic matter that is too large or insoluble for
direct absorption by microorganisms (Dick and Kandeler, 2004;
Bailey et al., 2013).

Second, soil aggregate stability is fundamental in shaping
microbial communities by supporting their ability to disperse and
reach additional energy resources (Liu and Han, 2020). This link
between physical and biological soil properties was used to partially
explain the sustained higher abundance of microbial species at the
end of the experiment (Hellequin et al., 2020). However, although
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aggregate stability was used to explain the relationships between
biostimulant application and soil microorganisms, it was not a
variable that was measured. It is difficult to determine whether the
observed changes in microbiological community affected aggregate
stability and/or vice versa.

Third, the biostimulant had a higher pH (6.4) than the soil (5.5),
measured at the beginning of the experiment, which was explained
to induce a neutralizing effect on biostimulant-treated soils
(increasing the pH to neutral values of between 6.6 and 7.5), as
observed by Hellequin et al. (2020). This change in pH would
induce changes in the soil bacterial and fungal communities (Rousk
et al,, 2009). However, pH was not measured at the end of the
experiment, and therefore, this is a speculative explanation by the
authors. Earlier, Hellequin et al. (2018) showed that the addition of
a protein hydrolysate-based biostimulant increased soil pH from
moderately acidic to near-neutral values. This was positively
correlated with the abundance of Bacteroidetes, a phylum of
bacteria commonly abundant in neutral to low alkaline pH soils.
These are key regulators in C cycling due to their ability to degrade
complex plant-derived carbohydrate molecules and thus play a vital
role in soil functioning (Bauer et al., 2006). While a correlation does
not explain the mechanism, it does provide some evidence of
protein hydrolysate effects on soil pH, which might influence the
soil microbial community. Moreover, it is common that soil
microorganisms have optimum pH levels in which they thrive,
and so biostimulants may directly support their preferred pH
environment (Lauber et al, 2009). This may have positive
implications on plant growth, assuming that the pH promotes
“beneficial” soil microorganisms in terms of increasing nutrient
mineralization and providing bioavailable nutrients in the soil for
plants to utilize (Rousk et al., 2009).

Lastly, Hellequin et al. (2020) suggested that amino acids (which
make up a significant proportion of the biostimulants in their study)
were used by microorganisms as an alternative energy source in
which to mineralize organic materials in the soil (in this case,
straw). This energy supply was needed to sustain the microbial
population over the 49 experimental days. Amino acids are more
easily available for soil microorganisms in comparison to humic
acids for example because they have a lower number of carboxyl
groups (Adeleke et al., 2017; Macias-Benitez et al., 2020). Molecules
with fewer carboxyl groups have a smaller molecular weight and are
therefore easier for soil microorganisms to digest (Garcia-Martinez
et al,, 2010). Tt is well known that molecule size is an important
parameter for soil microbial stimulation (Yousfi et al, 2021).
Moreover, biostimulants made from seaweed extracts have a high
polysaccharide content, which may also provide an energy source
for microorganisms (Renaut et al., 2019). As polysaccharides break
down over time, glucose and galactose are made available from the
laminarins and carrageenans found in seaweeds. This breakdown
occurs over a longer period of time than for amino acids that are
already more accessible to soil microorganisms. The former may
therefore provide available resources to the longer-lasting or slower-
growing populations within the microbial community, such as fungi
(Yuetal, 2022). This theory is supported by the results of Hellequin
et al. (2020) where the species richness and long-lasting microbial
population were dominated by fungi.
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Despite these changes in microbial community structure over
the course of the experiment, Hellequin et al. (2020) did not observe
any associated increase in the mineralization rate of organic soil C
in the biostimulant and straw amended treatment (as shown by
cumulative C-CO, emissions). This might be explained by the fact
that the changing microbial community (because of the
biostimulant treatment) may still function in the same way as the
original community. This is because of the variety of microbial
clades that exhibit similar functions (Louca et al., 2018; Hellequin
et al.,, 2020). This suggestion is also supported by the fact that the
biostimulant treatment had no effect on total microbial biomass C
(i.e., the size of the community). Thus, although the biostimulant
did not increase the total community size, it affected different
sections of the community differently. Where a changing
microbial community is able to carry out similar functions to the
original community is known as functional redundancy (Sadeghinia
et al, 2023). The idea of functional redundancy suggested by
Hellequin et al. (2020) is also supported by Rousk et al. (2009).
The latter discuss how changes in pH may change microbial
community structure, but the overall function of the
microorganisms can remain unchanged. Functional redundancy
may be more beneficial in creating a stable and resilient community
that maintains its function throughout adverse environmental
changes, rather than improve the overall outputs (e.g., C
mineralization), which benefit plant growth (Sadeghinia
et al., 2023).

To summarize the study by Hellequin et al. (2020), the addition
of a biostimulant made of seaweed extract and protein hydrolysates
resulted in an increase in soil microbial abundance after 49 days
compared to an unamended control treatment. However, by
incorporating a straw and biostimulant soil treatment into the
experimental design, the authors were able to conclude that the
change in microbial community did not elicit any associated
increase in C mineralization, explained by functional redundancy.
The observed changes in the microbial community were explained
by physical soil properties such as moisture retention and aggregate
stability (although these were not directly measured) and chemical/
biological characteristics including pH and available energy
resources (as a result of the biostimulants), which stimulated the
microbial community.

However, an earlier study by Hellequin et al. (2018) found
opposite effects when using a biostimulant made from protein
hydrolysates (predominantly amino acids), with a similar
experimental design to that of Hellequin et al. (2020). Hellequin
et al. (2018) found an enhancement of organic C mineralization of
the straw, which coincided with a change in the microbial
community. The conditions favored microorganisms that are
affiliated with known microbial decomposers such as
Pseudomonas sp., and Mortierella sp. Moreover, the total
microbial biomass increased, correlating to the increase in C
mineralization. This contradicts Hellequin et al. (2020), who
found no impact of the biostimulant on microbial biomass.

The difference in microbial stimulation identified in these two
studies may be due to the higher number of amino acids within the
protein hydrolysate biostimulant in the 2018 study than when
combined with seaweed extract in the 2020 study. Amino acids
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have a low molecular weight and are therefore more easily
assimilated by soil microorganisms (Garcia-Martinez et al., 2010).
These amino acids are used as an alternative energy resource to
mineralize soil organic materials, such as C. This explanation is
common among the literature and supports Hellequin et al. (2020),
despite conflicting results in terms of the amount of C
mineralization. The wider implications for plant growth (although
not measured in these studies) could suggest a positive response due
to a stimulated microbial community that can produce bioavailable
nutrients for plants to utilize. However, there is currently a lack of
supporting evidence for this mechanism.

Alam et al. (2014) investigated the application of seaweed
extract on carrot. This paper focused on soil microbial
measurements including colony counts, respiration, and
metabolic activity. In comparison to the control treatment (with
no biostimulant), seaweed extract applied at 0.50 or 0.75 g L™! once
a week or bi-weekly created the highest mean response in both
microbial parameters and root yield. Bacterial genus of
Pseudomonas and Bacillus were very responsive to this
biostimulant application. These genera are commonly associated
with carrot roots, so the authors explained that the close association
between plant and soil microorganisms make it difficult to
determine whether the seaweed extract stimulated root growth,
which encourages the bacteria, or vice versa. This mechanistic
challenge is discussed by Renaut et al. (2019), who also identified
the difficulty in differentiating cause and effect between root and
soil. Moreover, the Biolog method relies on extracting microbial
populations before measuring the response to difterent C substrates
(Preston-Maftham et al., 2002). Thus, the method excludes
measurement and characterization of the complete microbial
community. As a result, it is unclear how the biostimulant
impacted other areas of the community outside of the pre-
selected community (Stefanowicz, 2006).

Alam et al. (2013) also followed a similar experimental design
and microbial measurements to Alam et al. (2014), but investigated
the use of seaweed extract both with and without the presence of
strawberry plants. Microbial activity (colony counts, metabolic
activity, and respiration) tended to increase following the highest
biostimulant application rate in the glasshouse trials. In the field
trial however, the authors found successive increases in microbial
activity at 1 and 2 g L', but a reduced effect at the highest
application. The authors suggested that the higher biostimulant
application rate had a suppressive effect on the soil microbial
activity, but with no further explanation of the reasons for this.
Importantly, by comparing the biostimulant effect with and without
the plant, Alam et al. (2013) demonstrated that the biostimulant did
not increase soil microbial respiration (measured through CO,
evolution) when applied to the soil without plants. This may help
explain the results seen in the study by Alam et al. (2014) in which
the biostimulant stimulated root growth first, which in turn
stimulated microbial activity. Even so, Alam et al. (2014)
conclude that the interdependence of biostimulant actions on soil
and plant roots means it remains speculative as to whether the
seaweed extract, microbial community, or both had an impact on
subsequent carrot root growth. These studies highlight the need for
a better mechanistic understanding to connect seaweed extract-
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induced changes in the soil microbial community with increased
plant growth.

In another field trial, Wadduwage et al. (2023) investigated the
effects of a biostimulant containing seaweed extracts, mineral trace
elements, phytoproteins, vitamins, molasses, and plant hormones.
The authors measured biostimulant effects on microbial activity at
two soil depths (0-10 and 10-20 cm). Microbial activity was
characterized by basal and multiple substrate-induced respiration
(SIR) using MicroResp (colorimetric CO, detection method,
specific calculation of basal respiration versus multiple SIR was
not stated), bacterial and fungal abundances, community structure,
and diversity through gene sequencing techniques. They also
measured soil chemical [total C and nitrogen (N)] and physical
(soil moisture content and WHC) properties. Measurements were
taken across five field sites; three were on arable land growing wheat
and two were on grasslands. Both land use types had control plots
with no biostimulant application. The fields’ regular fertilizer
regimes were continued (e.g., wheat cultivation received one
application of mono-ammonium phosphate at sowing and two
urea applications through the growing period; the grassland sites
received no fertilizer).

Wadduwage et al. (2023) reported an increase in basal microbial
respiration in the biostimulant-treated soils of up to 40.1% and
36.4% in the surface and deeper soil layers, respectively, across all of
the fields when compared with the controls. However, this was
largely attributed to the larger statistical differences in basal
respiration between the control and biostimulant-treated soils at
the grassland sites. Moreover, statistical analysis of individual fields
showed that soil microbial respiration responses to the biostimulant
were strongly field specific. For example, basal respiration did not
significantly increase in two of the arable fields following
biostimulant application. The authors reported that these two
sites had been intensively used, i.e., “under wheat cultivation with
intensive management”. They suggest that this management may
have contributed to lower background soil microbial biomass,
which may take longer to respond to biostimulant effects.
However, this does not explain why the microbial respiration of
the third arable field did not follow the same pattern. In relation to
field specificity, there were two fields that had similar conditions
and land use (i.e., grassland). Both of these fields resulted in
significant basal respiration responses in biostimulant-treated
soils at surface soil layers, but had different multiple SIR
responses. Biostimulant-treated soils at one of the grassland fields
had significantly higher multiple SIR in surface soil layers, whereas
the other field had significantly higher multiple SIR at the greater
soil depth, when compared to their respective control (Wadduwage
et al., 2023). The individual respiration responses to the substrates
were not given, so presumably the “higher multiple SIR” was in
response to all of the substrates used in the MicroResp method.
Moreover, the authors did not explain the specific site differences in
response to the biostimulant, but they did suggest that an increase
in some microbial activity supported their hypothesis that
biostimulants can stimulate soil biological activity (Wadduwage
et al., 2023).

Total bacteria and fungi abundance was not significantly
affected by biostimulants at either depth at any of the field sites.
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Wadduwage et al. (2023) explained that this could be because of the
relatively short length of the experiment (2 months) and the
repeated biostimulant applications required to evoke changes to
microbial abundances. However, a number of studies in this review
found significant changes to microbial abundances with only one
biostimulant application over similar short experimental time
frames. For example, Hellequin et al. (2018) measured significant
increases in microbial abundance following biostimulant
application within 49 days. However, their biostimulant was
predominantly protein hydrolysates in comparison to the
complex biostimulant applied by Wadduwage et al. (2023). These
differences in biostimulant types and effects may offer some insight
into specific biostimulant ingredients, which may affect specific
areas of soil microbial structure and activity.

Additionally, species richness and diversity of both bacterial
and fungal communities were increased by the biostimulant
application across both types of field sites (Wadduwage
et al,, 2023). For example, common fungal species including
Mortierlla, Techisopra, Auricularia, Lycoperdon, Helotiales, and
Chaetothyriales increased. Bacterial species that increased as a
result of biostimulant application were primarily Proteobacteria,
Actinobacteria, and Acidobacteria (Wadduwage et al., 2023). This
result suggests that the biostimulant application was sufficient to
impact the microbial population beyond just total community
abundance, primarily in their composition and diversity. This
provides support for the hypothesis that different ingredients of a
biostimulant may impact different characteristics of the soil
microbial community.

Despite the inconsistent and therefore unclear biostimulant
effects on the soil microbial activity in the study by Wadduwage
et al. (2023), they offered some general explanations as to why the
biostimulant positively impacted some of the microbial factors (i.e.,
increased respiration, richness, and diversity of community
composition) at some of the sites. For example, the composition
of the biostimulant provided multiple benefits. Some components,
such as the molasses, provided easily degradable C sources to the
microbial community. Fulvic acids were said to provide C and
energy to the microbial population, explanations commonly used
elsewhere in the literature (Hellequin et al., 2020; Macias-Benitez
et al., 2020; Yousfi et al., 2021). Furthermore, some of the dominant
microbial taxa were suggested to have increased because the
seaweed extract component of the biostimulant was itself rich in
some of these microbial taxa. However, despite associations
between bacterial phyla such as Proteobacteria and Firmicutes,
and seaweed surfaces (Selvarajan et al., 2019), the suggestion that
seaweed extract biostimulants are applied as a microbial inoculant
has not been reported in the literature elsewhere.

In terms of the physiochemical soil properties, Wadduwage
et al. (2023) found that biostimulant-treated soils had increased soil
moisture content in surface soil layers, as much as 88% in one of the
grassland fields when compared with the control. WHC was also
significantly increased by the biostimulant in the deeper soil layer in
three of the sites (two arable, one grassland). The seaweed extract
part of the biostimulant was used to explain the changes in these soil
characteristics. The seaweeds can increase soil moisture directly by
absorbing water, indirectly by altering soil micro- and macropores,
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and reducing evaporation losses (Wadduwage et al., 2023).
Hellequin et al. (2020) also suggested that the hydrophilic colloids
within seaweed extracts attract water molecules and can therefore
directly impact soil WHC.

In the same study, application of the biostimulant significantly
increased total C and N in both soil depths across most sites except
for two; these were the intensively used arable fields that
corresponded to the non-significant difference in microbial
respiration found in the biostimulant-treated soils at these sites
(Wadduwage et al., 2023). The authors did not provide a specific
explanation for why the third wheat cultivation field site resulted in
significant increases in total C and N where it might be expected to
follow the same pattern as the other two wheat fields. Wadduwage
et al. (2023) suggested that the general increase in total C and N,
however, was due to the biostimulant enhancing plant growth
across the field sites, rhizodeposition, and litter inputs, so likely
leading to increased soil organic C. Specific mechanisms for such a
response were not provided. The suggested mechanism for
increased soil organic C was also thought to promote microbial
activity (by providing an energy resource for microorganisms),
which was evidenced earlier by the correlation between microbial
respiration, and total soil C and N across the sampled fields.
Additionally, the authors suggested that the biostimulants’
potential to enhance root and plant growth may lead to increased
aeration and moisture content of the soil, which further supports
microbial growth and activity. However, these metrics were not
measured in the experiment to support these hypotheses.

In summary of Wadduwage et al. (2023), a complex
biostimulant product differently influenced microbial activity (in
terms of abundance, respiration, diversity, and richness) depending
on field conditions (land use and management) and soil depth.
Increases in soil microbial activity (as a result of the biostimulant)
generally corresponded to increases in total soil C and N. Physical
soil properties (soil moisture content and WHC) were also
increased by the biostimulant. The mechanistic understanding of
these biostimulant/soil interactions was focused primarily on the
role of the seaweed extract within the biostimulant product, rather
than the other ingredients. The challenge of partitioning different
biostimulant properties to different modes of action results in an
ongoing lack of clarity of biostimulant mechanisms on soil
properties and processes. Moreover, this study highlights the
interdependencies between microbial activity and physiochemical
soil properties, which remain unclear.

3.2.2 Organic acids

Yousfi et al. (2021) investigated the effect of a fulvic-acid-based
biostimulant on ryegrass. Fulvic acids are part of the “humic
substances” biostimulant category. They are low molecular weight
molecules that are easily assimilated and utilized by soil
microorganisms (Braziene et al, 2021). Yousfi et al. (2021)
measured soil microbial activity (respiration methods and
dehydrogenase activity), soil chemical composition (e.g., calcium
and magnesium) and root growth of ryegrass. The study
demonstrated that the biostimulant significantly increased
microbial activity [i.e., respiration and dehydrogenase activity, the
latter commonly used as an indicator of soil microbial activity
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because of its role in organic matter decomposition (Navnage et al.,
2018)]. It also increased root length of the ryegrass. These results
reinforce the theory that low molecular weight resources (e.g., fulvic
acids, small peptides, amino acids) can be easily assimilated by soil
microorganisms, as suggested frequently throughout the reviewed
literature Garcia-Martinez et al. (2010); Hellequin et al. (2020) and
Wang et al. (2018).

Macias-Benitez et al. (2020) examined the potential of
biostimulants composed of three different organic acids (lactic,
oxalic, and citric acid) naturally present in the soil rhizosphere.
Soil enzyme activity (dehydrogenase and phosphomonoesterase),
sequencing of bacterial DNA, and bacterial community
composition (taxonomic groups, diversity and abundance) were
measured. Results showed that after 28 days, all three organic acids
were mineralized completely by the soil microbial community
(evidenced by the organic acid content of the soil). This was
explained by the biostimulants providing C and energy to the
microbial community. The dehydrogenase activity increased
significantly after lactic and citric acid application, with the latter
promoting the highest dehydrogenase activity. Citric acid was said
to be the richest C source, thus producing the highest microbial
metabolism (as indicated by dehydrogenase activity). Oxalic acid,
however, while completely metabolized, did not increase
dehydrogenase activity significantly. The authors claim that this
was because the acid was utilized by only a small part of the
microbial community that had the capability to metabolize it
(Macias-Benitez et al., 2020).

All three organic acids decreased the diversity and richness of
the microbial community in comparison to the control by Day 28.
Macias-Benitez et al. (2020) suggested this was because the C
sources provided by the organic acids could only be utilized by
specialist microorganisms that would then dominate the
population. This explanation concurs with Yousfi et al. (2021)
who discussed the utilization ability of different soil
microorganisms depending on the size of the biostimulant
molecules, in terms of their molecular weight. Moreover, the
results by Macias-Benitez et al. (2020) specifically show examples
of microbial taxa being outcompeted by those favored by the
application of the biostimulants. For example, taxonomic
compositions of Proteobacteria, Acitnobacteria, Acidobacteria, and
Firmicutes were the predominant phyla in all samples (including the
control) at the beginning of the experiment. However, lactic acid
stimulated increases in the abundance of Actinobacteria and
Firmicutes phyla, while citric acid stimulated the Firmicutes
phylum. Oxalic acid increased the Proteobacteria phylum. On
Day 28, the effect of lactic and citric acid on the microbial
diversity had returned to similar levels measured at the beginning
of the experiment. An exception to this was PGPB such as the
Pseudomonaceae family, which were maintained for the duration of
the experiment. Oxalic acid also promoted long-lasting effects but
on specific microorganisms associated with oxalic acid
mineralization, such as oxalotrophic bacteria (Palmieri et al,
2019). In summary, Macias-Benitez et al. (2020) provide further
evidence of the mechanisms linking biostimulant application to
resource utilization by native soil microorganisms. Their work
supports others such as Hellequin et al. (2020) in suggesting that
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biostimulants may impact different areas of the community without
increasing the size of the community overall.

3.2.3 Fermentation products and trace minerals

Chen et al. (2002) investigated the effects of a biostimulant
containing solutions of fermentation products and trace minerals
on soil microbial activity, with a focus on N dynamics. They
characterized the effects of these biostimulants on soil microbial
SIR, dehydrogenase activity, microbial biomass nitrogen (MBN),
and N pools in treatments containing either bare soil (control) or
soils amended with alfalfa (readily available N) or straw (low
available N). By comparing treatments of high and low available
N materials with a biostimulant, Chen et al. (2002) were able to
investigate how the biostimulant affected the rates of mineralization
and immobilization of soil organic materials by soil
microorganisms. Soil microbial activity governs the bioavailability
of N for plant uptake in the soil, so impacting plant growth (Van
Der Heijden et al., 2008).

The biostimulant significantly increased SIR in the alfalfa- and
straw-amended soils compared to the bare soil over the first 2 weeks
of the incubation. This suggests that the biostimulant enhanced
microbial utilization of the additional amendments. This was most
prominent in the alfalfa-amended treatment because of its readily
available N content (Chen et al., 2002). This result contrasts with
others such as Hellequin et al. (2020) who describe greater
biostimulant effects on soil microbial activity under low resource
availability, suggesting that the biostimulant acts as an alternative
energy resource. Following the peak SIR at 2 weeks, SIR was
consistently low across all biostimulant treated soils. While the
authors did not explain this, it is hypothesized that the biostimulant
stimulated early utilization of the amendments, which led to the peak
SIR in those treatments in the first 2 weeks. This result also contrasts
with Hellequin et al. (2020) who measured a delayed response from
the microbial community to the biostimulant application.

Alongside SIR, Chen et al. (2002) measured dehydrogenase
activity, which was greatest in the first 3 days of the incubation and
decreased steadily thereafter across all treatments. Dehydrogenase
activity was most prevalent in the control and alfalfa-amended
treatments and less so in the straw-amended treatment. It was
unclear as to why dehydrogenase activity and SIR were not well-
correlated. This could be because dehydrogenase activity depends
on multiple dehydrogenase enzymes, which are fundamental in
microbial respiratory metabolism, hence the expected correlation
with SIR (Wolinska and Stepniewsk, 2012). However, the authors
suggested that dehydrogenase activity may be primarily a measure
of the active bacterial biomass, as opposed to the active fungal
biomass. Thus, while SIR increased in the straw treatment over the
first 2 weeks for example, the lower dehydrogenase activity in that
treatment suggested a smaller stimulation of the bacterial
population and prominence of the fungal population, thus
maintaining the respiration rate (Chen et al., 2002). However, the
hypothesis that dehydrogenase activity is primarily a measure of
bacterial biomass is not supported in other studies (Casida, 1977;
Wolinska and Stepniewsk, 2012). Moreover, it was expected that
there would be less dehydrogenase activity in the straw treatment
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because of the straw’s high C:N ratio (i.e., less available N), which
favors fungal communities (Chen et al, 2002). The evidence
presented here suggests that biostimulants stimulate microbial
community respiration, which will contribute towards the
mobilization of key nutrients in the soil that are crucial for plant
growth. The evidence suggests that biostimulants may also impact
areas of the community differently (i.e., fungi vs. bacteria),
depending on the quality of the amendment (in terms of resource
availability) (Chen et al., 2002).

Chen et al. (2002) measured a significant increase in MBN when
the biostimulant was added to both the control and alfalfa
treatments, while in the straw-amended treatment, the MBN was
consistently lower (than the control and alfalfa-amended
treatments). In the alfalfa treatment (where there were already
readily available N sources), the biostimulant provided an
additional resource for the microbial community, which could
have been converted into greater MBN (Chen et al., 2002). This
does not explain the increase in the control treatments’s MBN
however, considering that this treatment would be expected to
have fewer available N sources than the treatments with additional
amendments. Furthermore, in the straw treatment, the authors
proposed that the biostimulant inhibited the growth of at least some
of the microbial biomass, leading to consistently lower MBN than
the other treatments. However, a mechanism for this hypothesis
was not provided. A possible explanation could be that the
biostimulant did not inhibit the MBN growth as such, but rather
the initial amendment (straw) did not allow for enough N to be
incorporated into the MBN and the biostimulant needed to be
utilized immediately as a N source. This demonstrates the lack of
transparency in soil processes when biostimulants are used,
especially when applied alongside soil amendments [in the case of
Chen et al. (2002), straw].

With regard to soil nitrate (plant available form of N), Chen
etal. (2002) found no significant differences in the straw treatments
(with and without biostimulant) on Day 56. At the same time point
in the alfalfa-amended soils, there were substantially lower
concentrations of nitrate in the biostimulant-amended soils than
without. The authors proposed this result was because of decreased
N mineralization or increased microbial uptake of N
(immobilization), as the N source depletes over time. However, if
this was true, this would have been evidenced by the straw
treatment with low available N, but this was not the case. Chen
etal. (2002) proposed another possible explanation for the results of
the alfalfa-amended soils in which the biostimulant may have
stimulated soil microorganisms involved in denitrification,
leading to reduced nitrate levels when compared to the control
without biostimulant. The process of denitrification removes plant
available forms of N, which could have an adverse effect on crop
yield: the opposite effect of intended biostimulant applications
(Skiba, 2008). However, this mechanism of biostimulant-induced
soil microbial denitrification is unclear and unreported in the
literature elsewhere.

To briefly synthesize the work by Chen et al. (2002), the
addition of a biostimulant was suggested to both inhibit and
promote the growth of different microbial communities within

frontiersin.org


https://doi.org/10.3389/fagro.2024.1271672
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org

Roche et al.

the soil, which can affect the rates of mineralization and
immobilization of soil organic materials. Overall, the addition of a
biostimulant increased microbial SIR in the short term (2 weeks)
when amended with either alfalfa or straw, which would often be a
good indicator for an associated increase in soil function in terms of
nutrient bioavailability for plant growth (Comerford, 2005).
However, when measuring a particular available nutrient for plant
uptake (nitrate), there were some conflicting interpretations. For
example, the nitrate concentrations were lower in the alfalfa-
amended soil in comparison with the control soil by the final
sampling date. This was hypothesized to be the result of the
biostimulant-stimulating microorganisms involved in denitrifying
soil processes (Chen et al., 2002). The multiple and contradictory
interpretations of these biostimulant effects contribute to a poor
mechanistic understanding and explanation in terms of soil
nutrient bioavailability. In turn, understanding the mechanisms
by which biostimulants affect plant productivity remains unclear.

A later study by Chen et al. (2003) followed the same
experimental design as that by Chen et al. (2002), but they
investigated the biostimulant effects on wheat growth (shoot
length, root and shoot biomass, and concentration of N in shoot
tissues), in addition to the soil parameters that were measured
previously. The authors also used an isotopic tracer ("’N) and an
ion-exchange resin in the base of the microcosm to further
understand the rates of N mineralization. Briefly, soil microbial
activity (SIR and dehydrogenase activity) was significantly lower in
the biostimulant-treated soils than the control soils, regardless of
amendment type. This effect was most pronounced on Day 56
(Chen et al., 2003).

N pools were differentially affected by biostimulant application.
For example, biostimulant effects on ammonium-N concentrations
were not significant, regardless of amendment type. Biostimulant
effects on nitrate-N were significant only in the biostimulant- and
alfalfa-amended treatment. In this soil, there were delayed effects in
comparison to the untreated control in which nitrate-N
concentrations decreased rapidly within the first 2 weeks and
then remained low for the remainder of the experiment. The
authors suggest that the general reduction in nitrate-N was
presumably a result of the germinating wheat seeds having an
increasing demand and uptake of nitrate-N through the early
growth stages (Chen et al,, 2003).

The biostimulant led to significant increases in mineral N
concentrations in the alfalfa-amended soil, but not in the straw-
amended or control soils. In terms of the mineral N pool dynamics
(measured by the isotopic tracer N), the biostimulant had the most
pronounced effect on Day 15 in the alfalfa-amended soil where the
isotopic tracer N portion increased (i.e., applied N increase and not
native soil N). The authors explain that the biostimulant in the
alfalfa-amended soil suppressed mineralization at this time point.
This was because of the simultaneous processes of ammonium and
nitrate consumption by microbial immobilization, plant uptake,
denitrification and possible leaching, and the production of
ammonium through the mineralization of soil organic materials
by soil microorganisms. The authors admit that it was not possible
to stipulate the relative contributions of these different factors with a
single measurement of the isotopic N tracer, however.
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Net N mineralization rates were significantly higher within the
first 3 days of the experiment with biostimulant application,
regardless of the amendment type. By Day 56, net N
accumulations (ammonium and nitrate-N) on the ion-exchange
resin had increased significantly with biostimulant application,
regardless of amendment type when compared to the controls.
This indicated that the biostimulant application promoted longer-
term N availability (Chen et al., 2003).

Plant biomass measured on Day 56 significantly decreased in
the biostimulant-treated soil amended with alfalfa. On the other
hand, the biostimulant-treated soil amended with straw promoted
the opposite effect. Chen et al. (2003) suggested that the wheat plant
responded differently to the biostimulant, depending on the soil
amendment. In this case, plant growth was enhanced by the
biostimulant when C was abundant, but the N supply was limited
(i.e., straw treatment with low available N). Conversely, the
biostimulant reduced total shoot lengths of wheat, irrespective of
soil amendment when compared to the control. However, Chen
et al. (2003) observed that this result was most likely related to the
different number of germinated plants in each microcosm, thus
introducing a factor of plant competition.

Chen et al. (2003) concluded that the soil N dynamics were
highly influenced by the soil amendments (i.e., straw and alfalfa)
rather than any effect of the biostimulant on the microbial
community, particularly because microbial activity was reduced in
biostimulant-treated soils. The authors also suggested that in
addition to nutrient pools such as N, other possible mechanisms
could affect the native soil microbial community and crop growth.
These included other chemical growth factors such as
micronutrients, extracellular enzymes, and plant growth
regulators. Chen et al. (2003) were unable to confirm the precise
biostimulant mechanisms operating, especially with regard to their
effect on microbial activity. However, the authors stated that they
remained confident that biostimulants do have the capability of
inhibiting or stimulating particular areas of the microbial
community, which influence N transformations in the soil and N
uptake by the crop (Chen et al.,, 2003). Their uncertainty regarding
biostimulant mechanisms reflects the overall ambivalence of
biostimulant effects on soil properties in general and soil
microbiology and nutrient cycling in particular.

A summary of all the evidence reviewed above, in addition to
details of each study’s experimental design, is presented in Table 1.
This table highlights the common factors that have been used to
explain the link between biostimulants and the changes in native soil
microbiology. The primary mechanism that was discussed related to
the stimulation of the native soil microbiology, producing more
bioavailable nutrients for plant uptake. Figure 3 illustrates this
linear sequence. Specifically, this mechanism was related to the
ingredients of the biostimulants. These ingredients are comprised
of accessible components for soil microbial utilization, similar to the
nutrients (e.g., C and N) required by soil microorganisms to
mineralize soil organic material. The mineralization of soil organic
matter by microorganisms provides benefits to plant growth in the
form of bioavailable nutrients (Glick, 1995). However, this review
also highlights many conflicting and unclear results and
contradictory interpretations of biostimulants’ impacts on soil
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FIGURE 3

Linear sequence of possible influence from biostimulant application to plant growth.

microbial processes. This may have resulted from the variable
experimental designs [in terms of spatial scale (i.e., field,
glasshouse, laboratory), biostimulant type, and application dose and
frequency] of the 10 articles relevant for review in this paper. This
indicates the need for further work in understanding how these non-
microbial biostimulants impact the native soil microbial community.

4 Concluding remarks

Current research into the mechanistic understanding of both
microbial and non-microbial biostimulants focuses predominantly
on plant-related mechanisms. There is a paucity of research
investigating the influence of non-microbial biostimulants on soil
biological, chemical, and physical properties and processes. It is well
understood that the soil microbial community is critical in soil
nutrient turnover cycles, which govern plant nutrient uptake and
subsequent growth and productivity. Yet, there is a significant lack
of research into how biostimulants impact the native soil
microbial community.

The evidence reviewed in this paper suggests that by stimulating
the native soil microbial community directly, non-microbial
biostimulants may enhance the production of bioavailable
nutrients in the soil, necessary for plant uptake and subsequent
growth. The few articles that have investigated this mode of action
describe varying changes in the soil microbial community
characteristics, such as the community structure, total C/N
biomass, and respiration rates. This is explained by the individual
ingredients of biostimulant products, which are proposed to be the
source of energy required by soil microorganisms to mineralize soil
organic material into plant available nutrient forms. However, there
are mixed results on how these biostimulants affect the overall
function of these microbial communities in terms of C and N
mineralization. Additionally, some explanations link the
biostimulant impact to soil physical and chemical properties,
which in turn impact soil microbiology (and vice versa). The
interdependence of soil biological, physical, and chemical
properties make these relationships challenging to decipher.

Furthermore, with only 10 articles investigating non-microbial
biostimulants effects on soil properties and processes, comparing
results from significantly different experimental designs [e.g.,
biostimulant type (often including multiple combinations), dose,
and frequency of application] remains challenging. This has
resulted in no common mechanistic understanding of
biostimulants’ impact on soil properties. Unanswered questions
persist of how biostimulants impact the microbial community
generally and attributing individual modes of action.
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This review highlights the need for further research into the
influence of biostimulants in stimulating the native soil
microbiology and related soil properties as a mechanism for
improved plant productivity. More specifically in the short term,
investigations using biostimulant treatments that incorporate both
combination and singular biostimulants will help to attribute more
direct impacts to different biostimulant types. In the long term,
future work should investigate how the proposed mechanisms of
stimulation of soil microbiology by biostimulants affect measurable
plant yield and quality, primarily through nutrient uptake from the
soil. Future research in this area will provide clarity on
biostimulants’ modes of action and more transparent linkages
between biostimulant use and improved plant growth
and development.
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