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Abstract: Soil degradation, declining soil fertility, excessive use of synthetic agricultural inputs, and
the accumulation of persistent plastic residues are major challenges to sustainable agriculture.
Biodegradable polymers have attracted increasing attention as alternative materials for agricultural
applications because they can be designed to break down through biological and environmental
processes under suitable conditions. These materials include naturally occurring polymers, such as
starch, cellulose, chitosan, alginate, and other polysaccharides, as well as biodegradable synthetic
polymers, including polylactic acid (PLA), polyhydroxyalkanoates (PHAs), and polybutylene succinate
(PBS). Their applications include biodegradable mulch films, controlled-release fertilizers, seed
coatings, soil conditioners, water-retention materials, and carriers for beneficial microorganisms.

This review examines the role of biodegradable polymers in soil health improvement and sustainable
agriculture, focusing on research published up to December 2020. The major mechanisms of polymer
degradation, interactions with soil microorganisms, effects on soil physical and chemical properties,
and potential contributions to crop productivity are discussed. Biodegradable polymer materials may
help conserve soil moisture, regulate soil temperature, reduce weed growth, improve nutrient-use
efficiency, and limit the accumulation of persistent agricultural plastics. However, their environmental
performance depends on polymer composition, formulation, degradation conditions, agricultural
practices, and the nature of the degradation products. Biodegradability does not automatically
guarantee complete degradation or environmental safety. Further research is therefore required to
establish standardized testing methods, assess long-term soil effects, and verify the economic and
environmental benefits of these materials under field conditions.

Keywords: Biodegradable polymers, soil health, sustainable agriculture, biodegradable mulch films,
controlled-release fertilizers, soil microorganisms, nutrient management, biopolymers, environmental
sustainability..

I. INTRODUCTION
Agriculture is essential for food security, rural livelihoods, and economic development. However, intensive agricultural
practices can contribute to soil erosion, loss of organic matter, nutrient depletion, soil compaction, contamination, and
disruption of beneficial soil organisms. The long-term productivity of agricultural systems depends on maintaining soil
structure, nutrient availability, biological activity, and water-holding capacity.
Soil health is generally understood as the capacity of soil to function as a living ecosystem that supports plant growth,
regulates water movement, cycles nutrients, and sustains biological diversity. Maintaining soil health requires
integrated management of organic matter, nutrients, water, soil structure, and the organisms that support ecosystem
processes.
Conventional agricultural plastics have become important in modern farming. Polyethylene mulch films, for example,
are used to conserve moisture, suppress weeds, regulate soil temperature, and improve crop production. However, the
removal and disposal of conventional plastic films can be difficult, especially when films become brittle or
contaminated with soil and crop residues. Small fragments may remain in agricultural fields and contribute to persistent
plastic pollution.
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Biodegradable polymers have emerged as potential alternatives for selected agricultural applications. Unlike
conventional plastics that persist for long periods under many environmental conditions, biodegradable polymers
contain chemical structures that can be broken down by microorganisms or other environmental processes under
suitable conditions. Their breakdown may involve fragmentation, depolymerization, microbial assimilation, and
eventual conversion into products such as carbon dioxide, water, and biomass under aerobic conditions. Anaerobic
degradation can produce different end products, depending on the environment.

Biodegradable polymers can be derived from renewable biological resources or synthesized from bio-based or fossil-
based feedstocks. Therefore, bio-based and biodegradable are not interchangeable terms: a polymer made from
renewable resources is not necessarily biodegradable, and some biodegradable polymers are produced partly or entirely
from fossil-based raw materials.

Research published before the end of 2020 had investigated biodegradable polymers in agricultural mulching,
controlled-release nutrient delivery, soil conditioning, and related applications. However, questions remained about
their degradation rates, impacts on microbial communities, long-term effects on soil organic matter, and performance
under different climatic and soil conditions. Bandopadhyay et al. (2018) specifically highlighted the importance of
evaluating the effects of biodegradable mulch films on soil microbial communities and ecosystem functions.

1.1 Need for biodegradable polymers in agriculture
The development of biodegradable agricultural materials is motivated by several interrelated concerns:

1. Persistent residues from conventional agricultural plastics.

2. Inefficient water and nutrient use in some farming systems.

3. Soil erosion and deterioration of soil structure.

4. The need to reduce excessive application of fertilizers and pesticides.

5. The requirement for environmentally responsible agricultural materials.

6. The potential to convert renewable biomass and selected agricultural residues into useful products.
Biodegradable polymers may contribute to addressing some of these concerns, but they should be viewed as one
component of integrated soil and crop management rather than a substitute for all conventional agricultural practices.

1.2 Objectives of the review
The objectives of this review are:
e To classify biodegradable polymers relevant to agriculture.
e To explain the principal mechanisms of polymer degradation in soil.
e To examine applications in soil moisture conservation, soil conditioning, mulching, and nutrient delivery.
e To discuss interactions between biodegradable polymers and soil microorganisms.
e To evaluate their potential benefits, limitations, and environmental risks.
e To identify research priorities based on literature available up to 31 December 2020.

II. BIODEGRADABLE POLYMERS: CLASSIFICATION AND PROPERTIES

Biodegradable polymers are materials capable of undergoing biological degradation through the activity of
microorganisms and associated enzymes, under conditions appropriate to the material. The rate and extent of
degradation depend on polymer chemistry, crystallinity, molecular weight, surface area, temperature, moisture, oxygen
availability, and microbial activity.

For agricultural purposes, polymers must also meet functional requirements. A mulch film requires adequate strength
and weather resistance during crop growth, whereas a controlled-release fertilizer coating must regulate nutrient
diffusion and degrade at an appropriate rate.

2.1 Natural biodegradable polymers
Natural polymers are obtained from plants, animals, algae, or microorganisms. Their renewable origin and functional
groups make them attractive for several agricultural applications. Y
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2.1.1 Starch

Starch is a polysaccharide composed primarily of amylose and amylopectin. It is obtained from sources such as maize,
potato, tapioca, and other starch-rich crops.

Starch can be processed into biodegradable films, blended with other polymers, or incorporated into composites. It is
also investigated for use in seed coatings and nutrient-release systems.

Advantages include wide availability, relatively low cost, and susceptibility to enzymatic degradation. Limitations
include moisture sensitivity, relatively poor mechanical properties in some formulations, and changes in performance
under humid conditions.

2.1.2 Cellulose and cellulose derivatives

Cellulose is a major structural component of plant cell walls. It is abundant in wood, cotton, and agricultural residues.
Cellulose-based materials can be used in biodegradable films, fibers, hydrogels, and composite structures. Depending
on their formulation, they can support water retention, improve material strength, or serve as carriers for agricultural
inputs.

Cellulose degradation depends on its molecular structure, crystallinity, processing, and the presence of microorganisms
capable of producing cellulolytic enzymes.

2.1.3 Chitosan

Chitosan is produced by deacetylation of chitin, which is commonly obtained from crustacean shells and can also be
derived from fungal sources. It contains amino and hydroxyl groups that enable interactions with other compounds.
Potential agricultural applications include seed coatings, biodegradable films, delivery systems for agrochemicals, and
formulations investigated for plant protection. Chitosan may also exhibit biological activity against certain
microorganisms, although the effects depend on molecular weight, degree of deacetylation, concentration, and the
target organism.

Its agricultural use requires consideration of production cost, formulation stability, and possible effects on non-target
soil organisms.

2.1.4 Alginate

Alginate is a polysaccharide commonly obtained from brown seaweeds and can form gels in the presence of suitable
ions. Its water-absorbing and gel-forming properties make it useful in encapsulation and controlled-release systems.
Alginate-based formulations have been investigated for retaining water, immobilizing beneficial microorganisms, and
controlling the release of nutrients or other agricultural substances.

2.1.5 Microbially produced polymers

Certain microorganisms synthesize intracellular or extracellular polymers, including polyhydroxyalkanoates (PHAS).
These polymers have received attention because their properties and degradation behavior can be modified through
changes in polymer composition and processing.

PHAs have potential applications in agricultural films, coatings, and other biodegradable materials, although their
production cost and processing requirements can limit widespread adoption.

2.2 Synthetic biodegradable polymers

Synthetic biodegradable polymers are manufactured through controlled chemical or biological processes. Their
properties can be tailored to meet specific performance requirements.

2.2.1 Polylactic acid (PLA)

PLA is a thermoplastic aliphatic polyester commonly produced from lactic acid or related intermediates. It can be
manufactured using feedstocks derived from renewable resources, although its environmental footprint depends on the
feedstock and production process.

PLA has been investigated for agricultural films, composite materials, and controlled-release systems. Its degradation is
strongly influenced by temperature, moisture, crystallinity, molecular weight, and the microbial environment. Complete
degradation may occur more readily under certain industrial composting conditions than in ordinary agricultural soil.
2.2.2 Polyhydroxyalkanoates (PHAs)

PHAs are polyesters produced by various microorganisms. Their properties depend on peific monomers and
polymer composition. 7 1ssn N
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Some PHA materials can biodegrade in soil and other environments, but the rate varies with the polymer type and local
conditions. Potential agricultural applications include mulch films, biodegradable coatings, and other temporary
materials.

2.2.3 Polybutylene succinate (PBS)

PBS is an aliphatic polyester that can be used in films and molded products. Its feedstock may be bio-based, fossil-
based, or a combination, depending on the production route.

PBS has been investigated for biodegradable agricultural applications, including mulch films. Its performance depends
on molecular structure, additives, processing, and environmental exposure.

2.2.4 Polybutylene adipate terephthalate (PBAT)

PBAT is a biodegradable copolyester used in flexible film formulations, including some agricultural mulch products.
Although its biodegradability is an important material property, it is generally not fully bio-based.

PBAT is frequently blended with starch or other materials to modify flexibility, cost, and processing behavior. Its
degradation in agricultural soil depends on the formulation and the conditions present.

2.3 Comparison of important biodegradable polymers

Main source or production

Polymer ¢ Potential agricultural application Important limitation
route
Starch  Plant-derived Films, coatings, composites Moisture sensitivity
. . . Processin and formulation
Cellulose Plant biomass Films, fibers, composites . g
requirements
Chitosan Chitin from animal or fungal Seed  coatings,  encapsulation, plant- Cost and formulation
sources protection formulations dependence
Water sensitivity and

Alginate Commonly seaweed-derived Hydrogels, encapsulation, controlled release formulation stability

Polymer produced from

PLA lactic acid Films, coatings, composites Soil degradation may be slow
PHA Microbial production Films and temporary agricultural materials ~ Production cost and processing
. . . Degradation varies with
PBS Synthet lyest Fil d coat
ynthetic polyester ilms and coatings conditions
. . Oft fossil-based; il
PBAT  Synthetic copolyester Flexible mulch films and blends en Osst-base SOt

degradation varies

The comparison illustrates that no single polymer is suitable for every agricultural application. Material selection
should consider service life, degradation conditions, mechanical properties, soil compatibility, and cost.

III. MECHANISMS OF BIODEGRADATION IN SOIL
The degradation of biodegradable polymers in soil is a complex process influenced by the material's chemical structure
and the physical, chemical, and biological characteristics of the soil.
3.1 Water absorption and initial deterioration
When a biodegradable polymer comes into contact with moist soil, water may enter the material and alter its physical
properties. Depending on the polymer, water absorption can promote swelling, reduce mechanical strength, and
facilitate subsequent degradation.
Hydrolysis is particularly important for polymers containing hydrolysable bonds, such as ester bonds in PLA, PBS, and
PBAT. However, the rate of hydrolysis varies widely among polymers and depends on temperature, pH, molecular
structure, and moisture.
3.2 Microbial colonization

Soil contains diverse bacteria, fungi, and other organisms capable of using particular org Bytances as sources of
carbon and energy. Microorganisms may colonize the surface of a polymer and form biofjjy
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The extent of colonization depends on the polymer's surface properties, soil moisture, temperature, available nutrients,
and the microbial community. Colonization alone does not prove that the polymer has biodegraded completely.
3.3 Enzymatic depolymerization
Some microorganisms produce extracellular enzymes that break down susceptible polymer chains into smaller
molecules. For example, enzymes involved in polyester degradation can cleave suitable ester bonds.
The resulting smaller molecules may become more accessible to microorganisms. The effectiveness of this process
depends on the polymer chemistry and whether the relevant enzymes are present and active under local soil conditions.
3.4 Microbial assimilation and mineralization
Following depolymerization, microorganisms may assimilate suitable degradation products into their cells. Under
aerobic conditions, biodegradable organic carbon may ultimately be converted into carbon dioxide, water, and
microbial biomass. Under anaerobic conditions, different products, including methane in some environments, may be
generated.
The proportion converted to biomass, gases, and other products depends on the environment and the chemical
composition of the material.
3.5 Factors influencing degradation
The principal factors affecting polymer biodegradation in soil include:

e  Temperature: Influences hydrolysis, enzyme activity, and microbial metabolism.

e  Moisture: Affects polymer hydration, microbial activity, and transport of degradation products.

e Soil pH: Influences chemical reactions, microbial populations, and enzyme activity.

e  Oxygen availability: Affects microbial metabolism and the nature of degradation products.

e Polymer structure: Molecular weight, crystallinity, chemical bonds, and surface characteristics influence

susceptibility to degradation.
e Soil texture and organic matter: Affect moisture retention, aeration, and microbial habitats.
e Microbial community: Determines the availability of organisms and enzymes capable of degrading the
material.

Bandopadhyay et al. (2018) and Zumstein et al. (2019) emphasized the need to understand polymer properties,
microbial processes, and soil conditions when evaluating the environmental fate of biodegradable plastics.
A key distinction is that fragmentation is not equivalent to complete biodegradation. A film may break into small pieces
without its polymer carbon being fully mineralized. Consequently, degradation studies should measure appropriate
indicators of polymer breakdown and, where feasible, mineralization rather than relying only on visual disappearance.

IV. APPLICATIONS OF BIODEGRADABLE POLYMERS IN SOIL HEALTH IMPROVEMENT

4.1 Improvement of soil moisture retention
Water availability is a major determinant of crop growth, especially in arid and semi-arid regions. Inadequate rainfall,
high evaporation, and inefficient irrigation can limit agricultural productivity.
Some biodegradable polymers, particularly hydrophilic polysaccharides and appropriately designed hydrogels, can
absorb water and release part of it as surrounding conditions change. When incorporated or applied in a suitable
manner, such materials may help improve local water availability.
Potential benefits include:

1. Increased water retention in selected soil formulations.

2. Reduced water loss in particular root-zone applications.

3. Improved establishment of seedlings under some conditions.

4. More efficient use of irrigation water when combined with appropriate irrigation management.
However, the performance of a water-retaining polymer depends on its swelling capacity, salinity tolerance,
degradation rate, soil texture, and placement. A polymer that absorbs large quantities of water in distilled water may
perform differently in saline soil or in the presence of fertilizer salts.

Biodegradable hydrogels should therefore be evaluated through soil-based measurements rather than laboratory water-

STy

absorption measurements alone.
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4.2 Soil structure and aggregation

Good soil structure supports root penetration, water infiltration, aeration, and resistance to erosion. Soil aggregates form
through interactions among mineral particles, organic matter, roots, fungal hyphae, and microbial products.

Certain polysaccharide-based materials and polymer formulations may influence aggregation by binding particles or
modifying water movement. Biodegradable polymer coatings and amendments may also affect soil porosity or surface
properties.

Nevertheless, the effect is formulation-specific. Some polymers can temporarily alter water movement without
producing a lasting improvement in soil structure. The effects of repeated application on aggregation, bulk density,
infiltration, and compaction require evaluation.

4.3 Soil organic matter and carbon cycling

Natural biodegradable polymers contain organic carbon that can enter soil microbial and biochemical processes.
Depending on their composition and degradation, they may contribute carbon to microbial biomass and influence
carbon turnover.

However, carbon added through a polymer is not automatically equivalent to stable soil organic matter. A readily
degradable material may be rapidly mineralized, while other components may persist for longer periods.

Research on biodegradable mulch films has indicated that polymer residues and their degradation can influence
microbial activity and soil biogeochemical processes. Bandopadhyay et al. (2018) identified changes in microbial
communities and possible effects on soil organic matter dynamics as areas requiring further investigation.

4.4 Effects on soil microbial communities

Soil microorganisms play important roles in nutrient cycling, decomposition, nitrogen transformations, disease
suppression, and plant growth promotion.

Biodegradable polymers can affect these communities in two principal ways. First, mulch films alter soil temperature,
moisture, and light exposure. Second, polymer residues incorporated into soil provide a potential carbon source and
introduce additives or associated compounds.

These changes may stimulate some microbial groups while reducing or altering others. The resulting effects depend on
polymer composition, soil conditions, and the duration of exposure.

An increase in microbial abundance is not necessarily evidence of improved soil health. Assessment should also
consider microbial diversity, functional activity, nutrient cycling, and the presence of beneficial or potentially harmful
organisms.

4.5 Nutrient cycling and soil fertility

Soil fertility depends on nutrient availability and the biological and chemical processes that regulate nutrient
transformations.

Biodegradable polymers may influence nutrient cycling indirectly through changes in moisture, microbial activity, and
organic carbon availability. They can also be engineered as carriers for nutrients or other agricultural inputs.

For example, a polymer matrix may regulate the release of nitrogen or phosphorus from a fertilizer formulation. This
approach can potentially reduce the rapid loss of nutrients through leaching or other pathways.

However, actual improvements in soil fertility depend on the nutrient formulation, polymer degradation, crop demand,
and soil conditions. The use of a polymer does not itself guarantee increased nutrient availability.

V. BIODEGRADABLE POLYMERS IN SUSTAINABLE AGRICULTURAL PRACTICES

5.1 Biodegradable mulch films
Mulching is widely used to modify the soil microclimate and improve crop management. Conventional polyethylene
films are effective but require collection and disposal after use, and fragments can remain in soil.
Biodegradable mulch films have been developed to provide temporary soil coverage during crop growth and
subsequently undergo biodegradation under suitable conditions.
Their principal functions include:

e Reducing direct evaporation from the soil surface.

e Suppressing weed growth by limiting light penetration.

e  Modifying soil temperature. N )
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e Reducing soil erosion under certain conditions.

e Improving crop establishment and productivity in suitable cropping systems.

e Potentially reducing the need to remove and dispose of conventional plastic films.
Materials used in biodegradable mulch formulations include starch blends, PLA, PBAT, PBS, and other biodegradable
polymers. Their performance varies with film thickness, mechanical properties, weather conditions, soil contact, and
formulation.
A critical consideration is whether the film remains functional throughout the crop-growing period but subsequently
degrades sufficiently under the intended environmental conditions. Premature deterioration can reduce crop benefits,
whereas incomplete degradation can leave residues.
Zumstein et al. (2019) examined the fundamental processes involved in polymer biodegradation in agricultural soils and
highlighted the knowledge gaps affecting reliable predictions of degradation.
5.2 Controlled-release fertilizers
Conventional fertilizers can be lost through leaching, volatilization, runoff, or other processes when nutrient availability
does not match crop demand.
Biodegradable polymers can be used as coatings or matrices to regulate nutrient release. The nutrient may be
incorporated into the polymer or enclosed within a polymer-based structure.
The release rate can be influenced by:

1. Water penetration into the formulation.
Diffusion of dissolved nutrients through the polymer.
Swelling of the polymer matrix.
Hydrolysis or microbial degradation.
Temperature and soil moisture.

wok v

6. The chemical composition and thickness of the coating.
Controlled-release formulations may improve nutrient-use efficiency when their release patterns are matched to crop
requirements. They may also reduce the frequency of fertilizer application in selected systems.
However, nutrient-release performance must be tested under realistic soil conditions. Poorly matched formulations may
release nutrients too quickly or too slowly, potentially reducing crop uptake or altering soil chemistry.
5.3 Biodegradable seed coatings
Seed coatings can improve handling, support seed placement, and provide a matrix for delivering nutrients or beneficial
microorganisms.
Biodegradable polymers such as starch, alginate, cellulose derivatives, and chitosan have been investigated for seed-
coating and encapsulation applications.
Potential functions include:

e  Protecting the seed surface during handling.

e Regulating water uptake in selected formulations.

e Supporting the controlled release of micronutrients.

e Carrying beneficial microorganisms or biological agents.

e Improving the uniformity of seed treatment.
The coating should degrade at an appropriate rate and should not prevent germination or root emergence. Germination
percentage, emergence time, seedling vigor, and soil compatibility are important evaluation criteria.
5.4 Encapsulation of beneficial microorganisms
Beneficial soil microorganisms, including selected plant-growth-promoting bacteria and fungi, can contribute to
nutrient availability, root development, and plant protection.
Polymer encapsulation can protect microbial cells during storage and application and may help regulate their release
into the soil. Alginate, chitosan, starch-based materials, and other biodegradable matrices have been investigated for
microbial immobilization.
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Potential benefits include improved handling, enhanced survival under some conditions, and more targeted delivery.
However, microbial viability depends on moisture, temperature, polymer composition, storage time, and compatibility
between the encapsulating material and the organism.

The success of these formulations should be demonstrated through viability measurements, soil establishment, and
crop-response experiments.

5.5 Biodegradable hydrogels and soil conditioners

Hydrogels are cross-linked polymer networks capable of absorbing and retaining water. Some are based on natural
polysaccharides, while others are produced using synthetic polymers or blended formulations.

Biodegradable hydrogel formulations may be useful in seedling establishment, horticulture, and water-limited
agricultural systems.

Their effectiveness depends on the balance between water absorption, release, mechanical stability, degradation, and
soil compatibility. Their behavior can also be affected by fertilizer salts and soil pH.

Hydrogels should not be considered universal substitutes for irrigation or organic soil amendments. Their value must be
assessed in the context of crop type, soil texture, rainfall, irrigation practice, and application cost.

5.6 Biodegradable materials for erosion control

Soil erosion can remove fertile topsoil, organic matter, and plant nutrients. Biodegradable polymer fibers, films, and
composite mats may be used in selected erosion-control applications.

Such materials can provide temporary physical protection while vegetation becomes established. Their effectiveness
depends on the material's mechanical strength, water permeability, degradation rate, and interaction with soil and
vegetation.

Long-term benefits require the material to remain effective during the vulnerable period and then degrade without
causing unacceptable environmental effects.

5.7 Integrated agricultural applications

The greatest benefit may arise when biodegradable polymers are integrated into a broader soil-management strategy
that includes crop rotation, organic matter management, efficient irrigation, balanced fertilization, and erosion control.
For example, a biodegradable mulch film may conserve moisture, while a separate controlled-release fertilizer
formulation helps synchronize nutrient availability with crop uptake. These technologies should be evaluated together
to determine whether they produce measurable improvements in crop yield, input efficiency, and soil health.

VI. COMPARATIVE EVALUATION OF MAJOR AGRICULTURAL APPLICATIONS
The following table summarizes the expected functions of biodegradable polymer technologies and the measurements
needed to evaluate their effectiveness.

Application Potential benefit Important evaluation parameters
. . . Soil moisture, temperature, weed density, cro
Mulch films Moisture conservation and weed suppression . p 4 P
yield, film degradation
Controlled-release Better synchronization of nutrient release with Nutrient-release rate, leaching, nutrient-use
fertilizers crop demand efficiency, crop uptake

. Improved seed handling and controlled Germination, emergence, seedling vigor, coatin.
Seed coatings P £ g EVis g

delivery of selected inputs stability
Microbial Protection and delivery of beneficial Cell viability, release rate, microbial
encapsulation microorganisms establishment, crop response
Hydrogels Imprf)\./ed water retention in suitable soil Water .absorption, release, soil moisture,
conditions degradation, crop response
Erosion-control Temporary surface protection and vegetation Soil loss, infiltration, vegetation cover, material
materials establishment persistence

1d include untreated

ons-sh
2 wiing
Z D
Q

The benefits listed are potential outcomes, not universal effects. Experimental comparis

controls and, where appropriate, conventional polymer or standard agricultural-practice cof ollssS.N
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VII. EFFECTS ON SOIL HEALTH INDICATORS

Soil health is multidimensional and cannot be evaluated using crop yield or microbial abundance alone. A
comprehensive assessment should include physical, chemical, and biological indicators.
7.1 Physical indicators
Important physical indicators include:

e Soil bulk density and porosity.

e  Water infiltration and hydraulic properties.

e Soil aggregate stability.

e  Soil moisture retention.

e  Soil temperature.

e Resistance to erosion and compaction.
Biodegradable mulch films can affect some of these properties indirectly by modifying the soil microclimate. Polymer
amendments and hydrogels may also affect local water distribution and soil physical behavior.
The direction and magnitude of the effect depend on the formulation, application method, soil type, and experimental
duration.
7.2 Chemical indicators
Chemical indicators include soil pH, electrical conductivity, organic carbon, available nitrogen, available phosphorus,
potassium, and other relevant nutrients.
Biodegradable polymer breakdown can introduce organic carbon into the soil system. Depending on the polymer and
conditions, degradation products may influence microbial activity and nutrient cycling.
The impact on pH and electrical conductivity is formulation-specific, particularly when materials contain salts,
additives, or residual processing chemicals.
7.3 Biological indicators
Biological indicators include microbial biomass, microbial diversity, soil respiration, enzyme activity, earthworm
responses, and the abundance or activity of selected beneficial organisms.
A material may stimulate microbial respiration by supplying readily available carbon. However, increased respiration
does not necessarily indicate a sustained improvement in soil health because it may also reflect accelerated
decomposition of organic matter.
Long-term monitoring should therefore combine biological measurements with changes in soil carbon, nutrient cycling,
plant performance, and ecological function.

VIII. RESEARCH METHODOLOGY FOR EVALUATING BIODEGRADABLE POLYMERS IN
AGRICULTURE

A well-designed study should determine whether a selected biodegradable polymer improves a measurable agricultural
outcome without producing unacceptable environmental effects.
8.1 Selection of polymer and crop
The polymer should be selected according to its intended function. For example, a starch-based hydrogel may be
suitable for studying water retention, while a biodegradable mulch film may be appropriate for investigating soil
microclimate and crop productivity.
The crop, soil type, climatic conditions, and local agricultural practices should be documented.
8.2 Experimental design
A controlled field or pot experiment may include the following treatments:

e T1: Untreated soil or standard agricultural practice.

e T2: Soil treated with the selected biodegradable polymer.

e T3: Soil treated with a conventional material used for the same purpose, where appropriate.

e T4: Soil treated with an alternative biodegradable formulation, if relevant.
The number of treatments and replicates should be determined by the research objectives, available resources, and
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For mulch studies, the experiment should also consider differences in film thickness, soil preparation, and management
practices. For fertilizer coatings, the nutrient dose should be controlled to allow a fair comparison.
8.3 Soil sampling and analysis
Soil samples should be collected before treatment and at appropriate intervals after application. Sampling depth,
location, storage, and preparation should remain consistent.
Depending on the research question, analyses may include:

e Soil pH and electrical conductivity.

e  Soil organic carbon.

e  Available nitrogen, phosphorus, and potassium.

e  Soil moisture and water-holding capacity.

e Bulk density and aggregate stability.

e  Microbial biomass and respiration.

e Relevant soil enzyme activities.

e  Polymer residues and degradation products.
Baseline measurements are essential because soil properties can vary substantially across a field.
8.4 Plant growth measurements
Relevant plant parameters include germination percentage, plant height, root length, biomass, leaf area, crop yield, and
selected quality indicators.
Measurements should be chosen according to the crop and intended application. Crop yield alone may not reveal
whether a polymer has affected soil quality or environmental performance.
8.5 Assessment of biodegradation
The degradation assessment should distinguish visible deterioration, fragmentation, chemical breakdown, and
mineralization.
Possible methods include visual scoring, mass-loss measurements, microscopy, spectroscopy, and appropriate
respirometric tests. Mass loss alone cannot establish complete biodegradation because physical fragments may be lost
during sampling or washing.
Where possible, a suitable standardized biodegradation test should be selected according to the material and
environment. ASTM D5988, for example, addresses aerobic biodegradation of plastic materials in soil. Laboratory
testing should be complemented by field observations when the intended application involves agricultural soil.
8.6 Statistical analysis
Quantitative data should be summarized using suitable descriptive statistics. Comparisons among treatments may use
analysis of variance or other appropriate statistical tests, provided that the assumptions of the chosen methods are
satisfied.
The study should report sample size, variability, statistical significance, and effect size where appropriate. A
statistically significant change should also be evaluated for its practical agricultural importance.
8.7 Environmental safety evaluation
The investigation should consider potential effects of residual polymer fragments, additives, and degradation products.
Relevant endpoints may include plant germination, microbial function, earthworm responses, and other indicators
appropriate to the intended use.
If the material contains metals or other potentially hazardous constituents, their concentrations and potential release
should be assessed.

IX. ENVIRONMENTAL AND SUSTAINABILITY ASSESSMENT
Biodegradable polymers may reduce the persistence of selected agricultural plastics, but their environmental advantages
depend on the complete life cycle of the material.
9.1 Renewable feedstocks
Polymers derived from starch, cellulose, or other renewable resources may reduce reliance on fossil feedstocks.
Nevertheless, their production can require land, water, fertilizers, energy, and chemical pr

Copyright to IJARSCT DOI: 10.48175/568
www.jjarsct.co.in

107



(/ IJARSCT ISSN (Online) 2581-9429

xx International Journal of Advanced Research in Science, Communication and Technology (IJARSCT)
IJARSCT International Open-Access, Double-Blind, Peer-Reviewed, Refereed, Multidisciplinary Online Journal
Impact Factor: 4.819 Volume 9, Issue 1, September 2020

The use of agricultural residues may reduce competition with food production in some cases, although collection and
processing still consume resources.

9.2 Energy and greenhouse-gas emissions

The environmental footprint depends on raw-material production, polymer manufacture, transport, use, and end-of-life
treatment.

A material that biodegrades in soil may have advantages in certain applications, but the overall greenhouse-gas balance
cannot be inferred from biodegradability alone. Comparative life-cycle assessment is needed to evaluate alternative
materials performing the same function.

9.3 Residues and degradation products

Biodegradable materials may leave fragments during the degradation process. Some formulations also contain
plasticizers, pigments, stabilizers, or other additives that may behave differently from the main polymer.

The presence of small fragments does not necessarily mean that complete biodegradation will never occur, but their
persistence and ecological effects must be investigated. The rate of disappearance from view should not be treated as
proof of complete mineralization.

9.4 Soil-specific degradation

Soils differ in temperature, moisture, pH, aeration, microbial composition, and organic matter. A polymer that degrades
effectively in one environment may persist much longer in another.

Consequently, product claims should specify the environmental conditions under which biodegradation has been
demonstrated. Compostability, biodegradability in soil, and biodegradability in aquatic environments are distinct
properties and should not be treated as equivalent.

X. MAJOR CHALLENGES AND LIMITATIONS
Despite promising applications, several issues must be addressed before biodegradable polymers can be considered a
universally sustainable agricultural solution.
10.1 High production and processing costs. Some biodegradable polymers are more expensive than conventional
agricultural plastics, limiting adoption by farmers with restricted budgets.
10.2 Mechanical performance. Natural polymers may be sensitive to moisture or have insufficient strength for
demanding agricultural applications. Blending and composite formation can improve performance but may complicate
biodegradation.
10.3 Uncertain degradation rates. Degradation may be too rapid during crop growth or too slow after use. Soil and
climate variability makes universal predictions difficult.
10.4 Long-term soil effects. Repeated application may influence microbial communities, organic carbon turnover,
nutrient cycling, or the accumulation of residues. These effects require longer-term field studies.
10.5 Product composition and additives. The environmental behavior of a finished product depends on more than the
principal polymer. Additives, blends, coatings, and manufacturing residues should also be considered.
10.6 Limited standardization. Different studies use different test conditions and endpoints, making it difficult to
compare degradation rates and environmental impacts.
10.7 Farmer awareness and availability. Adoption depends on local availability, cost, compatibility with existing
equipment, reliable product performance, and clear disposal or incorporation instructions.

XI. FUTURE RESEARCH DIRECTIONS

Research priorities identified from the literature available through 2020 include:

1. Developing biodegradable polymers with predictable degradation rates under actual agricultural soil
conditions.
Improving the mechanical strength and moisture resistance of natural-polymer formulations.
Evaluating controlled-release fertilizers for nutrient-use efficiency and reduced nutrient loss.
Investigating the long-term effects of biodegradable materials on microbial diversity and soil carbon cycling.
Establishing standardized methods to distinguish fragmentation from complete biogegrmaation.

6. Conducting multi-season field trials across different soil types and climatic regio ISSN N A
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7. Comparing production costs and environmental footprints through life-cycle and techno-economic
assessments.
8. Evaluating the fate and toxicity of additives, residual fragments, and degradation products.
9. Improving farmer access to affordable materials and reliable information about their correct use.
These research priorities are particularly important in regions where water scarcity, soil degradation, and the disposal of
agricultural plastics are major concerns.

XII. CONCLUSION
Biodegradable polymers have significant potential to support selected aspects of soil health improvement and
sustainable agriculture. Natural polymers such as starch, cellulose, chitosan, and alginate, together with synthetic
biodegradable polymers such as PLA, PHA, PBS, and PBAT, have been investigated for mulch films, water-retaining
materials, controlled-release fertilizers, seed coatings, microbial encapsulation, and erosion-control applications.
These materials may contribute to water conservation, weed suppression, improved nutrient delivery, and reduced
reliance on persistent agricultural plastics. Their effects on soil physical, chemical, and biological properties, however,
are dependent on the material, formulation, application method, and environmental conditions.
The literature available up to December 2020 also highlights important uncertainties. Biodegradation can be incomplete
or slow under some soil conditions, and the long-term effects of polymer residues and additives on soil organisms and
nutrient cycling are not fully established. In addition, renewable feedstocks and biodegradability do not independently
guarantee low environmental impact.
Future development should therefore emphasize application-specific material selection, reliable field performance,
standardized biodegradation testing, long-term soil monitoring, and life-cycle assessment. When used appropriately
alongside established soil-conservation and nutrient-management practices, biodegradable polymers may contribute to
more resource-efficient and environmentally responsible agricultural systems.
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