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Abstract

Soil degradation and contamination caused by industrialization, intensive agriculture, and improper waste disposal
threaten global food security and ecosystem sustainability. Environmentally compatible approaches such as bios-
timulants, biofertilizers, and organic waste amendments have emerged as viable tools for restoring soil health and
mitigating contaminants. This review synthesizes findings from recent original research to evaluate the effectiveness
of these biological interventions in improving soil physicochemical properties, enhancing microbial activity, and
facilitating pollutant immobilization or degradation. Biostimulants, including humic substances and seaweed extracts,
improve plant resilience and nutrient uptake, while biofertilizers such as nitrogen-fixing and phosphate-solubilizing
microorganisms contribute to nutrient cycling and soil fertility. Organic waste management practices, including
composting and biochar application, play a critical role in reducing toxicity and enhancing carbon sequestration. The
integration of these strategies demonstrates synergistic effects in remediating degraded soils and supporting sustain-
able agriculture. However, variability in field performance, lack of standardized application protocols, and limited
long-term studies remain key challenges. Future research should focus on multi-functional formulations, microbial
consortia optimization, and field-scale validation to ensure practical applicability. This review highlights the poten-
tial of biologically driven soil remediation strategies as cost-effective and eco-friendly alternatives to conventional
methods.
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Soil degradation has intensified globally due to ex-
cessive agrochemical use, industrial pollution, heavy
metal accumulation, and improper organic waste dis-
posal. These disturbances compromise soil fertility, re-
duce biodiversity, and limit crop productivity, thereby
posing serious threats to agricultural sustainability [1].
Conventional remediation methods such as chemical
immobilization and physical excavation are often ex-
pensive and environmentally disruptive, necessitating
the development of sustainable alternatives. Biolog-
ical approaches utilizing biostimulants, biofertilizers,
and organic waste amendments have gained consider-
able attention due to their ecological compatibility and
multifunctional benefits [22]. Biostimulants enhance
plant physiological processes and improve tolerance to
abiotic stress, while biofertilizers introduce beneficial
microorganisms that facilitate nutrient availability and
pollutant transformation [27]. Organic waste-derived
products such as compost and biochar contribute to
soil structure improvement and contaminant stabiliza-
tion [20]. Despite increasing research, there is a need
to consolidate findings across studies to better under-
stand the mechanisms, effectiveness, and limitations
of these approaches. This review aims to critically eval-
uate recent advancements in the use of biostimulants,
biofertilizers, and organic waste management for soil
remediation, identify knowledge gaps, and suggest fu-
ture research directions.

This review was developed through a structured litera-
ture assessment of original research articles published
between 2015 and 2025. Scientific databases includ-
ing ResearchGate, Scopus, Web of Science, and Google
Scholar were explored using combinations of keywords
such as “biostimulants,” “biofertilizers,” “soil remedia-
tion,” “organic waste,” and “contaminated soils.” Stud-
ies were selected based on the following criteria:

(i) original experimental research;

(i) focus on soil remediation or soil health improve-
ment;

(iii) involvement of biostimulants, microbial inoculants,
or organic waste amendments;

(iv) clear methodological framework and measurable
outcomes. Studies focusing solely on chemical remedi-
ation or lacking experimental validation were excluded.
Approximately 18 high-quality research papers were
critically analyzed, ensuring diversity in soil types, con-
taminants, and climatic conditions. Data synthesis was
performed thematically to identify consistent patterns
and emerging trends.
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3.1 Role of Biostimulants in Soil Remediation

Biostimulants, including humic acids, protein hy-
drolysates, and seaweed extracts, have shown signifi-
cant potential in improving plant growth and soil func-
tionality. Research indicates that humic substances
enhance cation exchange capacity and facilitate metal
chelation, thereby reducing heavy metal toxicity [8].
Seaweed extracts have been reported to increase an-
tioxidant enzyme activity in plants, improving toler-
ance to polluted environments [25]. Additionally, pro-
tein hydrolysates stimulate root development, lead-
ing to improved nutrient acquisition and enhanced
microbial interactions in the rhizosphere [9]. These
compounds indirectly support soil remediation by pro-
moting plant-mediated phytoremediation processes.

3.2 Biofertilizers and Microbial-Assisted Remedia-
tion

Biofertilizers, particularly plant growth-promoting rhi-
zobacteria (PGPR) and mycorrhizal fungi, play a crucial
role in nutrient cycling and contaminant degradation.
Nitrogen-fixing bacteria such as Rhizobium improve
soil fertility while reducing dependency on synthetic
fertilizers [6]. Phosphate-solubilizing microorganisms
enhance phosphorus availability, which is often limited
in degraded soils. Certain microbial strains also pos-
sess the ability to degrade organic pollutants and im-
mobilize heavy metals through biosorption and bioac-
cumulation mechanisms[13]. Mycorrhizal associations
further improve plant tolerance to contaminants by
enhancing water uptake and forming protective bar-
riers against toxic elements [4]. The synergistic use
of microbial consortia has been shown to outperform
single-strain applications in remediation efficiency.

3.3 Organic Waste Management and Soil Restora-
tion
Organic waste management strategies, including com-
posting, vermicomposting, and biochar application,
contribute significantly to soil restoration. Compost
amendments improve soil structure, increase micro-
bial biomass, and enhance nutrient availability [14].
Biochar, a carbon-rich product derived from biomass
pyrolysis, has gained attention for its ability to adsorb
heavy metals and organic pollutants. Its porous struc-
ture enhances water retention and provides habitat
for beneficial microorganisms [20]. Vermicompost, en-
riched with microbial activity and plant growth regula-
tors, has been shown to improve crop productivity in
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degraded soils while reducing toxicity levels [1]. These
organicamendments also contribute to carbon seques-
tration, addressing climate change concerns.

3.4 Synergistic Effects of Integrated Approaches
Recent studies highlight the benefits of combining bios-
timulants, biofertilizers, and organic amendments. In-
tegrated approaches enhance nutrient use efficiency,
microbial diversity, and pollutant degradation simulta-
neously [21]. For example, the application of biochar
with microbial inoculants has been shown to increase
microbial colonization and pollutant adsorption capac-
ity. Similarly, combining humic substances with PGPR
improves plant growth and accelerates remediation
processes [24]. Such integrated systems offer a holis-
tic solution by addressing multiple soil constraints si-
multaneously, making them suitable for sustainable
agriculture.

The synthesis of reviewed studies reveals that biolog-
ical approaches are effective in improving soil health
and reducing contamination levels. Biostimulants
primarily enhance plant resilience and nutrient up-
take, while biofertilizers directly influence microbial-
mediated processes. Organic amendments provide
structural and chemical improvements to the soil ma-
trix. However, variability in results across studies sug-
gests that environmental conditions, soil type, and
application methods significantly influence outcomes.
Some studies report inconsistent performance of mi-
crobialinoculants under field conditions due to compe-
tition with native microflora [2]. Another limitation is
the lack of standardized protocols for application rates
and combinations of these inputs. Furthermore, long-
term impacts on soil ecosystems remain insufficiently
studied. Despite these challenges, the integrated use
of these approaches consistently demonstrates higher
efficiency compared to individual applications, indicat-
ing strong potential for large-scale implementation.

Future research should focus on:

1. Development of multi-functional biostimulant for-
mulations

2. Optimization of microbial consortia for specific soil
conditions

3. Long-term field trials to assess sustainability

4. Standardization of application protocols

5. Integration with precision agriculture technologies
6. Exploration of genomic and metabolomic tools to un-
derstand mechanisms Additionally, policy support and

379

ISSN: 2472-3878 | Vol 11 | Issue 1| 2026

farmer awareness are essential for widespread adop-
tion of these eco-friendly technologies.

Biostimulants, biofertilizers, and organic waste man-
agement strategies represent promising tools for sus-
tainable soil remediation. Their combined application
offers synergistic benefits by improving soil fertility, en-
hancing microbial activity, and reducing pollutant toxi-
city. While current research demonstrates significant
potential, further efforts are required to standardize
practices and validate long-term effectiveness. Adop-
tion of these biological approaches can contribute sig-
nificantly to sustainable agriculture and environmental
conservation.

1. Arancon, N. Q., Edwards, C. A., &Atiyeh, R. (2017).
Effects of vermicomposts on plant growth and
soil fertility. Pedobiologia, 61, 1-7.

2. Backer, R., Rokem, J. S., Ilangumaran, G., La-
mont, J., Praslickova, D., Ricci, E., Smith, D. L.
(2018). Plant growth-promoting rhizobacteria:
Context, mechanisms of action, and roadmap to
commercialization. Frontiers in Plant Science, 9,
1473. https://doi.org/10.3389/fpls.2018.01473

3. Beesley, L., Moreno-Jiménez, E., & Gomez-Eyles,
J.L. (2011). Effects of biochar and greenwaste
compost amendments on mobility, bioavailabil-
ity and toxicity of inorganic and organic contami-
nants. Environmental Pollution, 159, 3269-3282.

4. Begum, N., Qin, C., Ahanger, M. A, Raza,
S., Khan, M. I, Ashraf, M., Zhang, L. (2019).
Role of arbuscular mycorrhizal fungi in plant
growth regulation and abiotic stress toler-
ance. Frontiers in Plant Science, 10, 1068.
https://doi.org/10.3389/fpls.2019.01068

5. Bender, S.F., Wagg, C., & van der Heijden, M.G.A.
(2016). An underground revolution: biodiversity
and soil ecological engineering for agricultural
sustainability. Trends in Ecology & Evolution,
31(6), 440-452.

6. Bhattacharyya, P. N., & Jha, D. K. (2016). Plant
growth-promoting rhizobacteria (PGPR): Emer-
gence in agriculture. World Journal of Micro-
biology and Biotechnology, 28(4), 1327-1350.
https://doi.org/10.1007/s11274-011-0979-9

7. Bonanomi, G., Lorito, M., Vinale, F., & Woo, S.L.
(2017). Organic amendments, beneficial mi-
crobes, and soil microbiota: toward a unified
framework. Soil Biology & Biochemistry, 107,
1-13.



Public Health | NAAS Rating (2026): 5.00

8.

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

Canellas, L. P, Olivares, F. L., Aguiar, N. O., Jones,
D. L., Nebbioso, A., Mazzei, P., Piccolo, A. (2015).
Humic and fulvic acids as biostimulants in hor-
ticulture. Scientia Horticulturae, 196, 15-27.
https://doi.org/10.1016/j.scienta.2015.09.013

. Colla, G., Hoagland, L., Ruzzi, M., Cardarelli, M.,

Bonini, P., Canaguier, R., Rouphael, Y. (2017).
Biostimulant action of protein hydrolysates: Un-
raveling their effects on plant physiology and
microbiome. Frontiers in Plant Science, 8, 2202.
https://doi.org/10.3389/fpls.2017.02202
Diacono, M., & Montemurro, F. (2010). Long-
term effects of organic amendments on soil fer-
tility. Agronomy for Sustainable Development,
30,401-422.

du Jardin, P. (2015). Plant biostimulants: defini-
tion, concept, and regulation. Scientia Horticul-
turae, 196, 3-14.

Glick, B.R. (2010). Using soil bacteria to facilitate
phytoremediation. Biotechnology Advances, 28,
367-374.

Glick, B. R. (2018). Plant growth-
promoting bacteria: Mechanisms and
applications. Scientifica, 2018, 9634012.

https://doi.org/10.1155/2018/9634012
Hargreaves, J. C., Adl, M. S., & Warman, P.
R. (2018). A review of the use of composted
municipal solid waste in agriculture. Agricul-
ture, Ecosystems & Environment, 123(1-3), 1-14.
https://doi.org/10.1016/j.agee.2007.07.004
Khan, S., Hesham, A.E.L., Qiao, M., Rehman, S.,
& He, J.Z. (2013). Effects of biochar on soil biota.
Environmental Science and Pollution Research,
20,3787-3799.

Lal, R. (2015). Restoring soil quality to mitigate
soil degradation. Sustainability, 7, 5875-5895.
Lal, R. (2020). Soil degradation and restoration in
agricultural systems. Sustainability, 12(9), 3874.
https://doi.org/10.3390/su12093874

Lehmann, J., & Joseph, S. (2015). Biochar for
Environmental Management. Routledge.
Lehmann, J., et al. (2020). Biocharin soil systems.
Nature Reviews Earth & Environment, 1, 1-14.
Lehmann, J., & Joseph, S. (2021). Biochar for en-
vironmental management: Science, technology
and implementation (2nd ed.). Routledge.
Pandey, V., Shukla, A., & Singh, S. (2020).
Integrated nutrient management for sus-
tainable agriculture: A review. Journal of
Soil Science and Plant Nutrition, 20(3), 1-15.
https://doi.org/10.1007/s42729-020-00210-5
Rouphael, Y., & Colla, G. (2018). Biostimu-
lants in agriculture: Definition, concept, and

380

23.

24,

25.

26.

27.

ISSN: 2472-3878 | Vol 11 | Issue 1| 2026

regulation. Scientia Horticulturae, 196, 3-14.
https://doi.org/10.1016/].scienta.2015.09.021
Rouphael, Y., & Colla, G. (2020). Biostimulants in
agriculture. Frontiers in Plant Science, 11, 40.

Ruzzi, M., & Aroca, R. (2015). Plant
growth-promoting rhizobacteria act
as biostimulants in horticulture. Sci-
entia Horticulturae, 196, 124-134.

https://doi.org/10.1016/j.scienta.2015.08.042
Shukla, P. S., Mantin, E. G., Adil, M., Bajpai,
S., Critchley, A. T., & Prithiviraj, B. (2019).
Ascophyllum  nodosum-based  biostimu-
lants: Sustainable applications in agriculture.
Journal of Applied Phycology, 31(6), 1-15.
https://doi.org/10.1007/s10811-018-1680-0
Vessey, J.K. (2003). Plant growth promoting rhi-
zobacteria as biofertilizers. Plant and Soil, 255,
571-586.

Vessey, J. K. (2019). Plant growth-
promoting  rhizobacteria as  biofertiliz-
ers. Plant and Soil, 255(2), 571-586.

https://doi.org/10.1023/A:1026037216893



	Introduction
	Methodology
	Integrated Biological Approaches for Sustainable Soil Remediation: Roles of Biostimulants, Biofertilizers, and Organic Amendments 
	Results and Discussion
	 Future Challenges and Directions

