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Executive summary

An estimated 13.4 million tonnes of agricultural plastics are used annually, but comprehensive
data on agricultural plastics remains limited.

A systematic review of peer-reviewed scientific articles documenting the presence of plastic
residues or microplastics in soils that have been exposed to various types of agricultural plastics
confirms that these plastics are a source of pollution in soils. There is evidence of residues or
microplastics in soils that have similar physical and chemical characteristics of the agricultural
plastics used in fields. Several important uncertainties remain about the extent to which
agricultural plastics represent the dominant source of pollution, and the processes that lead to
plastic pollution in the soil.

Data indicate that plastic concentrations in soils range from 0.000001 percent to 0.3 percent
depending on the type of agricultural plastics and the location. Mulching films, greenhouse
systems, and encapsulated fertilizers are known contributors, but the degree of pollution from
these sources varies significantly across studies. The lack of standardized methodologies and
inconsistent reporting makes it difficult to fully quantify the extent of soil plastic pollution. This
situation underscores the need for improved data collection and analysis in this area.

Soil plastic pollution is unlikely to be fully reversible. Some processes (e.qg. degradation or

the export of plastic through erosion and runoff) may reduce the amount of plastic in soils.
However, these processes are generally slow and incomplete, especially for conventional
plastics. Microplastics and smaller particles can persist in soils for long periods, and current
remediation methods are impractical or too costly at scale. Biodegradable plastics may offer
some potential for reversibility, but their in-field degradation rates vary significantly. Overall,
once microplastics enter soils, they are likely to accumulate, making complete reversibility
challenging. As it ages, plastic in the soil can release the chemicals used in its formulation. There
is emerging evidence that plastic-intensive practices may result in increased concentrations of
common plastic additives in soil.

Current scientific evidence indicates that plastic pollution in soils is likely to change the physical,
chemical, and microbiological properties of the soil. These changes can occur at levels of plastic
concentrations that can realistically be expected to be found in the environment (e.g. below
0.05 percent of plastic in the soil). These changes can occur regardless of the type of plastic, the
size and shape of the particles, and their origin.
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Plastic pollution in soils, even at realistic exposure levels, can lead to significant changes in
essential soil properties, affecting the physical structure of the soil, the pH balance, and microbial
activity. Studies show that low concentrations of plastic (as minimal as 0.001 percent) in the sail
can have an impact on water retention, nutrient cycling, and microbial diversity, all of which
affects soil fertility and plant health.

Soil plastic pollution negatively impacts plant health and crop production, even at low,
environmentally plausible concentrations. Many studies have documented that plastic particles
in soil can inhibit plant growth, alter nutrient uptake, disrupt microbial communities, and
increase the bioavailability of heavy metals and other toxic substances. These effects have
been observed across a range of exposure levels and study types, from pot and mesocosm
experiments to field studies, with significant impacts on crop yield, quality, and food safety.

Current plastic contamination in agricultural soils may already exceed safe thresholds for soil
health and plant growth. Over half of studied soils showed concerning levels that may cause
effects. This pollution is complex and involves diverse particle types from various sources.

Plastics and plastic-associated chemicals can be transferred from soil to crops, which can
potentially have an impact on food safety. Studies confirm that plants can absorb nano- and
microplastics, as well as chemicals used in the formulation of these materials, primarily through
their roots. Some evidence exists that these substances can be translocated to the edible parts
of the plant, but technical challenges limit the analysis for nanoplastics. These findings highlight
concerns for both plant health and food safety.

Biodegradable plastics are not necessarily a safer alternative to conventional plastics for
agricultural use. They may reduce plastic pollution under certain conditions, but studies show
that biodegradable plastic debris can still have an impact soil health and plant growth. These
impacts can be observed at levels as low as 0.02 percent of plastic in the soil. Concerns about
incomplete degradation, the accumulation of microplastics, the release of chemical additives
and their effects on soil and plants indicate that biodegradable plastics require careful
management. A precautionary approach that includes more rigorous assessments of long-term
effects and realistic exposure scenarios is essential to ensure these materials do not pose an
uncontrolled risk for soil and crops.

There are still important knowledge gaps. Global and regional inventories are incomplete.
Little is known about the hotspots of agricultural plastic usage and waste management practices.
Also, there is limited understanding of the specific emission rates and quantitative contributions
agricultural plastics make to soil pollution. Nevertheless, substantial evidence demonstrates

that agricultural plastic pollution poses significant risks to soil health, food security, and human
health. Agricultural soils now contain substantially higher concentrations of microplastics than
marine environments, with accumulation rates increasing over time. Applying the precautionary
principle alongside this growing evidence base, policy development is both justified and
essential to address the demonstrated risks of plastic pollution in agricultural systems, even while
research continues to fill remaining knowledge gaps. Significant developments to improve

the design and applications of agricultural plastics are underway, and substantial progress

WA



has been made in assessing these efforts through environmental sciences and ecological risk
assessment frameworks. Comprehensive global assessments like the 2021 FAO report, Assessment
of agricultural plastics and their sustainability: a call for action, and major research initiatives,

such as the European Union's MINAGRIS project, have provided substantial quantitative data

on risks posed by plastic pollution to soil health, fertility, and crop quality. However, knowledge
gaps remain regarding the long-term ecosystem impacts, and assessment methodologies

are not standardized. Research has documented the uptake of plastic additives by crops and
established safety thresholds for biodegradable agricultural plastics, but continued monitoring
and research are needed to fully characterize emerging risks and develop comprehensive
management strategies.

The priority actions that are recommended in this report to overcome these knowledge gaps
will support the design and implementation of policies that can be effective in reducing plastic
pollution in soils resulting from the use of agricultural plastics.

— X —
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Chapter 1. Introduction

1.1 BACKGROUND AND SCOPE

In 2021, FAO published the first global assessment of plastic use in agriculture: Assessment of
agricultural plastics and their sustainability: a call for action (FAO, 2021). The report estimated that
in 2019, 12.5 million tonnes of plastic products were used in agriculture. Below are the figures for
different agriculture subsectors:

] 10.2 million tonnes in crop and livestock production;
| 2.1 million tonnes in fisheries and aquaculture; and

] 0.2 million tonnes in forestry.

The report also noted that only a smalll fraction of the plastic waste generated from agricultural
plastics was recycled. Although record keeping is almost non-existent, it was determined that
most of this plastic waste was or burned, buried or landfilled. The FAO report highlighted that a
significant portion of the plastic used in agriculture ends up as pollution in soil and water owing

to poor design, mismanagement, and lack of adequate end of life management. This plastic
pollution poses risks to the environment, human health, biodiversity, food security and food safety.

The FAQO report acknowledged that there were significant gaps in knowledge about
agricultural plastics and their overall impact. However, the report stressed that the
precautionary principle should be followed, which means that action should be taken to
prevent harm to human health and the environment even in the absence of full scientific
certainty. The report also issued a global call to action to investigate and address the impacts
of plastic usage and their alternatives. It also proposed a number of recommendations,
including the development of an international voluntary code of conduct, to improve the
sustainability of the use of plastic in agriculture.

The objective of this report is to compile and present the available scientific data on the impacts
of plastic and microplastic pollution from the use of agricultural plastics on soil health and crop
production. It also highlights key findings related to the sustainability of alternative materials,
such as biodegradable and bio-based agricultural plastics, and identifies the main knowledge
gaps in these areas. By providing an overview of the risks associated with the current use and
management of agricultural plastics, as well as the specific issue of plastic pollution in soil, this
report contributes to the broader discussion on the sustainability of food systems.
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1.2 WHAT ARE AGRICULTURAL PLASTICS?

Plastic is playing an increasing role in terrestrial agriculture. Its use can allow for more efficient
and reliable production and create new market opportunities for agricultural producers. The
three largest and most rapidly expanding types of agricultural plastics are:

] films for greenhouses and tunnel systems;
| films for covering the soil (mulching); and

] materials used for fodder production (e.qg. silage films).
Other types of agricultural plastics include:

geotextiles;!

irrigation and drainage pipes;

protection and collection nets, bags, sacks and crates for agricultural products;
trays and pots for seedlings and plants;

twines, tags and clips for plants and animals;

guards and shelters for tree saplings; and

containers for pesticides and fertilizers (Briassoulis, 2023).

The use of a range of newer polymer-based products is also becoming more widespread
in agriculture. These include polymeric micro-encapsulations for slow-release pesticides and
fertilizers, seed coatings, and hydrogels to enhance soil water retention.

BIODEGRADABLE PLASTICS

Alternatives to conventional, durable fossil-based plastics include a broad range of materials
that share similar mechanical properties but can degrade more quickly in environmental
conditions or be processed to complete degradation in composting facilities. These materials
can be collectively referred to as 'biodegradable plastics’. Biodegradable and compostable
plastics are mainly used for mulching film, plant clips, and seed coatings, and in slow-release
pesticides and fertilizers.

These plastics vary greatly in their composition, source materials, and degradability, and there
is no generally accepted global standard for their labelling and certification. Consequently, it is
important to clarify some key terminology and properties of these materials. Figure 1illustrates
the relationship between different types of biodegradable and non-biodegradable plastic
materials. The classification and terminology is consistent with that provided in technical reports
(Vert et al,, 2012; European Commission Directorate-General for Research and Innovation, 2020)
and recommended by the Scientists’ Coalition for an Effective Plastic Treaty (Scientists’ Coalition
for an Effective Plastic Treaty, 2024).

1 Geotextiles are durable, permeable synthetic fabrics used in agriculture to stabilize soil, control erosion, and suppress weeds.

WA



Chapter 1. Intfroduction

FIGURE1. Classification of plastic materials based on their degradability and
source of feedstock

BIO-BASED PLASTICS

Oxo-degradable Compostable
plastics plastics
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Source: FAO. 2021. Assessment of agricultural plastics and their sustainability: A call for action. FAO. https://doi.org/10.4060/cb7856en

[ ] Bio-based plastics
These plastics are composed of or derived, in whole or in part, from renewable,
biological feedstocks, including plant/forestry, animal, and marine biomasses. They are
not necessarily biodegradable or compostable, as this depends on the chemical structure
of the polymers and the types of chemical additives included in the formulation (in green
in Figure 1) (Vert et al,, 2012).

] Biodegradable plastics
These plastics may or may not be bio-based plastics. They often are formulated from
feedstocks from renewable biological sources. However, they can also be entirely made
from fossil carbon sources. These plastics are intended to biodegrade more rapidly than
conventional plastics under certain conditions and in specific environments, mainly through
biological processes (European Commission Directorate-General for Research and Innovation.
2021). Biodegradable plastics specifically designed for degradation in soil are used in
agricultural applications, especially for the production of mulching films (Nizzetto et al, 2024).

| Compostable plastics
These plastics are a subset of biodegradable plastics. They can also be made of renewable
or fossil feedstocks. However, they require specific composting conditions to degrade
effectively, which are typically met in industrial composting facilities. Some compostable
plastics are infended to be 'home compostable’, but most need to be collected and
transferred to appropriate industrial composting facilities (European Commission, n.d).
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] Oxo-degradable plastics

Some conventional non-biodegradable plastics can be designed to degrade rapidly

in the environment. This is achieved with chemical additives that favour photooxidative
and thermal degradation processes. This degradation process is of a physical nature and
does not depend on biological processes. This process quickly produces large numbers
of micro and nanoplastics that may persist for a long time in the recipient environments.
Oxo-degradable plastic cannot be assimilated to biodegradable plastic and is generally
not included under the term ‘bioplastics’, unless the product contains renewable feedstocks.

Because of the complexity and variability of these materials, the term 'bioplastic’ lacks specificity
and overlooks fundamental differences in their functionality and properties. The term is
sometimes not used consistently, which leads to confusion (Aubin ef al,, 2022). Also, although
some jurisdictions have introduced standards for compostable and biodegradable in-sail
plastics, the labelling and certification of these materials are often insufficient to guarantee their
correct use. Similarly, there is insufficient clarity and controls on the claims that are made about
their degradation performance in operational environments.

1.3 BENEFITS OF AGRICULTURAL PLASTICS

Agricultural plastics provide multiple benefits for crop and livestock production and forestry. They
can increase yields and at the same time reduce the amount of inputs needed for production.
For example, irrigation that uses plastic can reduce the amount of water used for crops and
increase the efficiency of water use. By protecting crops from pests, agricultural plastics can
reduce the need to apply chemical pesticides that can leach into soil and water. Agricultural
plastic can also make agricultural production more reliable by controlling soil temperatures and
protecting crops from adverse weather conditions. Producers have used agricultural plastics to
become less dependent on climate and geographic conditions and grow valuable crops in

a broader range of environments. Because of these benefits, agricultural plastics have been
promoted as a way of adapting to some of the negative impacts of climate change and
reducing the release of agrochemicals into the environment.

Plastic materials used in irrigation and protected cultivation systems have been on the market for
several decades, and the international market for agricultural plastics has expanded considerably
over the years. Between 2018-2023, the annual growth rate ranged between 3 percent and

6 percent for the period (FAO, 2021; Data Intelligence, 2023). Agricultural plastics are now used
globally, but they were first adopted in China and member countries of the Organisation for
Economic Co-operation and Development (OECD), where their use remains most widespread. The
market, however, is projected to expand significantly in low and lower-middle income countries.

1.4 THE THREAT OF PLASTIC POLLUTION

Although agricultural plastics can deliver benefits to agricultural producers, there is an emerging
awareness that the use of agricultural plastics and their mismanagement are sources of pollution
that poses risks to terrestrial and aquatic ecosystems (Ng et al,, 2018; Qi et al, 2020a). This pollution
could negatively affect soil fertility and plant growth, which would in turn threaten food production,
farmers' livelihoods and food security and nutrition (Igbal et al, 2020; Zhou et al., 2021).

WA
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Plastic debris may directly disturb soil structures and organisms. There is also a concern about the
large amounts of chemical substances used in the formulation of plastics. In some plastic materials,
these chemicals can make up to 60 percent of the total mass (Viljouen et al, 2023). Thousands of
different chemical substances are used as plastic additives, and some of these substances have
recognized toxic properties (Gou et al, 2012; Net et al,, 2015; Zimmerman et al., 2020).

Agricultural plastics are not the only source of plastic pollution in agricultural soils. However,

a growing body of research has shown that agricultural plastics that have been damaged,
degraded, discarded or inappropriately used, and the intentional release of polymer-coated
agrochemicals have contaminated soils and water bodies in many parts of the world struggling
to achieve the United Nations' Sustainable Development Goals (SDGs(Viljoen et al., 2023;

Gou et al, 2012). The use of agricultural plastics also generates large volumes of waste that is
distributed across the broader rural landscape (Briassoulis et al., 2013; Scarascia-Mugnozza, Sica
and Russo, 2011). Waste management is a serious challenge for agricultural plastics, especially
in areas where there is a lack of capacity in waste collection and processing. This challenge is
compounded by the fact that many agricultural plastics are difficult to recycle because of the
wide variety of polymers and additives they contain.

Most countries lack specific requlatory frameworks for the use of agricultural plastics and the
management of the waste they generate. This situation increases the risks that the use of
agricultural plastics will have negative impacts on the environment and agriculture. With the
rapid growth in the use of plastics in the agricultural sector, the need for regulatory frameworks
becomes even more urgent.

Several knowledge gaps still need to be addressed to ensure that policies and regulatory
frameworks for the use of agricultural plastics can be effective in promoting sustainability. These
gaps are related to:

] the impact of macro-, micro-, and nanoplastic pollution and associated chemicals on soil
health, water quality, and biodiversity;

the potential transfer of microplastics to plants and animals;
the implications for food safety and human health; and

the effectiveness and the economic viability of sustainable options (e.g. biodegradable
plastics, alternative materials, and alternative practices), as well as the willingness of
agricultural producers to adopt these options.

Many of the sustainability issues associated with plastics are common across all agricultural
sub-sectors (crops, livestock, forestry, fisheries, and aquaculture). Plastic pollution in marine
environments and sustainability issues associated with plastics used in fisheries have been
subject to more studies and are better understood than those related to terrestrial agriculture.
Consequently, this report focuses on scientific findings related to the sustainability of plastics and
their alternatives in terrestrial agricultural production (crop and livestock production, and forestry).
The scope of this report does not extend to the plastic used in the post-production stages of the
agricultural value chain (e.g. packaging used in transport and retailing).
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1.5 METHODOLOGY

This report presents the results of a series of systematic literature reviews that focused on several
aspects of soil plastic pollution. The reviews considered the use of agricultural plastics, the
occurrence of plastic pollution in soils resulting from the use of agricultural plastics, and the effects
of plastic pollution on soil ecosystems. The outcomes of the reviews were used to provide an
analysis of the current state of the available scientific knowledge on these areas and identify
research gaps.

The reviews comprised the screening of 2 283 scientific papers in English published in
international peer-reviewed journals indexed by Web of Science, with no geographic regions
excluded. The report considered original research papers and excluded re-analyses of review
papers (about 30 percent of the total). In total, 505 studies met the inclusion and quality criteria,
which included an assessment of the quality of the described methodology and the reporting of
results. The analysis was limited to papers published during the last 10 years, with topic-specific
cut-off dates detailed in Table Al. Over 80 percent of all the studies were published three years
before the publication of this report. A detailed description of the review methodology, including
the Boolean search strings and the criteria for eligibility and exclusion, is presented in Appendix 1.

1.6 STRUCTURE OF THE REPORT

Chapter 2 presents the results of the systematic review of the state of knowledge on the sources
and occurrence of plastic pollution in agricultural soils resulting from the use of agricultural plastics
and other sources, and the impacts of this pollution on soil health and crops. It also looks at the
potential reversibility of soil plastic pollution, and its potential effects on plant health and crop
yields. The chapter also considers whether current plastic levels in soils fall below the levels

used in controlled studies to produce significant effects; the potential transfer of plastic debris or
chemicals to crops and food; and the safety of biodegradable plastics for use in agriculture.

Chapter 3 presents a synopsis of persistent knowledge gaps on the ecological and agricultural
risks posed by plastic pollution in soils. This list is drawn from a meta-analysis of the scientific works
analysed by the systematic literature review. Priority measures to address these knowledge gaps
are proposed, and their implications for policy are considered.

— 6 —



Chapter 2. The impact of plastic
pollution from agricultural plastics on
soll health and fertility

2.1 HOW MUCH PLASTIC IS USED IN TERRESTRIAL AGRICULTURE?

The 2021 FAO report, Assessment of agricultural plastics and their sustainability: a call for action,
estimated that 10.2 million tonnes of agricultural plastics are used every year for crops and
livestock, globally (FAO, 2021). This assessment was largely based on data from Europe and
scaled up, in first approximation, to derive global estimates.

Data from the European agricultural plastic industry, which were last updated in 2019 were
instrumental for drawing up FAO regional and global estimates (APE Europe, 2024). These
data have not yet been updated, and data from other regions are still lacking. Since the
publication of the 2021 FAO report, there has been little substantial progress towards improved
national inventories of agricultural plastics and the waste they generate. Consequently, the data
provided by the 2021 FAO report remain the most reasonable reference.

If a five percent yearly expansion (Le Moine, 2018) is applied since 2019, it can be assumed
that about 13.4 million tonnes of agricultural plastics are currently used every year in terrestrial
agriculture, with agricultural films accounting for about 40 percent of this total.

Data on the geographical distribution of agricultural plastics usage and waste generation are
essential to estimate the sources of plastic pollution and identify potential hotspot sources from
the sector. These data are also instrumental to plan waste management infrastructures, such as
collection points and recycling locations, which are key measures to prevent mismanagement
and other practices that can result in pollution (Morsink-Georgali et al., 2021). In the regionall
breakdown, data from African countries, Australia and United States are largely missing.

Asia

Asia is the largest consumer of agricultural plastics in the terrestrial farming sector, accounting for
perhaps over 60 percent of the global total (FAO, 2021). Unfortunately, data for plastic use in
farming in China and Asian countries are fragmentary and mostly unavailable. Given the lack
of an accurate assessment of temporal trends in Asia, the updated global figure of 13.4 million
tonnes of plastic use in terrestrial agriculture is likely an underestimate.
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China, where plastic films are extensively used in farming, is believed to be among the largest
consumer of agricultural films. It is estimated that 2.6 million tonnes of agricultural films were

used in 2021. There has been a historical average annual increase rate of 6 percent (Yang et al.,
2023a). Over half of these films are used for soil mulching applications (Xiong et al.,, 2019).

In some parts of the country, their mismanagement has resulted in serious and extensive soil
contamination. To reduce pollution, China is adopting a measure to increase of thickness of
agricultural films, which will make them more resistant to embrittlement. This measure could lead
to a dramatic increase (possibly more than 30 to 50 percent) in the tonnage of plastic used
throughout the country and could potentially rapidly increase the total regional and global
inventory of agricultural plastics. However, a more comprehensive and up-to-date inventory for
other types of agricultural plastics in China is currently not available or accessible. A similar lack of
accessible data applies to the rest of the world.

Europe

The first comprehensive effort to estimate agricultural plastic inventories in Europe was carried
out in 2013 (Briassoulis et al., 2013). Country-level estimates of usage and waste generation were
calculated for major agricultural plastic products in 27 European Union (EU) countries and the
United Kingdom. The estimates included plastic films, irrigation and drainage pipes, nets, and
agrochemical containers. The estimated total was between three and four million tonnes. These
estimates, which were produced less than a decade earlier, are more than twice as high as the
data provided by the European agricultural plastic industry, which were used to extrapolate
global estimates in the 2021 FAO report. The variability between different sources of data or
estimation methodologies can stem from a range of factors. The estimates calculated in research
studies combine data on cultivated lands by crop type with information on typical production
systems in each country.

More holistic approaches to produce updated estimates of agricultural plastic that are not visible
from aerial photos utilize a combination of modelling of agricultural practices, land cover data,
multistakeholder surveys and interviews and validation through aerial observations. Through

the effort of international research initiatives such as the PAPILLONS project? and the MINAGRIS
project,® which seeks to understand the harmful impacts of plastic debris on soil biodiversity,
functions, ecosystem services, agricultural productivity, and socio-economic outcomes at the farm
level, the use of agricultural plastics and waste generation inventories are being prepared with
a subnational level resolution. To date, however, only partial results are available from three
studies (Blanco et al,, 2018; Hachem et al,, 2024; Hachem, Vox and Convertino, 2023).

The PAPILLONS project has produced estimates of the amount of agricultural waste generated
annually in Greece, Italy, Portugal and Spain. Together, these four countries have produced
1.8 million tonnes. Films for covering, mulching or low-tunnel applications accounted for nearly
300 000 tonnes (Hachem et al,, 2024).

2 PAPILLONS website: www.papillons-h2020.eu
3 MINAGRIS website: https://minagris.eu/about/
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By the mid of 2025, a complete map of agricultural plastics usage from the EU is expected.
Greece, Italy, Portugal and Spain alone represent about half of the total European estimates
from 2013 (Briassoulis et al., 2013). The use of agricultural plastics in Europe varies significantly
from country to country. Southern countries are the largest users. The new estimates also include
additional agricultural plastics products (e.q. clips) that were not accounted for in previous
assessments. However, despite small variations in estimation methods, the updated figures align
with previous assessments, with an expansion in use occurred during the past decade.
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The Americas

Using a similar methodology, a 2021 report estimated that in Canada the total annual use of
agricultural plastic is about 61 700 tonnes, with low density polyethylene (LDPE) bale tubes and
wraps representing the most abundant item (15 000 tonnes) (Cleanfarms, 2021).

The Ibero-American Committee for the Development and Application of Plastics in Agriculture
(CIDAPA), an initiative from the agricultural plastics industry, has published inventories on
agricultural plastics use in Latin America, with accessible data available for 2017. These
inventories report data aggregated for main plasticulture product categories, including
protected cultivation systems (mainly films for greenhouses and tunnels), mulching films,
irrigation pipes, silages, and covers. Data are expressed as land area treated with the different
applications, and cannot therefore be directly compared with European data, unless detailed
information on agricultural practices and turnover of materials in use are provided. CIDAPA
also published a series of reports with focus on national inventories based on data provided
by industries. Available reports include assessment for: Chile (Castellon Petrovich, 2022q),
Guatemala (Bran Shaw, 2022), and Uruguay (Castellon Petrovich, 2022b). Also, in most of these
reports data are reported as treated land area.

WHY IS IT SO DIFFICULT TO OBTAIN DATA ON THE AMOUNT OF
PLASTIC USED IN AGRICULTURE?

Detailed and quality-assured data on how much, where and how agricultural plastics are
used in different countries and regions remain either unavailable, undisclosed, or inexistent.
There is also a lack of data on the polymers and chemical compositions used in many types of
agricultural plastics. The paucity of data is due to a number of factors including:

[ ] the shortcomings of reporting requirements throughout the agricultural sector;
| the lack of disclosure by producers, retailers and users; and

] the lack of regulation and policies calling for these data to be tracked.

The fact that only marginal progress has been made in building agricultural plastic inventories
also reflects the fact that the scientific community has not focused on developing methodologies
and studies that could fill data gaps. Only a limited number of research studies or policy
initiatives have attempted to collect data to accurately estimate agricultural plastic inventories.

Generating these estimates requires gathering, mining, and compiling many kinds of data from
multiple sources. This process includes interviewing a range of stakeholders and organizations
involved in the agricultural plastics value chain in different countries.
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Also, inconsistency between production data provided by the industry and data on the use
of agricultural plastic and waste generation may be influenced by fluctuations in imports and
exports. In general, available estimates, regardless of their methodologies and sources, are
affected by substantial uncertainties.

Consolidating methodologies for indirect estimation of agricultural plastics inventories is
fundamental to address the fragmentation or lack of data affecting most countries. Confidence

in indirect estimate methodologies can be increased through partial validation based on field
observations, or the use of aerial and remote sensing data. In particular, aerial survey techniques
can provide a valid support to assess the use of films or other large items (Lanorte et al,, 2017;
Blanco et al, 2018). The application of machine learning for identification of agricultural plastics is
another promising approach. Pilot studies that combine machine learning with data from aerial
observations or satellite-based remote sensing have been appearing in scientific literature,
mostly during the last few years. (e.g. Feng et al, 2021; Niu et al, 2023; Chen et al, 2021). These
approaches are important for consolidating global inventories on agricultural plastics.
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2.2 |S THE USE OF AGRICULTURAL PLASTICS A SIGNIFICANT
SOURCE OF POLLUTION TO FARMED SOILS?

Most of the studies included in the systematic review focus partially or entirely on the use of
mulching films. Several studies report that the use of mulching film leads to significantly higher
plastic pollution in soils compared to fields with no history of mulching film use (e.g. Steinmetz
and Schroder, 2022; Zhou et al,, 2020; Cusworth et al,, 2024; Wang et al,, 2021; He et al., 2023;
Wang et al., 2024a; Yan et al, 2022). Other studies report that plastic pollution in fields increases
significantly with the number of years the mulching film has been used (e.g. Huang et al., 2020;
Zhang et al, 2023a). Findings from other studies indicate that there is a significant correlation
between levels of plastic pollution in the soil and the amount of mulching film applied Huang

et al, 2020; Huang et al, 2021).

These findings indicates that mulching films are a source of plastic pollution to soils in the fields
examined. Many studies have concluded that mulching films are the dominant source, or a
major contributor, of plastic pollution based on the occurrence data. However, several studies
report no statistically significant difference between fields where mulching film has been used
and fields where it has not been used. (e.q. Liu et al,, 2023a; Zhou et al,, 2023; Liu et al, 2022q;
Yu et al, 2021).

An examination of the significant variability in the findings raised a number of points. First, in
several studies where a statistically significant difference was reported, film residues or particles
resembling mulching film did not contribute 100 percent of the microplastics observed in the
studied fields. This finding calls for a more in-depth statistical assessment based on the types

of particles. For example, Zhou et al. (2020) utilized data on the shapes of film microplastic to

assess the role of mulching film as a source of microplastics. In their study, a significant difference

for film particles was reported. In other cases, microplastics from mulch film may not have an
overall predominance in soils where it was used compared to other types of microplastics.
This suggests that other processes can contribute to the presence of microplastics in the sail.
This might include other agricultural practices associated with the use of mulch films or even
contamination that occurred before mulched practices had begun on those fields. Zhou et al.
(2020) observed a significant increase in plastic fibres in fields where mulch film was used
compared to unmulched fields, even though these fibres were not being released from the
mulching film in question. Moreover, there were differences in the usage of the terms ‘film’
and 'fragment’ to denote the residues of mulching film in soils across the studies that were
included in the systematic literature review. A common terminology is required to improve the
comparability and coherence of published data.

Second, the fate of the residues of mulching film also requires further investigation. For example,
Liu et al. (2023a) report a lack of statistical significance between fields where mulch film was
used and adjacent fields where it was not. Film microplastics in the soil increased for both fields.
Further research is needed to determine the extent to which mulching film residues may be
transferred to nearby unmulched fields and compare this with other sources of soil microplastics.

Finally, soil environments and the agricultural practices associated with the use of mulching
film are extremely diverse. This diversity can intfroduce substantial variability in findings. For
example, Liang et al. (2023a) reported the highest levels of plastic contamination in fields
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where mulching film was used, but other fields where mulching film was also applied were
among the least contaminated.

Far fewer articles have examined the role of other types of agricultural plastic types as potential
sources of sail pollution. In these studies, greenhouse systems are the most well-represented.
However, it should be noted that greenhouse systems are typically associated with simultaneous
use of mulching films inside the greenhouses (e.g. Chen, 2022a). As a result, it can be difficult

to separate these two types of agricultural plastic as distinct sources of plastic pollution. In the
Republic of Koreq, Kim et al. (2021) observed statistically higher plastic levels inside and outside
of greenhouse systems compared to fields where only mulching film had been used. Their
findings indicate that in some cases the use of greenhouses can be a more important source of
plastic pollution in soils than mulching film. On the other hand, Qi et al. (2023) compared the use
of mulching film and greenhouses in three regions in China and found no significant difference
between practices in terms of the concentration of microplastic in the soil. Fields with greenhouses
were among the least contaminated in the study of Lui ef al. (2022a). This indicates that plastic
levels in soils associated with greenhouse use may also be subject to similar variability and
uncertainty as is observed for mulching film.

Katsumi et al. (2021) reported the occurrence of polymer-encapsulated controlled release
fertilizers in Japanese paddy soils. This was the only study included in the systematic review that
specifically investigated this type of agricultural plastic.

Several other studies also mention other types of agricultural plastic that were typically
associated with the most contaminated fields in the given study. For example, grape fields,
where anti-bird nets and fruit bagging are used, had the highest levels of plastic contamination
in Chen et al. (2022a); non-mulching plastic covers (e.q. fleeces and nets) caused sail
contamination in Cusworth et al. (2024); and in the Chinese province of Taiwan, the use of foams
and plastic wrappings in guava production caused the highest levels of plastic contamination
in the soil compared to other practices considered in the same study (Fakour et al., 2021).
Altogether these findings underscore the challenge of identifying specific agricultural plastic
products and practices as the main sources of soil pollution. While this is sometimes possible, the
task is often hindered by the confounding factor of the diversity of the contamination profiles in
the soil. Different contamination profiles can be associated with a range of processes that could
be responsible for the plastic pollution; processes that can be both ubiquitous and continuous
(e.g. atmospheric depositions) or associated with previous agricultural practices.

A number of other studies that address the occurrence of plastic pollution in soils linked to the use
of agricultural plastic investigate other sources of plastic pollution. The application of sewage
sludge or other types of contaminated organic fertilizer on fields was identified as a source in
several studies (e.g. Wang et al., 2024a; Hao et al., 2023; Guo et al,, 2023; Jia et al,, 2024);
atmospheric deposition is mentioned in several cases (e.q. Li et al,, 2022); and contaminated
irrigation water from various sources was also noted as an important source (e.g. Zhou et al,
2020; Wang et al,, 2024a; Chen et al, 2022a; Zhang et al,, 2022a; Lang et al., 2022). There

is a growing body of literature on the occurrence of plastic pollution in fields that are subject

to these sources of pollution and other sources. This literature lay outside the scope of the

current systematic literature review, which prioritized studies that include at least one field
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where agricultural plastics were used. Nevertheless, it must be acknowledged that along with
agriculture plastics there are other important sources of plastic pollution in agricultural soils (UNEP
and GRID-Arendal, 2021).

An important finding of this literature review is the poor comparability of the findings presented
by occurrence studies.4 This situation makes it difficult to directly rank different sources in terms of
their contribution to soil pollution and represents a major shortcoming in the field. Where studies
compare agricultural plastics with other sources, significant variability is again reported. In some
cases, sources other than agricultural plastics were associated with a greater presence of plastic
in the soil than pollution caused by agricultural plastics. For example, in Chinese small-scale
vegetable farms, the use of organic fertilizer, along with other differences in agricultural
practices, lead to plastic levels in the soil that were twice as high as those found in larger-scale
farms typically characterized by the intensive use of mulching film (Hao ef al,, 2023). Some studies
place other sources of plastic pollution in the soil within a similar magnitude as agricultural plastic
use (e.g. Lang et al, 2022; Zhang et al, 2022b; Liao, Tang and Wang, 2023; Luo et al., 2024).
Other studies identify agricultural plastics as the dominant source (e.g. Xu ef al,, 2022a; van
Schothorst et al., 2021; Ling et al, 2023). Many studies included in the review reveal variabilities
in the presence of plastic in the soil from a single source that are of several orders of magnitude.
These finding reinforce the high degree of heterogeneity associated with soil plastic pollution; a
characteristic that makes it difficult to conclude which sources are the most responsible for plastic
pollution in different settings.

Almost all studies reviewed in this report suffer from insufficient descriptions of specific agricultural
practices related to the application, use, maintenance, and retrieval of agricultural plastics. This
is likely due to a lack of available data or the unwillingness of farmers to divulge information on
mismanagement. This situation hinders research.

Several occurrence studies included in the literature review indicate that agricultural practices are
likely to be important factors in plastic pollution in soils. However, there is insufficient evidence

to rank or fully evaluate these practices. For example, Wang et al. (2022) recorded significantly
higher levels of microplastics in soils where greenhouses had been abandoned than in fields
where greenhouses remained operational. The age of the mulching films used in greenhouse
systems was identified as the main control on soil microplastic abundance by Chen et al. (2022a)
who also noted that the method of film recovery and the frequency of ploughing also revealed
a positive correlation. Liang ef al. (2024a) noted that recovery of mulching films and the resulting
residues left in fields was linked to the thickness of the film. Finally, Liu ef al,, (2022b) found that
the type of crop that was grown was linked to the efficiency of the recovery of mulching film with
taller crops anchoring the mulching film close to their stem-root systems.

The systematic literature review considered the processes through which agricultural plastics may
fragment and release (micro)plastic pollution. Studies have revealed that photodegradation
and mechanical abrasion are important processes in this regard (Yang ef al,, 2022a; Liang

et al, 2024b; Ouyang et al, 2023). Occurrence studies rarely provide the level of detail required

4 Occurrence studies aim to measure the concentration, distribution, and types of plastics found in soil samples, helping to assess
the extent of plastic pollution in soils.
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to evaluate whether these processes have occurred or do occur in the studied fields. Also,
agricultural practices characterized as mismanagement (e.qg. burial, burning, or ploughing into
fields) have not yet been specifically investigated for the amount, types, or characteristics of the
plastic pollution that they may generate. As such, the extent to which best practices contribute to
plastic pollution in soils compared to the mismanagement of agricultural plastics in not known.

Mismanagement practices that contribute to plastic pollution in the soil can occur at all stages of
the life cycle of the plastic materials, from design to disposal. On farms, some mismanagement
practices that can lead to soil pollution during and after the use of agriculture plastics include:

using inadequate plastic products (e.g. excessively thin and brittle materials);
improperly storing new plastic products and waste;

abandoning waste in fields, marginal lands or the wider environment; and

using tilling, ploughing, burying, or open burning to dispose of waste plastic.

It is reasonable to expect that the local mismanagement of agricultural plastics represents an
important source of soil pollution. However, this does not imply that the use of agricultural plastics
in itself leads unavoidably to the involuntary release of plastic debris in the soil.

Lack of systematic research on the frequency and the types of agricultural plastic
mismanagement and how different mismanagement practices lead to quantifiable quantities
of microplastic emissions is an important knowledge gap that requires attention. These
mismanagement practices are often described in studies but not quantitatively assessed. Further
research is needed to characterize the different ways in which agricultural plastics are being
mismanaged or could be mismanaged; the magnitude of current mismanagement; the spatial
and temporal scales over which mismanagement currently occurs; and the processes linked to
mismanagement that may release plastic pollution to the sail.

Finally, a significant feature of all the occurrence studies included in the review is their uneven
geographic distribution. Most of the occurrence studies (55 studies or 82 percent of the total)
were conducted on soils in China. This research constitutes an important body of literature

and may serve to identify trends in plastic pollution in soils that are associated with particular
agricultural plastic materials or practices. However, the wider geographic significance of
these findings requires an urgent assessment. There remains a paucity of data on the role

of agricultural plastics as sources of plastic pollution in agricultural soils globally. The review
undertaken for this publication includes six studies that were conducted in Europe; five studies
from Asian countries other than China; and a single study from South America. There is almost
no data available for the occurrence of soil plastic pollution associated with agricultural plastic
use in Africa and North America. International research and monitoring efforts are necessary to
evaluate the extent to which agricultural plastics release pollution to soils and the practices or
processes associated with this release.
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2.3 HOW MUCH PLASTIC IS PRESENT IN AGRICULTURAL SOILS?

The studies identified in the systematic literature review were analysed for the availability
and quality of their estimates of the levels of plastic contamination in soils. A total of 47 studies
provided documented data on the concentration of plastic in fields and were included in a
dataset of observations. The box plots represented in Figure 2 summarize the data from the
meta-analysis that was undertaken with all the studies (47 papers) included in the systematic
review. This meta-analysis included all the studies cited in section 2.2 of this report.

FIGURE 2. Estimated levels of soil plastic contamination in fields exposed to
different categories of agricultural plastic use
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To provide an overview of observed plastic levels that is compatible with exposure levels

used in effects studies, the data were converted to estimated concentrations and expressed as
percentages. Figure 2 illustrates these concentrations by category of plastic exposure, based on
the specific use of agricultural plastic described in each study. Plastic levels in soils vary widely,
ranging from 0.000001 percent to 0.3 percent. Data were available for only three categories
of agricultural plastic: mulching films, greenhouse systems, and encapsulated slow-release
fertilizers. A fourth category, representing control fields, is also shown in Figure 2.

The use of encapsulated fertilizers results in the highest levels of soil pollution. However, these
data come from a single study in paddy soils in Japan (Katsumi et al., 2021) and require further
validation. Soils where greenhouse systems were present showed the second highest plastic
levels, with levels typically between 0.001 percent and 0.01 percent. On average, soils exposed
to mulching films generally had the lower levels of plastic. However, plastic concentrations from
mulching film showed the largest range of levels, reqgistering both the highest and lowest plastic
concentrations recorded in this analysis.

The levels of plastic in the soil recorded in many of the fields that were exposed to different types
of agricultural plastic overlap with the levels found in many fields that were used as controls.
Figure 2 shows that the use of agricultural plastic is generally associated with elevated plastic
levels in soil, but sites without a history of plastic exposure also exhibit soil pollution. This indicates
that sources of plastic pollution to soils other than agricultural plastics, sewage sludge, and
compost or fertilizers are present. Candidate sources for this pollution should be identified and
investigated. This would include estimates on the role of atmospheric tfransport and deposition of
plastic as a contributor to plastic pollution to soils.

METHODOLOGICAL CHALLENGES IN ASSESSING
SOIL PLASTIC CONTAMINATION

It should be noted, however, that the pollution levels provided in Figure 2 represent a crude
estimate. This is because the available studies vary widely in their methodology and in the
quality and completeness of data reporting. Few studies had a broad geographic scope
that consistently analysed soils from different regions that could produce comparable data
(e.g.Hu et al, 2022). No two studies utilize the same sampling and analytical approach, or
report data in the same manner. As a result, it is difficult to assess whether any two studies
have conducted comparable measurements in the soil. In addition, the description of the
methodology by several of the studies was insufficient to guarantee a complete evaluation
of the quality of the analysis. This represents a knowledge gap that needs to be urgently
addressed by harmonizing sampling and analytical methodologies and putting in place more
stringent quality controls for the publication of occurrence data.

Among the studies reviewed for this report, only a small number define the precise size range
of plastic particles detected. In many cases, an upper limit is well-defined (typically 5 mm), but
the lower size limit of detection is not provided. Several studies simply define the target range
as greater than 5 mm. In some studies where a description of the size distribution of particles
identified through their analytical methodology, the size distributions vary significantly.

As a result, it is often difficult or impossible to tell whether it is the method in question or the
actual size of plastic in the soil at that location that determines the observed size distribution.
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For example, for mulching film sites, the average size of the particles described vary across two
orders of magnitude.

From the current approach used to describe methodologies and reporting datq, it is not possible
to discern if difference in size of plastic debris in the soil relates to different practices related to
the use of mulching film or differences in the sensitivities of analytical detection methods. Where
two studies utilize a different method that imposes a different lower size limit of detection,

these studies report overlapping but different proportions of the total plastic pollution. Where
these studies do not clearly define their lower size limits, the data they report suffer from poor
comparability. Given the high prevalence for failing to report the specific size fraction analysed,
this factor is likely to explain a large proportion of the variability in Figure 2.

Also related to the issue of size is the fact that most of the studies focus specifically on the
microplastic fraction of soil plastic pollution. The focus on microplastics is important when
investigating the presence of plastic pollution in soil. Sampling for microplastic analysis typically
take smaller subsamples of soil (usually a few tens of grams). Several studies describe how sails
are sieved to remove larger debris (e.g. at 5 mm), but there is often no mention of whether the
larger pieces of plastic are incorporated into the reported data, and if so, how. These details
are important for determining how the plastic pollution in the soil is described, assessed, and
compared. Many effects studies® focus on microplastic particles in soil subsamples, and it is also
important to carry out field studies to measure the concentration of microplastics in real soils to
assess the potential risk. However, field studies that only look at levels of microplastics in soil, are
likely to underestimate of the total plastic pollution.

Effects studies have also utilized macro-fragments of agricultural plastic and observed impacts
on soil ecosystems. The overwhelming focus on microplastics may exclude important parts of the
overall picture of plastic pollution in soils. There is a need for greater clarity on the specific size
of the plastic fractions in the soil that are investigated by each study and the main objectives for
monitoring plastic in the soil.

The methodological approaches for sampling and analysis vary widely across the studies
included in the systematic literature review. The approaches include visual sorting and counting
for the largest particles and spectroscopic methods that determine the composition of particles
through Fourier-Transform Infrared Spectroscopy (FTIR). Differences in approaches also relate to
the extent to which the sampling is representative of a defined areq, the size of the plastic, and
the types of polymers. These differences are also connected to the total proportion of particles
that are likely to be isolated during sample processing and the proportion that is accurately
detected during sample analysis. All these factors have implications on the reporting of the final
concentrations

The wide range of observed concentrations likely also contributes to the wide-ranging plastic

levels observed in Figure 2. During the literature review, the assessment of these differences was
substantially hindered by the under-reporting of the methodological approach. In general, the
reproducibility of the studies is low. In addition, very few studies satisfy important quality criteria.

5 Effect studies assess the impacts of a substance or condition (e.g. microplastics)on organisms, ecosystems, or specific biological or
environmental functions.
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For example, there were often mistakes in the published articles, over-application of statistics to
datasets, and an over-interpretation of results with limited evidence to substantiate conclusions.
There is an urgent need for higher standards for the publishing of studies on the occurrence of
plastic in soils and a coordinated approach to data reporting.

2.4 IS SOIL PLASTIC POLLUTION REVERSIBLE?

The fate of plastic pollution in soils has short- and long-term consequences on sails. It is important
to understand to what extent plastic pollution is either retained or lost from soils. If plastic
particles accumulate in soils, the successive uses of agricultural plastic (or plastic inputs from other
sources) will lead to higher concentrations over time. These concentrations could exceed effects
thresholds and have negative impacts upon soil ecosystems. On the other hand, if soils can
facilitate the export or complete degradation of plastic, soil pollution would be theoretically
reversible. However, if the plastics are exported from the saoil, they become a source of pollution
to connected environments. Remediation of soils through clean-up activities is likely to have
limited efficacy as the size of the plastic particles decrease. Removing microplastic-sized delbris
from even the surface of soils in fields would be unfeasible in terms of cost, practicality, and
environmental protection. Already the effective removal of macro-sized mulching film debris has
become a significant cost to farmers (Zhang et al,, 2022¢). Given this situation, there is a need

to better understand the environmental fate of soil plastic pollution derived from the use of
agricultural plastic and evaluate the extent to which this pollution is reversible.

To establish the current state of knowledge, a systematic literature review on this topic was
conducted. Only a small number of studies specifically address the fate of residues from
agricultural plastic. Consequently, the literature review was widened to include other, more
general, sources of plastic pollution to determine potentially relevant fate processes.

Complete degradation of plastic is one potential mechanism through which pollution could be
reversible in soils. Conventional polymer types are not considered to be biodegradable in soils.
As the plastic particles age (e.g. through photodegradation or mechanical abrasion) they are
expected to generate fragments of decreasing size over time. The degradation of residues
derived from agricultural plastic (e.g. mulching films) has been confirmed be zero percent after
two years under field conditions (Zhao ef al,, 2021). For these types of conventional polymers,
complete degradation is expected to occur over hundreds of years (Feuilloley ef al, 2005).
Degradation does not, therefore, represent a viable mechanism for reversing plastic pollution
from conventional polymers.

In contrast, several polymers have been certified as biodegradable in the soil and are being
used in different agricultural plastic applications, including mulching films, encapsulation or
coatings and other products. International standards, such as EN 17033 (Plastics - Biodegradable
mulch films for use in agriculture and horticulture - Requirements and test methods),® which

was developed in 2018 by the European Committee for Standardization, require materials to
achieve 90 percent mineralization to carbon dioxide within two years at ambient condition

(20 to 28°Q). The plastic pollution in soils created by these products is therefore theoretically

6 EN-17033 is available at https://standards.iteh.ai/catalog/standards/cen/b09b1982-efd3-45fe-9d87-7798699e5c3¢ /en-17033-2018
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reversible. However, the actual in-field biodegradation rate has been shown to vary
significantly (Francioni ef al,, 2022). For example, a study carried out by Li et al. (2014) found

that in-field degradation rates ranged from two percent to 89 percent within two years across
different geographic locations. Biodegradation in fields follows more closely that observed in
the laboratory when thermal time?” is considered, instead of calendar time (Sintim ef al., 2020).
Soil type, soil moisture, and the size of plastic fragments generated through tilling also affect the
biodegradation ratebut adoption has been slow, in part because of uncertainties about in-field
degradation. The international biodegradability standard EN-17033 requires 20% degradation
within 2 years in an aerobic incubation at constant temperature (20-28 °C (Griffin-LaHue et al,
2022). Regular use of mulching film (e.g. annually or during multiple cycles of production per
year) could lead to an accumulation plastic in the soil and eventually the establishment of a
pseudo steady-state scenario® with relatively constant presence of high quantity of bioplastic
residues in soil (Griffin-LaHue ef al,, 2022). This has been observed in occurrence studies that
identified microplastic-sized fragments of mulching films in soils tfreated with biodegradable
films (Qi et al, 2021; Ranneklev et al, 2019). In these cases, the biodegradation of these products
never results in the complete clearance of these residues from soil. Temporary cessation of the
use of these products would be required to full reverse this pollution.

Research into the environmental fate of soil plastic pollution has uncovered a number of
important processes that affect both the mobilization and immobilization of particles. Several
processes may facilitate the export of plastic particles from soils. Plastic pollution on the soil
surface can be carried away through runoff (Han et al, 2022), erosion (Rehm ef al., 2021), and
the wind (Rezaei et al., 2019; Rezaei et al,, 2022; Abbasi et al., 2023; Yang et al, 2022b). These
processes transfer the pollution to connected environments. There is, however, some variability
in the reported efficacy of these processes in mobilizing plastic particles. Some studies have
reported minimal influence, for example in the case of surface runoff (Schell ef al., 2022) or
entrainment by wind where aggregate stability is high (Yang et al,, 2022b) . Questions remain,
therefore, about the specific role of these processes in environments where soil properties are
very different. Some of the processes that have been studied, for example the adsorption of
dissolved organic matter onto plastic surfaces, which can reduce their hydrophobic properties
and make them more mobile in soil (Ilvanic et al,, 2023). Other factors, such as soil pH and the
presence of iron and aluminium oxides, can also enhance the transport of plastic particles by
influencing how they interact with soil minerals (Ren et al, 202la; Wu et al,, 2020; Xu et al., 2024).

Other processes may facilitate the transport of plastic pollution to deeper soil layers, which
would reduce the potential to remove this pollution through surface processes. Bioturbation
(Heinze et al, 2021; Rillig, Ziersch and Hempel, 2017), particularly connected to deeper burrowing
organisms (e.g. anecic earthworms), and the influence of rainfall intensity (Zhang et al., 2022d),
irrigation (Liv et al, 2023b), and wet-dry cycles (O'Connor et al., 2019) have been shown to
initiate the vertical migration of plastic pollution in soils. Plastic particles at deeper layers of the
soil are typically less mobile due to higher soil compaction, but may still be exported from soils

7 Thermal time is the accumulation of temperature over time, usually measured in degree-days. It accounts for how heat influences
temperature-dependent processes like biodegradation, providing a more accurate prediction than calendar time alone.

8 A steady-state scenario is a condition in which all variables within a system - such as plastic debris concentration o soil
moisture - remain constant over time because the inputs and outputs are balanced, resulting in no net change in the system’s
state. Researchers often control experimental conditions to maintain a steady state in key variables, such as soil nutrients or
moisture, allowing the study of dynamic systems under stable conditions and reducing potential confounding factors.
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through groundwater transfer (Heerey et al., 2023). Other processes may actually result in the
upward movement of plastic particles, as was demonstrated in a study that investigating the role
of crop roots on the fate of microplastic in the soil (Li ef al,, 2021a).

Overall, research on the environmental fate of plastic in the soil reveals wide variabilities. For
example, two studies that looked at the fate of microplastics that were added to the soil from
sewage sludge in different environmental conditions reported completely opposite results. One
study found that more that 99 percent of the microplastics were exported from soils (Crossman
et al, 2020) and other found that more than 99 percent were retained by soils (Schell ef al, 2022).

More recent evidence shows that the level of microplastics in soils tends to increase over

time following repeated additions (e.g. Colombini et al,, 2024; Colombini et al., 2022). There
are persistent knowledge gaps regarding control scenarios that can better characterize the
processes that determine the environmental fate of plastic in the soil. Control scenarios can
be used to improve projections about whether fields with different environmental conditions
and soil types would effectively retain or export plastic particles of different sizes, shapes, or
composition. At present, there is insufficient evidence to determine the likely reversibility of soil
plastic pollution in the range of environmental settings.

An important additional point relates to the range of soil plastics that expose agricultural fields
to pollution. As has already been highlighted, fields with no documented history of plastic
exposure also exhibit soil plastic pollution. It has been suggested that atmospheric transport
and deposition of plastic plays an important role in contributing this additional load of small
plastic particles. Control fields in studies that have looked into the impact of the continuous use of
mulching film over a number of years have found increasing levels of microplastic contamination
over time (Liu ef al, 2023a). This increase could be due to confounding factors associated with
cross-contamination of microplastics through lateral transport by runoff or atmospheric drift.
Several studies have highlighted agricultural plastics as significant sources of plastic pollution in
soils, but it is important to be recognize that agricultural plastics are not the only contributors to
plastic pollution in agricultural soils. Assessments need to be made about the reversibility of the
plastic pollution from these additional sources.

Like other conventional and biodegradable plastic products, agricultural plastics contain

a mixture of chemical additives, but data on the typical chemical composition of different
agricultural plastics products are limited. Recent studies have focused on the role of agricultural
plastics as a source of common chemical additives in soil and crops. Phthalic acid esters (PAEs)
are among the most frequently studied substances. Several studies consistently reported
relatively high levels of PAEs in soils where agricultural plastics had been used, but due to
confounding factors or study limitations, these studies could not establish a statistically significant
link between the use of agricultural plastics and the increased levels of PAEs in the saoil (e.q.
Wang et al, 2021a; Sun et al, 2021a; Wang et al., 2016q; Li et al,, 2016; Li et al,, 2020a).

In some cases, however, this link was convincingly and statistically proven. A 2019 field
experiment study from China (Shi et al,, 2019), showed that the concentration of PAEs tended to
increase in soils covered with plastic mulch. This trend was not statistically significant in the soil, but
grains of wheat from these fields did show a significant increase in PAE concentrations compared
to grains from control fields. Another monitoring study in the Xuzhou region of China (Li et al,,
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2021b) demonstrated a positive correlation between plastic concentration in soil and PAEs, but
this correlation did not hold across all soil types or environmental conditions.

The assessment of the contribution of agricultural plastic as sources of plastic chemical additives
to soil and crops is difficult because there are no chemical additives that can be used as specific
markers for agricultural plastic (i.e. chemicals that are used only agricultural plastics). Most plastic
chemical additives are produced in very large volumes from diffuse sources. These additives can
enter the atmosphere as gases or as particles. Soils and crops can therefore be contaminated
directly from atmospheric depositions by diffuse non-specific sources. Despite these confounding
factors there is evidence that some agricultural soils have relatively high levels of some plastic
chemical additives, and that agricultural plastics are among the most important sources for this
pollution (Chen et al,, 2024). Research on the role of the mismanagement practices of agricultural
plastics in increasing the exposure of soils and crops to plastic-borne chemicals is still at a
relatively early stage. Increasing the knowledge base in this area should be seen as a priority.

2.5 IS PLASTIC POLLUTION A CONCERN FOR THE HEALTH OF
AGRICULTURAL SOILS?

The claim that plastic pollution in soils is likely to change the physical, chemical, and microbiological
properties of the soil is supported by a large number of scientific studies published during the last
eight years. The systematic review revealed 213 scientific studies from international academic
peer-reviewed journals that reported the results of experimental assessments. Review papers

(31 percent of the total number of retrieved publications) are excluded from this number. Over
80 percent of the experimental studies were published in 2022 or later. Even though this area of
research is very new, the unfolding body of evidence is already conspicuous.

The studies covered a broad range of approaches and examined a wide spectrum of effects.
Ninety of these studies focused on experiments conducted on batches using unstructured

soil samples; 92 studies carried out pot or mesocosms experiments; and 16 studies ran field
experiments where plastic pollution was added to natural or agricultural soils. Fifteen papers
described monitoring approaches that attempted to identify the correlations between the level
of plastic pollution in soils and some soil property or function across sites with differing levels of
soil plastic contamination.

From these numbers in can be seen that nearly 70 percent of the studies (182 in total) focused on
controlled experiments to establish a causal link between the addition of plastic debris to soil
and changes in some soil properties (Figure 3). Tested materials were mostly microplastics or
mesoplastics (e.g. plastic debris larger than 2.5 cm in at least one dimension). However, some
studies focused specifically on the effects of the debris from mulching films and used larger plastic
residues artificially generated by manually cutting the source materials. As illustrated in Figure 3,
most of these studies focused on measuring changes in the physical and hydraulic properties of
the soil (83 studies), the structure and functions of soil microbiota functions (126 studies), or both
types of effects. Other studies investigate the effects of plastic debris on the carbon budget

(12 studies); macronutrient budgets and availability (24 studies); heavy metal speciation?®

(21 studies): and the behaviour of pesticides and other organic chemicals (6 studies).

9 Speciation refers to the different chemical forms in which a substance (e.g. a metal or pollutant) can exist in the environment.
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FIGURE 3. Typology of experimental works and studied effect endpoint in the
analysis of plastic pollution impacts on soil health
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Source: Authors' own elaboration.

The studies utilized a broad range of different test materials in terms of composition, size, shape,
and origin of the plastics that were added to soils during the experiments. This can make direct
comparisons of the results challenging. Often, virgin plastics (e.g. microspheres or grinded new
pellets) were used as test materials. However, many studies utilized delbris obtained from cutting
or grinding agricultural plastics, especially mulching films based on high density polyethylene
(HDPE), polylactic acid (PLA) and polybutylene adipate-co-terephthalate (PBAT). Other tested
materials included debris, microspheres, or fibres made of polypropylene, polyvinyl chloride
(PVQ) and polystyrene.

Most of the studies (182 or. 85 percent) observed a statistically significant effect of plastic on at least
one endpoint among those considered (Figure 4). These effects were observed regardless of the
type and scale of the experiments; the targeted effects; the size, type, and source of the tested
materials the soil type; and the applied dose. Only four studies observed no significant effects.
The remaining studies were based on environmental monitoring aimed at identifying correlations
between levels of plastic in soils and soil properties changes. Environmental monitoring, in
principle, does not allow for the identification of causal relations between the variables.
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FIGURE 4. Effects of plastic pollution on soil properties from experimental studies

Summary of main outcomes on effects of plastic
on soil properties from controlled experiment studies

149

»
P A

144

. Number of studies also testing
concentrations above 0.05% that
yielded significant effects

Number of studies testing
. concentrations above 0.05% that
did not yield significant effects

-
-

189 33

Number of studies reporting Number of studies that only
no significant effect on soil tested concentrations above 33
properties 0.05% of plastic in soil
Number of studies reporting I Number of studies that also Number of studies also festing
at least one significant effect tested concentrations below concentrations below 0.05% that
on soil properties 0.05% of plastic in soil yielded significant effects
. . Number of studies also testing
. Tl}l]umber of sTUldleslfor Wll'gCh i . concentrations below 0.05% that
© EXposUre Ievels couldino did not yield significant effects
be quantified

Source: Authors' own elaboration.

The very high frequency of observable effects (Figure 4) in experimental studies is remarkable.
These results raise the question of whether the studies were conducted using unrealistically

high exposure doses. Figure 5 depicts the number of studies that tested for effects on soil
properties at any given value of the concentration gradient, regardless of the type, shape,

and size of the plastics added to soil. Most of the studies focus on concentrations of plastic in

the soil that range between 0.1 and 1 percent. This range is often considered as representative
of extreme pollution scenarios, for example scenarios typical of severe mismanagement of
agricultural plastics. There are some studies that address lower concentration ranges. Eighty-two
studies (38 percent) focused on a single level of concentration. Other studies considered

two or three levels, typically covering two or three orders of magnitude in the concentration
gradient. Regardless of the approach, significant effects were observed at the lowest tested
concentrations in about 90 percent of the studies. This indicates that the safety thresholds given
by the non-observable-effect concentration of plastic in soil could not be identified in most of the
studies and that such thresholds are relatively low.
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FIGURE 5. Number of studies that observed an effect of plastic pollution on
soil health along a concentration gradient
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Identifying the order of magnitude of a safety threshold (i.e. the maximum level of plastic
pollution that can be tolerated by soil before exhibiting any significant change in chemical,
hydraulic, or physical properties or in soil macrobiotic community structure and function) remains
challenging. Determining an estimate of such a threshold is pivotal for assessing ecological risks
and protecting natural and agricultural soils.

To better understand safety thresholds, it is useful to consider the studies that investigated the
lower range of plastic concentrations. To date, 33 studies have tested concentrations below
0.05 percent of plastic in soils. This level can be viewed as representative of agricultural

soils, including soils that were not subject to intense inputs of microplastics or extreme cases

of agricultural plastic mismanagement. This particularly informative subset of studies, which
encompasses a wide range of approaches and tested materials, includes 16 experiments
conducted in laboratory conditions using unstructured soil samples; 16 pot or mesocosms
experiments; and 6 field-scale experiments that considered micro-, meso- and macroplastics
from different origins and with different chemical compositions that included conventional
polymers and biodegradable materials based on PLA and PBAT. The examined effect
endpoints of these experiments covered the full spectrum of parameters and processes, including
the physical and hydraulic properties of the sail; the structure and functioning of the microbiota
community structure and functioning; the carbon budget; the availability of macronutrient, metal
speciation and the behaviour of pesticides and other organic chemicals in the sail.
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These studies that focused on the lower range of the exposure gradient all provided evidence of
one or more significant effects. The lowest concentration yielding observed significant effects on
any soil property was 0.001 percent of plastic in soil. Significant effects at this lower-end range of
exposure were observed in four studies (three pot experiments'® and one field experiment). One
of these pot experiment (Ren et al, 2021b) used polystyrene nano-microplastics ranging in size
between 70 nanometres and 5 microns; the second pot experiment (Boots, Russel and Green,
2019) used both conventional (HDPE) and degradable (PLA) microplastics, as well as synthetic
textile fibres (the latter tested at the 0.001 percent concentration); the third pot experiment

(Xu et al, 2023) focused on polystyrene nanosphere (500 nanometres). The field experiment
(Koskei et al., 2021) used both conventional (HDPE) and degradable (PLA) mulching film residues
in the macroplastic range (5 cm hand-cut squares) that were mixed into agricultural soil.

Plastic products can release chemical substances used in their formulation into the soil, and
these chemicals poses risks to soil health. Agricultural plastics may contain a range of substances
added during manufacturing to achieve specific properties and durability. These substances
include plasticizers (e.g. PAEs and bisphenols), antioxidants, UV filters, surfactants (e.q.
perfluoroalkyl and polyfluoroalkyl substances - PFAS), processing aids, metals, metalloids and
other substances.

As plastic ages in soil, it is believed these substances can migrate from the polymer to the soil
and soil water. The rate at which chemicals are released from the polymer will depend on
the polymer's characteristics, the extent of ageing, the chemical and physical properties of the
substances, and environmental conditions.

Biodegradable plastics also contain chemical additives. These plastics degrade more quickly, so
the chemicals additives are likely to be released into the soil at faster rates than for conventional
plastics. In this area of research, plasticizers are the most studied chemicals additives. Depending
on the type of polymer and their intended function, plasticisers can represent between 10 percent
and 70 percent of the plastic's total weight. Agricultural plastics could potentially represent an
important source of plasticizers in the soil. Plasticisers typically make up to 20 to 60 percent of
mulch films (Viljoen et al., 2023). Some plasticizers are known to have endocrine-disruptive
effects on humans and other animals. They also potentially have properties that are mutagenic
(causing genetic mutations), teratogenic (causing developmental malformations or birth defects
in a developing foetus) and carcinogenic (Guo et al, 2012; Net et al,, 2015). Several substances
that are classified as PAEs are now considered priority pollutants by the EU and the United States
Environmental Protection Agency (Viljoen et al.,, 2023).

However, the extent to which agricultural plastics contains hazardous chemicals is not well
known. Apart from limited provisions for biodegradable plastics certified for soil use under
regulatory standards (e.g. EN 17033 in Europe) regulations do not specify any requirements for
the formulation of agricultural plastics because they are not considered to be materials that
come in contact with food.

10 pot experiments are studies that focus on the effects of specific factors (e.q. plastic concentration in soil)on plant growth or health,
conducted in pots. These studies are similar to mesocosm experiments, but generally lack the use of structured soil columns.
Artificial watering and controlled nutrient addition are typically applied to observe plant responses under regulated conditions.
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Additionally, PAEs and other chemicals that are used as plastic additives are released into the
atmosphere from various sources, not only agricultural plastics. Once airborne, these chemicals
can enter the soil through atmospheric depositions. The transfer of plastic to soils through
practices such as biowaste fertilization, wastewater irrigation, and littering can also contribute
to the presence of chemical additives in soils. Consequently, establishing a direct link between
chemicals in agricultural plastics and risks to soil health is difficult. Some evidence has linked
agricultural plastics to high levels of certain plastic additives in soil or crops (Shi et al., 2019;

Li et al,, 2021b). However, this remains a poorly understood risk factor for environmental and
human health, and warrants the prioritization of further research.

NAVIGATING THE COMPLEXITY OF RISK THRESHOLDS, AND
PLASTIC INTERACTIONS WITH SOIL

Plastic pollution consists of a complex range of materials that have a wide range of sizes,
properties, and chemical compositions (Koelmans et al., 2022). The size of the plastic particles is
a particularly important in the determining the interactions between plastic debris in the soil, the
natural structures of the soil and soil biota.

The smallest habitats for organisms in the soil consists of micro-sites ranging of 2 to 250 microns
(Rillig, 2012). Most processes that sustain the cycling of organic matter in the soil and maintain soil
fertility are carried out by microorganisms in these micro-sites and associated biofilms.

Micro- and nanoplastics have the same dimensions as these micro-sites. As a result, these
materials may interfere with these processes, for example by occluding micropores, which affects
biofilm composition, or by introducing exotic microbiota (Rillig, 2012).

Soils are self-organizing complex systems and their responses to disturbances caused by the
presence of plastic pollution can be highly variable, non-linear and difficult to predict. Effects
cascading from the initial interactions of plastic with the soil can have far-reaching indirect
consequences at different scales and on various components of the soil. Depending on the size
and shape of the plastic, in particular, impacts can result from alteration of soil properties (e.q.
affecting formation of aggregates and porosity) or directly from histological (microplastic) and
cellular (hanoplastics and chemical additives) interactions (Hurley and Nizzetto, 2018).

Microplastics are relatively large pollutants compared to chemical contaminants. Plastic debris
larger than 100 nanometres are hardly ever taken up into crops and the bodies of other living
organisms (Zantis et al, 2023). Organisms exposed to particles of this size are unlikely to exhibit any
direct physiological responses. However, macroplastics and larger plastic debris can modify the
habitats of soil organisms, which can have indirect impacts on different soil properties and biota.

When plastic pollutants have indirect habitat-mediated effects on soil organisms, a linear
dose-response relationship should not be expected. This situation complicates the definition

of risk thresholds. In contrast, micro- and nanoplastic debris and chemical additives, both of
which can be generated or released by larger particles of plastic, can penetrate the protective
layer of cells (epithelial tissue) and cause direct physiological responses. These responses may
exhibit a more typical linear dose-effect relationship. Because plastic pollution in the soil includes
particles of different dimensions and chemical composition that interact with the soil ecosystem
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at multiple scales, assessing risk thresholds for soil health in relation to plastic pollution requires a
holistic ecosystem approach, which has not yet been fully developed. The lack of an established
approach to address this question is an important knowledge gap.

2.6 WHAT CHANGES CAN PLASTIC POLLUTION CAUSE IN
SOILS PROPERTIES AND MICROBIOTA UNDER REALISTIC
EXPOSURE SCENARIOS?

Several studies have analysed the responses of soil ecosystems to the addition of plastic delbris.
Most of these studies focus on high, but plausible and exposure scenarios (e.g. 0.1to 1 percent

of plastic in the soil) that have been observed in both laboratory and field studies. However, to
determine whether and how plastic pollution represents a generalized concern for soil health,

it is important to delve specifically into the results recently obtained by studies conducted in pot
or mesocosms experiments, or better yet field experiments, under relatively low dosage (e.q.
greater than 0.05 percent of plastic in the soil). These studies better reflect the exposure of soils
affected by agricultural plastics, as well as the range of other possible sources of plastic pollution.
It is also important to concentrate on studies that examine the responses of soil properties that
are critical for soil fertility and sustainable agricultural production.

Among the soil characteristics that have been screened for responses to plastic pollution are
physical and hydraulic properties (e.9. porosity, bulk density and soil aggregate stability).
These are fundamental indicators of the ability of the soil to retain water. This ability in turn
affects the energy balance in the soil, and the broader regulation of water chemistry and the
microbial community. The physical structure of the soil is also critical for plant germination, root
development and primary agricultural production.

Studies have shown that several properties that are critical for soil functionality and fertility
respond to stress caused by plastic debris in soil. Examples of the soils properties that were
affected include soil aggregation processes and aggregate size and stability (e.g. de Souza
Machado et al, 2018; Lozano et al,, 2021) soil porosity (e.g. Jiang et al,. 2017), and soil moisture
dynamics (e.g. hydraulic conductivity, water holding capacity, and surface desiccation) (e.g. Wan
etal, 2019; Qi et al,, 2020b).

More recent studies have revealed the sensitivity of different soil properties to low concentrations
of plastic. Experiments in which microplastics particles of varying sizes (e.g. 5 microns) and shapes
were added to structured soil columns at low concentrations (0.05 percent) found that the water
holding capacity of soil was reduced and the water infiltration rate increased (Gu et al, 2023).

A long-term field-scale experiment that involved the controlled addition of mulching film
residues (two to three cm in size) showed significant effects on water storage and water in
the soil of fields that had been under cotton cultivation for over two years. In this study, the
concentration of plastic in the soil was very low (0.006 percent) (Wen et al,, 2023).

A similarly designed multi-year study that investigated the effects of the residues of conventional
and degradable mulching film (5 cm in size) in the soil of a maize field showed significant effects




State of research on the impacts of plastic pollution on soil health and crops

on soil bulk density," porosity, and soil water storage. These effects were especially pronounced
two years after the addition of the plastic delbris. The concentrations of both types of plastic was
between 0.002 and 0.004 percent (Koskei et al., 2021).

This experiment was repeated under similar environmental conditions and focused on the effects
of residues of polyethylene mulching film of different sizes (from 4mm to 10 cm) over a three-year
period. This study used higher concentrations of plastic (between 0.02 and 0.04 percent).

Results revealed similar responses in soil hydraulic properties, bulk density and soil aggregate
size distribution, especially caused by the smaller delboris. It was observed that after 30 days

of exposure to synthetic microfibres, the aggregate structure of the soil was affected by small
particles of microplastic at concentrations as low as 0.001 percent (Boots, Russell and Green, 2019).

Another key property considered in a number of effect-focused studies is soil pH (e.g. Bootfs,
Russell and Green, 2019; Qi et al, 2020b). The pH scale measures soil acidity, which is associated
with a number of properties and functions that are pivotal for soil fertility. These include nutrient
availability, microbial activity, and organic matter decomposition. Changes in soil pH can affect
plant physiology by altering nutrient availability, reducing root uptake efficiency, or causing direct
toxic effects. Modifications in soil pH can also increase the bio availability and toxicity of metals
present in soil. Increased acidity can lead to leaching of minerals that help maintain soil structure.

Studies showed that the addition of plastic particles to the soil can cause a change of up to one
point in soil pH. Such a change, especially when it occurs in the central neutrality range of the

pH scale, can have a substantial effect on nutrient availability and the bioavailability of toxic
metals.? This type of response has been induced in experimental work following treatments with
HDPE, PLA or PBAT pairticles or film residues such as those that can be released by mulching films,
at concentrations as low as 0.01-0.05 percent, especially in mesocosm experiments (Zimmerman
et al, 2020) or even field experiments (e.g. Boots, Russell and Green, 2019; Zhang et al,, 2023b;
Greenfield et al, 2022; Dong et al,, 2024).

Biological processes regulated by the soil microbiota have also been observed to be sensitive
to the addition of plastics in soil (Huang et al,, 2019; Fei et al, 2020; Rong et al,, 2021). The
composition and functioning of the soil microbial community are closely connected to several
soil properties. These processes drive nutrient cycling, contribute to the degradation of organic
matter, and influence the amount of carbon in the soil. They also affect the speciation, fate and
bioavailability of toxic metals, pesticides and chemical additives, including those released from
the plastic itself.

The mechanisms and the full extent to which agricultural plastic residues and the chemicals they
contain can interfere with soil microorganisms and the causal relations that determine their
co-variance with other soil properties are not yet fully understood. Nevertheless, all the studies

Soil bulk density is a measure of the mass of soil per unit volume, typically expressed in grams per cubic centimeter (g/cm3).

Soil bulk density includes both solid particles (minerals and organic matter) and the pore spaces between them. It is a critical
parameter linked to essential processes (e.g. water movement, root penetration, and soil aeration) often used as an indicator
of overall soil health. Higher bulk density values often indicate compacted soil, which may restrict root growth and reduce water
infiltration and aeration, whereas lower bulk density suggests a looser soil structure, generally favorable for plant growth.

12 Bioavailability refers to the extent a substance becomes available to living organisms for uptake.
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that looked at the effects of plastic residues on soil microbial communities have yielded significant
results, even at relatively low concentration of plastic. For example, an increase of 0.1 percent
HDPE or PLA in the soil decreased bacterial diversity and richness, and changed the composition
and activity of bacteria that support the cycling of nitrogen in the soil (Zhang ef al, 2023b; Lian
et al, 2022) Also, conventional plastics (e.g. polyethylene) and biodegradable plastics (e.g.
PBAT-based) mulching film residues at concentrations estimated around 0.1 percent of plastic

in soil were shown to affect the microbiome. Concentrations at this low level were also shown

to increase nitrogen fixation and organic nitrogen degradation. Plastic at these concentrations
also affect the plants synthesis genes, and decrease their nitrification genes, leading to higher
ammonium concentrations and depletion of nitrite and nitrate in the soil (RUthi et al., 2023). A field
study on the use of microplastics of conventional and degradable polymers added at levels that
were ten time lower (i.e. 0.01 percent) also concluded that plastic residues induced a change in
nitfrogen cycling. The total nitrous oxide emissions were altered, especially by the occurrence of
conventional film residues, which caused a two-thirds decrease compared to the cumulative flux
in control settings. In this case, however, no significant changes in the composition of the microbial
community were detected (Greenfield ef al, 2022). The addition of 0.005 percent of conventional
microplastics (polypropylene and polyethylene) at the submicron scale (i.e. 0.7-5 microns)
significantly increased the activity of nitrogenase (a bacterial enzyme that is crucial for fixing
biological nitrogen in the soil) and changed the taxonomic profile of rhizosphere bacteria and
had an especially notable effect on the abundance of bacteria involved in nitrogen cycling.
Similar results at low microplastic exposure levels have also been confirmed by other studies
conducted with different types of soils and plastic residues (e.g. Xu et al., 2023).

Researchers have also studied the effect of relatively low levels of soil plastic pollution on
other important processes driven by soil microbes. For example, the addition of 0.01 percent of
polyethylene microplastics in rice paddy soil altered the succession of the bacterial community
during the decomposition of soil organic matter, which affected the carbon dioxide emissions
from the soil (Xiao et al,, 2022).

One question that has been under investigation is whether plastic contamination in the soil and
the chemical additives they contain can affect the availability and distribution of toxic substances
(e.q. pesticides, heavy metals, metalloids, or other organic contaminants). Of the twenty-seven
scientific papers that have looked into this question, 18 focus on heavy metal speciation and
bioavailability, and the remainder focus on pesticides or organic contaminants. Significant effects
on speciation and availability of toxic metals in soils have been observed at plastic concentrations
as low as 0.01 percent in pot and mesocosm experiments (Chen et al, 2022b). These effects have
noteworthy implications for soil properties, plant growth, and microbial communities, as reported
across several studies, including Chen et al. (2022b). Studies conducted with environmentally
plausible concentrations of plastics in soils showed that microplastics can either reduce or increase
the mobility and availability of heavy metals (e.g. cadmium, copper, and zinc) depending

on the types of plastics (and including both conventional and biodegradable plastics), their
degradation status, soil typology, and the presence of other contaminants (Li et al., 2023¢;

Sun et al, 2024; Wen et al,, 2022; Wang et al,, 2024b; Liu et al., 2023¢).
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THE EFFECTS OF MICROPLASTICS ON SOIL ORGANISMS

An important new area of research focuses on the impacts of microplastics on soil invertebrates
(e.q. earthworms, arthropods). This research was not part of the systematic review on
microplastics effects on soil fertility and crops addressed by this report. Nevertheless, results of
recent studies conducted under realistic or prolonged exposure conditions are noteworthy.

Soil invertebrates are important for determining soil properties and maintaining soil health.
Most of the available studies were conducted in laboratory settings and focused on how
exposure to microplastics affects groups of individual species. They have typically considered
exposure to particle types that were not specifically related to agricultural plastics. Most
available studies also focused on high levels of concentration. Some of these studies have
highlighted significant effects on mortality, reproductions and other physiological or behavioural
responses (e.g. Qiu et al., 2022). However, only a limited number of studies have focused on
more complex exposure and experimental scenarios (e.qg. field or mesocosms experiments).

A study conducted under realistic exposure condition (0.05 percent of plastic in soil) showed
that earthworms exposed to weathered microplastics originating from polyethylene mulching
films, suffered tissue lesions other conditions and had increased levels of pathogenic bacteria

in the gut. These effects also appeared to impact the metabolism of the earthworms. The study
showed in particular that aged microplastics, with the same characteristics as those found in the
environment, have greater toxicity than pristine microplastics typically used in ecotoxicological
tests (Jiang et al, 2023). Other studies showed that prolonged (e.q. several weeks) exposure to
conventional mulching film residues at realistic concentrations™ can affect the composition of the
soil invertebrate community (Huang et al., 2023), and that earthworms can drag plastic mulch
residues into their burrows. This can result in a redistribution of plastics in the soil profile, which
could accelerate the ageing and fragmentation processes of these residues (Zhang et al,, 2018).
One study exposed springtails (class Collembola) to conventional and biodegradable mulching
films-derived microplastics under a broad range of concentrations that reflected both realistic
exposure scendarios for soils and highly contaminated soils. These organisms did not experience
effects on reproduction, survival, endocrine disruption, mutagenesis or developmental toxicity in
any of the five generations tested (van Loon et al., 2024).

Knowledge on the effects of plastic residues and microplastics on soil invertebrates under realistic
and prolonged exposure scenario remains limited. Given the important role of soil invertebrates
for soil health and fertility, addressing this knowledge gap through carefully designed
mesocosms or field-scale experiments is important.

The total number of available studies addressing effects of microplastics originating from the

use agricultural plastics on soil invertebrates is still limited, but it is an expanding research area.
Plastic debris in soil can act as habitat modifiers and can interact directly with these organisms
causing effects that are not lethal (Figure 6). Future studies need to focus on both the indirect and
direct effects of plastic on soil invertebrates through prolonged multigeneration studies.

13 Refers to the actual levels of plastic pollution found in real-world environmental conditions, rather than in laboratory or
experimental settings.
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EFFECTS OF MICROPLASTICS ON POLLINATORS N

Pollinators, especially bees, are exposed to microplastics through contaminated nectar, pollen,
water, airborne particles, and nesting materials. Laboratory studies on honeybees show

that microplastics can accumulate in the gut, tracheae, and even the brain, causing intestinal
damage, oxidative stress, altered gut microbiota, and behavioural changes such as impaired
learning and food intake. Nanoplastics may pose even greater risks due to their small size and
ability to cross biological barriers. Most evidence comes from studies using high concentrations
and focuses on honeybees, while effects on wild pollinators like bumblebees or hoverflies
remain largely unknown. Microplastics may also indirectly affect pollinators by altering floral
resources, soil conditions, or pesticide exposure. Field studies are needed to understand the
implications for pollination services and food security (Sheng et al,, 2024).

2.7 DOES SOIL PLASTIC POLLUTION AFFECT PLANT HEALTH
AND CROP PRODUCTION?

Plastic pollution in the soil is likely to affect plant growth, crop quality and quantity, and the
uptake of toxic substances from the soil. These effects have been observed at environmentally
plausible concentrations. The systematic review revealed that, since 2016, 114 scientific studies
from international peer-reviewed journals had addressed this question. Review papers

(32 percent of the total number of retrieved publications) are excluded from this number.

As observed for the literature on soil effects, 80 percent of the experimental studies were
published during and after 2022. Nearly all reviewed studies show that exposure to plastic
debris in a range of configurations (hano-, micro- or macroplastics) affect one or more aspect of
plant growth and quality. Only two studies (van Loon et al., 2024; Chu et al., 2023) that reported
on experiments with low exposure levels of plastic concentrations in field conditions reported
non-significant effects produced by either conventional or biodegradable plastics. Four other
similar field-scale experiments conducted with addition of microplastics made of conventional
polyolefins to real agricultural soils, reported instead adverse effects on plant growth and

crop yield and quality, including at levels as low as 0.01 percent of plastic in soil (Zhou et al.,
2023q; Guo et al, 2024; Palansooriya et al., 2024; Wu et al,, 2022). Two additional field-scale
experiments show that large debris of both conventional and biodegradable plastic films can
affect distribution and growth of non-agricultural plants on sandy littoral soils (Menicagli et al.,
2023; Menicagli et al,, 2020).

Most of the studies included in the systematic review were conducted under realistic conditions for
plant growth: 68 studies focused on experiments conducted in pot or mesocosms; 10 were field
experiments; and 22 studies described experiments conducted in hydroponic conditions. The
remaining studies were either laboratory experiments, monitoring studies or modelling studies
(Figure A2.1'in Appendix 2.). Thus, over 70 percent of the studies (81 in total) focused on controlled
experiments to establish a causal link between the addition of plastic debris to soil and observed
changes in plant growth, physiology, or health. For 70 of these studies, the exposure level was
indicated in percentage of plastic mass in soil (or could be translated into these units) and this
enabled the contextualization of the exposure scenario in terms of its environmental plausibility
(Figure 7). This type of analysis highlights the prevalence of studies conducted at concentrations
above 0.05 percent of plastic in soils. Only eight studies addressed low exposure levels.
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FIGURE7. Proportion of studies on plant effects conducted in realistic exposure scenarios
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Figure A2.2. in Appendix 2 details the number of studies addressing effects on plants of plastic in
soil, organized by typology of experiment. Regardless of exposure levels in the different studies,
in about 90 percent of the experiments, significant effects on plant growth or quality were
observed at the lowest tested concentrations. This finding indicates that the currently available
body of evidence is inadequate to draw an accurate assessment of a safety threshold to protect
plants from soil plastic pollution. Figure A2.3 and A2.4 in Appendix 2 provides an overview of the
frequency at which different plastic concentration ranges have been included in the reviewed
studies. Regardless of characteristics and composition of plastic pollution, such a threshold can be
estimated to lay below the 0.05 percent level.

Tested materials included mostly microplastics or mesoplastics (e.q. plastic delbris larger than

2.5 cmin at least one dimension). Some studies that focused on the effects of mulching film debris,
utilized larger residues that were artificially generated by manually cutting the source materials.
These residues were obtained from both conventional mulch film (e.g. LDPE) and a range of
biodegradable films (primarily based on PLA or PBAT).

As for soils, research on the effects of plastic pollution on plants also focused on multiple effect
endpoints (Figure 8). Studies that focused on effects on growth or crop yield accounted for over
60 percent of the studies.
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FIGURE 8. Targeted effect endpoints by number of studies
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Looking more in detail into the studies conducted under more realistic exposure scenarios
(field, mesocosms, or pot experiments, and plausible plastic concentrations, such as lower
than 0.1 percent) reveals a broad range of observed responses by plants growing in plastic
contaminated soils. These included:

| Growth inhibition
There is a prevalence of observed inhibitory effects on individual plant growth or crop
yield (e.g. Wu et al,, 2022; Wang et al,, 2024c¢; Zhang et al,, 2023b; Zhang et al,, 2023¢;
Tong et al, 2022). On the other hand, some studies indicated that microplastic at low
concentrations might promote growth in some parts of plants (e.g. Lozano et al,, 2021;
Wu et al, 2022; Lian et al,, 2021; Grifoni et al., 2024). These findings showcase a complex
relationship between the characteristics of microplastics and plant response, which can be
mediated by changes in the soil habitat induced by the plastic delbris.

] Physiological stress responses
Plants exhibit defensive responses to plastic pollution in soil through altered antioxidant
enzymes activity (e.g. Zhang et al., 2023b; Sun et al., 2023a; Pehlivan and Gedik, 2021;
Li et al, 2024).

] Altered rhizosphere microbial community structure and activity
Both biodegradable and non-biodegradable microplastics can alter the structure and
diversity of soil microbial communities, including arbuscular mycorrhizal fungi (AMF), which
play a critical role in plant health and nutrient uptake (e.g. Tong et al,, 2022).
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] Nutrient uptake
Different types of plastic mulch residues were observed to significantly affect the total
nitrogen and magnesium uptake by plants, with potential impacts on plant nutrition and
health. Such an effect can potentially be mediated by changes induced by plastics in the
soil (e.g. Dewi et al., 2024).

[ ] Soil-plant contamination dynamics
The presence of microplastics can enhance the bioavailability and mobility of heavy
metals in the soil, influencing the absorption and accumulation in plants (e.g. Lin et al,
2002; Wang et al,, 2020).

Based on this evidence, the burgeoning plastic contamination in agricultural soils should be
considered as a concern for both food safety and security.

2.8 ARE CURRENT LEVELS OF PLASTICS MEASURED IN
AGRICULTURAL SOILS SAFELY BELOW THE EFFECT THRESHOLD
FOR SOIL HEALTH AND PLANTS?

A meta-analysis encompassing a critical assessment of the full body of evidence from scientific
literature on exposure and effect studies, reveals that several agricultural soils may already be in
the 'risk zone' and may already face adverse impacts on both soil health and plant production
and quality (Figure 9). The meta-analysis aggregates a high level of variability and uncertainty,
nested in the different methodologies and experimental approaches adopted by researchers
around the world to analyse plastic contamination in soils and assess effects produced by different
types of plastic debris on soil and plant health. The analysis therefore enables the elaboration of
a truly evidence-based critical overview aggregating, in this case, data from 371 studies.

The results suggest that:

] All agricultural soils analyzed so far by different studies appeared to be diffusely
contaminated not only with debris released by agricultural plastics but also from plastics
of different origins and typologies.

] Current contamination levels observed in over 50 percent of agricultural soils analysed fall
within the range of concern for adverse effects on soil health and plant production and
quality.

] The mismanagement of mulching film, which is prevalent in some regions of the world,
is reflected in the characteristic profile of soils contaminated by these plastic materials.
However, plastic pollution in agricultural soils is typically heterogeneous, encompassing
a mix of macro-, meso-, micro- and possibly nanoparticles in a variety of shapes and
compositions. The effects are mediated by this complex mix of materials in soils rather than
by specific interactions of one or several types of particles.

[ ] Because of the complexity and diversity of plastic soil contamination, risk assessment
approaches should be designed to capture the multiple types of interactions that plastic
debris can have on soil components and biota, in order to consolidate knowledge on
safety thresholds.
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Plastic pollution in agricultural soils is widespread and is not easily reversible. Soil plastic
concentrations are likely to increase over time because of use and mismanagement of
agricultural plastics, atmospheric depositions, and other sources. Immediate actions are
therefore necessary to limit further plastic pollution in agricultural soils, safeguarding food safety,
quality, and security. Preventing releases of agricultural plastic into soils and the environment is
essential to protect agricultural production and food quality, but it is a challenging undertaking.
Addressing the diversity of processes that lead to plastic accumulation in soils will require
ambitious policies and a fundamental shift in how plastic is used and managed in agriculture
and other sectors.

Few studies have examined the longer-term effects of plastic debris accumulation in soil from
agricultural plastics, particularly mulching films. Seventeen studies address the effects of plastic
residues on soil properties and/or plant growth and quality under field conditions (Koskei et al,,
2021; Wen et al.,, 2023; Greenfield et al.,, 2022; Schopfer et al, 2022; Chu et al.,, 2023; Zhou et al.,
2023a; Wu et al, 2023; Uzamurera et al., 2023; Liu et al,, 2023d; Sun et al, 2023b; Bian et al.,
2022; Xiang et al,, 2024; Ma et al., 2023; Brown et al., 2022; Hu et al,, 2020; Ding et al., 2023;
Yang et al,, 2023b; Zhang et al, 2023¢; Quan et al,2024; Tan et al,, 2015; Zhang et al.,, 2022e).
However, only four had a time frame that extended beyond 3 years (Ding et al., 2023; Yang
etal, 2023b; Quan et al, 2024; Tan et al, 2015; Zhang et al,, 2022¢e). These studies presented

FIGURE 9. Overlap between measured plastic levels in agricultural soils
and the concentrations of plastic observed to affect soil properties and
plant growth or quality
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varying conclusions, reporting both positive effects and long-term negative impacts on soil
fertility. These apparently contrasting outcomes likely derive from the different experimental
conditions adopted, different plastics, differences in measured endpoints and especially
different approaches in framing the research questions, the context, and definitions of positive
or negative effects. Hence, knowledge on the long-term impacts of agricultural plastics used in
fields remains insufficient.

2.9 CAN PLASTICS DEBRIS OR CHEMICALS PRESENT IN PLASTIC BE
TRANSFERRED FROM SOIL TO THE CROP AND FOOD?

Thirty-three studies investigated the uptake of nano- and microplastics or of plastic-related
chemicals by crops. Nearly all of them produced evidence that both plastic-related chemicals
and very small plastic debris (e.q. in the nanoscale range) are taken up by plants in
experimental conditions, including hydroponic conditions and soil-based cultivation (e.g. Liu
etal, 2022¢; Wang et al, 2016; Xu et al,, 2021; Kim et al., 2024; Sun et al,, 2021). Several widely
consumed plants were targeted in the studies. Five crop species received the most attention:
maize, wheat, rice, lettuce, and cabbages. These crop species were investigated for plastic
and/or related chemical uptake in 78 percent of the studies screened. Figure 10 summarizes
the chemicals considered in the crop uptake studies. Among the chemicals used for exposure
experiments, dechloranes, phthalates, and brominated flame retardants were investigated in
more than half of the studies. Several studies focused on the uptake in roofts. Six of these studies
also looked at the plants' edible parts, (Kim et al., 2024; Dong et al., 2021; Li et al,, 2023b;
2023¢; Tang et al., 2023; Abdolahpur Monikh ef al, 2022) and demonstrated the possibility

of translocation following uptake by the roots. Four of these studies were conducted in pot or
mesocosm experiments under realistic growth conditions (Kim et al,, 2024; Li et al., 2023b; 2023;
Abdolahpur Monikh et al, 2022). It is noteworthy that the uptake of both plastics and related
chemicals within the same exposure experiment was never investigated.

Evidence shows that nanoplastics or, more generally, plastic debris smaller than 1 micron can
be taken up by plants. In a recent review paper, which described various mechanisms through
which particles of different sizes can enter both root and aerial plant tissues, model simulations
aligned well with experimental observations (Liang et al, 2023b). So far, the evidence of

the translocation of nanoplastics to edible plant parts is mostly confined to root vegetables.
However, some preliminary studies seem to confirm that nanoplastics can also be translocated
to above ground edible parts of plants, for example in lettuce and cereals (Li et al., 2023b;
2023¢; Tang et al., 2023; Abdolahpur Monikh et al., 2022).
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FIGURE 10. Prevalence of plastic chemical additives in studies on uptake in edible plants
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Technical challenges still affect the analysis of nanoplastics (Pei et al., 2023). However, the
existing evidence of uptake and translocation of plastic and plastic-associated chemicals are a
source of concern for plant health and food safety. Thousands of chemicals are associated with
plastic materials and their fate in plants and through the food chain is still poorly understood.
According to most of the analysed studies, both chemicals and small plastic debris are first taken
up through the roots (Li et al,, 2020b; Bonato et al.,, 2022), but absorption through the leaves
from the air is possible for chemicals typically used as plastic additives (Zeng et al.,, 2022). Roofs,
shoots, or stems are usually collected for chemical or plastic quantification, but half of the studies
did not analyse the edible parts of those crops. A complete understanding of the implications of
soil plastic pollution for food safety is far from available. Nevertheless, more recent studies are
paving the way for future research to focus on this aspect (e.q. Liu et al., 2022¢).

It is well known that certain practices expose farm animals to ingestion of agricultural plastics,
especially chopped net wrap used in haybales (Pizol et al,, 2017; Gaylon et al,, 2023). Feeds
produced from food waste can also be heavily enriched by residues from plastic food
packages. A high occurrence of phthalate plasticizers was observed in a 2022 study in China
(Xu et al,, 2022b). Beyond this evidence, and despite the rising concerns among farmers and
practitioners, knowledge of the implications for both animal health, trophic transfer, and food
safety is conspicuous by its absence.
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2.10 ARE BIODEGRADABLE PLASTICS A SAFER ALTERNATIVE FOR
AGRICULTURAL APPLICATIONS?

Biodegradable and compostable plastics have been proposed as potential options for addressing
the pollution and issues of waste generation and handling that are associated with the use of
conventional non-degradable plastics in agriculture. After use, these materials are generally left in
the field and often mixed into the soil where they degrade. However, compostable plastics need
to be collected and processed in a composting facility.

For biodegradable plastics, the biodegradation rate depends on the conditions of the

natural environment (e.g. soil) or composting environment. Particularly important factors are

the temperature, moisture, and pH, the microbial community composition, and the physical
and chemical characteristics of the materials. These characteristics include shape, the type of
polymers, and the type and abundance of the mix of chemicals and filler materials added in
the formulation. A given biodegradable plastic can degrade at different rates under different
conditions. Biodegradation converts the materials into carbon dioxide, water, mineral salts, new
microbial biomass, and in some cases, methane. During degradation, the mix of chemicals and
fillers present in the formulation (which can be as complex and toxic as that of non-degradable
plastics) (Zimmerman et al, 2020) can be released from the polymer matrix. In this case, their
fate and behaviour can be uncoupled from that of the source material (European Commission
Directorate-General for Research and Innovation. 2021). Biodegradable plastics are also
subject to the same physical processes that causing the embrittlement of conventional plastics
(e.g. mechanical stress, temperature variations, solar radiation, and fragmentation by animals).
They however appear to be generally more susceptible to these processes compared to
conventional plastics (Nizzetto et al, 2024). Large items made of biodegradable plastics can
therefore break down easily and become source debris (including microplastics) in the soil or
the composting environment, which can eventually be biodegraded if the conditions allow. For
oxo-degradable plastics (see Figure), this degradation process, which is of a physical nature
and does not depend on biological processes, rapidly produces large numbers of micro and
nanoplastics that may persist for a long time when mixed in the recipient environments.

To date, scientific evidence from controlled experimental studies on the effects of plastic

debris, mulching film residues, and microplastic in soils and plants under realistic contamination
levels does not indicate that biodegradable plastics are safer than conventional plastics. In

the scientific literature, most studies address the effects of plastic debris made of conventional
plastics. However, the number of studies that also tested biodegradable plastics has rapidly
expanded in recent years (Figure 11). The main types of bioplastics included in these studies are
PLA, poly(butylene succinate-co-adipate) (PBSA), and PBAT. These bioplastics often take the
form of microplastics or mulching film residues and are typically generated by cutting the source
materials (e.g. mulching films) by hand or by mechanically reducing plastic particles to the micron
range (micronization).
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FIGURE 1. Number of studies addressing effects of plastic pollution on soil health and
plant growth and quality, by type of tested plastics
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It is important to recognize that biodegradable agricultural plastics currently in use worldwide
are made from a variety of polymeric compositions and formulations. Materials based on

PLA and PBAT, for example, are commonly used in mulching applications. A broader range

of bioplastics is also employed in polymeric microencapsulations for agrochemicals and

seed coatings. Different polymeric compositions vary significantly in their degradability in

soil. For example, PLA requires treatment in composting facilities for complete degradation.
Unfortunately, due to mislabelling and a lack of standardization and certification, materials not
certified for degradation in the soil are often left in the soil after use, regardless of their actual
capacity to degrade under those conditions. As a result, toxicological studies have correctly
focused attention on both soil biodegradable and compostable materials with variable
compositions. This reflects how these materials are actually used in different regions, even though
some of these products are not permitted to be left to degrade in the soil in certain jurisdictions
(e.g. European standard EN 17033).

Regardless of typology, shape, or composition of these bioplastics, scientific evidence shows that
similarly to conventional plastic pollution, biodegradable and compostable plastic debris can
produce significant effects on soil characteristics and plant growth or quality. This was observed
in nearly all the studies conducted so far. There were only two exceptions (Schopfer et al, 2022;
Chu et al,, 2023). Evidence suggests that these materials can significantly affect soil quality and
plant growth af relatively low and plausible levels (e.g. 0.02 percent). For instance, a pot study
(Li et al, 2023d) compared the effects on the soil of PBAT and LDPE microplastics obtained

by crushing virgin polymers. The results revealed that PBAT could affect several soil chemical
properties, such as electrical conductivity and the different forms that nitrogen, phosphorus, and
nitrogen can take. Low levels of PBAT enhanced bacterial community richness, while higher
levels decreased it. PBAT promoted nitrogen fixation in soil but reduced phosphorus content.
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In another study using similar low exposure levels (Lin et al., 2022), biodegradable
polypropylene carbonate (PPC) and PLA microplastics were found to have contrasting effects
on cadmium uptake in rice plants. PPC decreased this toxic metal accumulation in both the roots
and aerial parts of rice, while PLA increased its concentration in the roots. Changes in the soil
bacterial community were observed, with PPC mitigating and PLA exacerbating the stress on
bacteria caused by cadmium.

Another recent study looked at the impact of polycaprolactone microplastics on soil microbes
and plant growth, particularly oilseed rape and lettuce (Li et al,, 2024). This study found that a
concentration of 0.02 percent of polycaprolactone microplastics in the soil did not significantly
alter the overall structure and diversity of soil microbial communities or affect plant growth in a
lasting way. However, there was a temporary effect on soluble protein in plant leaves and a
permanent reduction in levels of malondialdehyde (an organic chemical compound known to
be mutagenic and carcinogenic) in lettuce.

Similar studies that have investigated slightly higher levels of plastic exposure and used more
realistic test materials have yielded similar results. For example, impacts of the debris of PBAT
mulching films (in microplastic form) on root growth and soil enzymes in soybeans and maize
have been documented at 0.1 percent of plastic in soil after the controlled addition of artificially
generated particles (Yu ef al., 2023).

These findings indicate that PBAT microplastics in the soil can inhibit root development and affect
soil enzyme activities involved in the carbon/nitrogen balance. These changes could have a
negative impact on crop yields. The study suggests caution in using biodegradable plastics.

In an 8-week pot study (Zhang et al., 2024), a concentration of 0.3 percent microplastics
derived from PBAT-based mulching film in the soil was shown to affect the soil carbon cycle

by decreasing particulate organic carbon and increasing dissolved organic carbon. At the
same time, concentrations of phthalate esters (a group of common plastic additives) in soil also
increased in the sail.

A two-year-long field study (Uzemurera ef al,, 2023) compared the effect of tilling of various
types of plastic films, including thick and thin polyethylene and biodegradable residues, in a
semi-arid maize field. The thin biodegradable film residues were shown to have a greater
effect on soil quality and maize productivity than thick film residues in terms of reducing soll
water content, increasing soil bulk density, decreasing soil porosity, and altering soil nitrate and
ammonium content.

Another multi-year experiment, which was conducted in field conditions (Sintim ef al,, 2019),
focused on repeated mulching applications (rather than on the controlled addition of mulching
film residues to soil). The study provided an assessment of the effects produced by mulching
practices with a range of different biodegradable plastic films compared to no-mulching,
mulching with conventional plastic film, or mulching with biobased cellulose film. The study
observed significant effects of some of the mulch treatments on soil aggregate stability, water
infiltration, soil pH, electrical conductivity, nitrate-N, and exchangeable potassium, as well

as on soil health indicators (hydraulic and biological properties, and fertility) and nutrient
cycling. However, these effects were not consistent across all biodegradable plastic mulches
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and sampling times. This suggests that while biodegradable plastic mulches may be a viable
alternative to polyethylene films, an evaluation based on long-term studies is needed.

Some of the observed effects on plants, including several common crops, caused by
concentrations equal or lower than 0.1 percent of biodegradable plastic debris in the soil are:

changes in the uptake of nitrogen (Wang et al., 2024¢; Dewi et al., 2024);

changes in the uptake of magnesium uptake (Dewi et al,, 2024);

reduced root growth (Lian et al., 2022), possibly mediated by responses in enzymatic
activity at the level of the rhizosphere (Yu ef al., 2023);

reduction in shoot biomass (Wang et al,, 2024c; Liu et al,, 2023e);
changes in the number of leaves (in lettuce) (Wang et al., 2024¢);
changes in chlorophyll content (Wang et al., 2024c¢; Liu et al,, 2023e);
changes in photosynthetic parameters (Wang et al., 2024¢);

changes in the nitrogen, phosphorus and potassium content in leaves (Wang et al,, 2024c;
Liu etal, 2023e);

[ ] accelerated accumulation of hydrogen peroxide and superoxide (Lian et al,, 2022; Wang
etal, 2024¢);

increased malondialdehyde (Wang et al., 2024c; Li et al., 2024);
a decrease in soluble proteins content in leaves (Li ef al,, 2024); and

| increased accumulation of cadmium in roots in rice (Lin et al., 2022).

Both negative and positive effects on plant growth have been observed in some studies,
depending on the added dose (e.g. Grifoni et al,, 2024; Yang et al,, 2021). Several of these
responses were observed to be similar between treatments with biodegradable plastic and
conventional plastic microparticles.

Some evidence suggests an enhanced susceptibility of soil properties and plant health to
biodegradable plastic debris in soil compared to conventional plastic. A 2024 study observed
that PBAT microplastic have significantly greater impacts on oxidative damage, photosynthetic
rate, soil aggregation, microbial activity, and soil ammonium than produced by polyethylene
microplastics (Wang et al., 2024c¢).

These are still preliminary results. Nevertheless, these studies addressing the effects of

bioplastic residues in agricultural soils sound a warning about the need for precautionary risk
assessments or risk management approaches when using use of these materials. It must be
acknowledged that bioplastic use in agriculture encompasses a broad range of products

with varying compositions of polymers and chemical additives. Chemicals substances used as
additives in biodegradable plastic can be similar to those used in conventional plastics and can
include recognized hazardous substances (Zimmerman et al,, 2020). Some bioplastics are not
specifically designed to biodegrade in the soil. Proper labelling, traceability, standardization
and certifications are instrumental for ensuring the safe use of these materials and preventing
long-term soil pollution.
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Addressing the ecological risks associated with the use of these materials requires a clear
definition of exposure scenarios. For example, data on the characteristics of the residues of
biodegradable mulching film and their long-term accumulation in soil are conspicuously scarce.
A simplistic approach to estimating exposure concentrations for risk assessments of the residues
of biodegradable mulching film have been proposed that assume a single application of the
film and complete degradation within one or two years (Degli-lnnocenti, 2024). Testing realistic
exposure gradients is crucial for the characterization of ecological risk. However, more detailed
and cautious estimates are likely needed to develop exposure scenarios. These scenarios should
account for the range of test materials and be based on a better assessment of degradation
rates in real operational environments. It has been suggested that concentrations of residues of
biodegradable mulching films between 0.004 percent and 0.4 percent can be considered as
plausible (Nizzetto et al., 2024).

Evidence of the accumulation in the soil of delbris of certified biodegradable film is slowly
emerging thanks to improvements in chemical analyses (Figure 12). The results show that the
residues fall within the microplastic size range and have a distribution pattern similar to that

of conventional microplastics in soil. A 2022 field trial (Schopfer et al, 2022) highlighted the
persistence of biodegradable mulching film residues in soil environment. There is concern in the
scientific community over the effective degradability of these materials in certain environmental
conditions (e.qg. water environments formed by soil runoff or cold environments) (Nizzetto et al.,
2024). Research is ongoing in this areq, but information is currently insufficient to assess the
persistence of soil pollution derived from biodegradable agricultural plastics.
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FIGURE 12. PBAT-based biodegradable mulching film residues in soil sample
from a Norwegian farm
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The image visualizes the size distribution of 290 particles of PBAT-based biodegradable mulching film residues found in

soil samples from a Norwegian farm. The x-axis shows the length of particles (in microns); the y-axis indicates the frequency
(percentage of total particles) in each size range. The median particle size (Dso) is 138 microns. The image shows a microscope view
of selected particles.

Source: Ranneklev, S.B., Hurley, R., Brate, I.L.N. & Vogelsang, C. 2019. Plast i landbruket: kilder, massebalanse og spredning til
lokale vannforekomster (Plastland). Norsk insitutt for vannforskning. https://niva.brage.unit.no/niva-xmiui/handle/11250/2632595
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Chapter 3. Knowledge gaps, priority

measures and policy implications

3.1

SYNTHESIS OF MAIN CONCLUSIONS FROM THE REVIEW
OF SCIENTIFIC RESEARCH ON AGRICULTURAL PLASTICS AND
SOIL PLASTIC POLLUTION

Significant international research efforts in recent years have substantially advanced our
understanding of the ecological risks posed by agricultural plastics, though knowledge
gaps remain in some areas such as long-term ecosystem impacts and standardized
assessment methods. Scientific research has consistently and comprehensively
documented that plastic pollution in soils is a serious environmental issue with measurable
impacts on soil health, crop productivity, and ecosystem function. This situation is
demonstrably worsening over time due to increasing plastic use and accumulation rates
and has already begun to have significant consequences for food security and safety,
with projections indicating these impacts will intensify without intervention. Reported
concentrations of plastics (in the form of microplastics) in most agricultural soils analysed
to date range from below 0.001 percent to 0.3 percent. However, because quantitative
assessments typically only address microplastic debris and overlook larger debiris, these
figures are likely to underestimate the total level of plastic in soils.

Data on soil contamination are fragmentary and available only from some regions
and some soil types. Nevertheless, soil microplastic pollution is likely to be a problem
everywhere. Several laboratory and field studies show that microplastic pollution at
concentrations below 0.05 percent of plastic in the soil can affect the physical and
chemical properties of the soil as well as plant growth and quality regardless of the
composition and size distribution of the plastic particles. Also, the ability of crops to
accumulate and translocate small plastic particles and plastic-associated chemical
substances into the edible part of the plant has been confirmed by most studies.

Current levels of plastic pollution in agricultural soils are already in the range in which
adverse effects on soil health and plant growth and quality are likely to occur. Agricultural
soils appear to be important environmental recipients of plastic pollution.

Some of the plastics used in terrestrial agriculture or the mismanagement of these
plastics are important sources of soil plastic pollution. In some cases, agricultural

plastics are responsible for extreme levels of pollution. Soils not directly affected by the
mismanagement of agricultural plastics can also contain debris derived from agricultural
plastics. Even standard practices for mulching film, the use of micro-encapsulations for
seeds, fertilizers or pesticides, and plastic clips and other plastic items used in agriculture
can act as a source of plastic pollution in soils.
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] Biodegradable plastics have been proposed as safer alternatives. However, their use
in agriculture also results in the temporary addition of plastic residues, microplastics,
chemical additives or filler materials in soils. These inputs can have similar environmental
effects as conventional plastics. Levels of the biodegradable plastic in soils can increase
considerably if the rate of application exceeds the rate of degradation. To date,
insufficient knowledge exists on the actual degradation rates for biodegradable plastics
in real operational environments.

Although an exhaustive risk assessment has not yet been completed, these findings reinforce
the fact that that there is an urgent need to take effective measures to preserve the health and
productivity of agricultural soils by preventing any further voluntary addition of plastic pollution
from agricultural plastics and reducing, as much as possible, unintentional releases of plastic in
soils from both agricultural and non-agricultural activities.

There is much that remains unknown about agricultural plastics. These knowledge gaps have
important consequences for managing the risks associated with the use of plastic in terrestrial
agriculture and implementing the necessary measures to guarantee that the use of these plastics
is sustainable. These gaps can be clustered around different aspects of the risk assessment

and management (e.q. sources, exposure and impacts) and at different stages of the life

cycle of agricultural plastics. The following sections describe in greater detail these knowledge
gaps, their implications, and measures that should be prioritized to address them. The insights
presented here are based on:

[ ] information and data extracted from the systematic literature review presented in the
previous chapter;

] information that has been gathered from stakeholder submissions contributed to the
Global Forum on Food Security and Nutrition (FSN Forum) and analysed in a FAO report
(Karasik et al,, 2024);

] a series of round tables and stakeholder dialogues organized as part of the PAPILLONS
and MINAGRIS European stakeholder forum on agricultural plastics;

[ ] a series of international digital round tables organized by the International Knowledge
Hub Against Plastic Pollution (IKHAPP);

] an analysis conducted among international stakeholders through a digital survey (Tartiu
etal, 2024);

[ ] information extracted from recent academic publications focusing on sustainable
management of plastic in agriculture; and (Briassoulis, 2023; Hoffman et al., 2023;
Wagner et al., 2024); and

[ ] policy briefs released by scientific organizations (The Scientists’ Coalition for an Effective
Plastic Treaty, 2024).
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3.2. KNOWLEDGE GAPS ON THE DISTRIBUTION AGRICULTURAL
PLASTICS ON FARMS AND THEIR WASTE MANAGEMENT

There has been an increased focus by the research community on developing and deploying
methodologies for compiling inventories on plastics used in agricultural plastics at local, national
and regional levels. However, the validated data that is available remain highly fragmentary.
Little progress has been made on global estimates since the 2021 FAO report. Some ongoing
research initiatives with national and regional scopes are making advances in this field, and
more high-quality data may become available in the next few years. The intfroduction of new
technologies (e.g. aerial surveys, remote sensing and machine learning) is critical for increasing
the rate of data generation and expanding the knowledge base. These technologies will
support the establishment of agricultural plastics inventories over large geographic scales.

The mismmanagement of waste generated by the use of agricultural plastics is a significant driver of
plastic pollution. Establishing accurate quantitative estimates of the impact of these environmentally
damaging practices is crucial for prioritizing interventions to reduce plastic pollution from agriculture
and understanding the relative significance of this source of plastic pollution compared to other
sources (e.qg. contaminated organic fertilizers, atmospheric deposition).

PRIORITIZED MEASURES TO FILL THE GAP

Measures that should be prioritized to address the lack of a reliable and comprehensive
inventory of agricultural plastic use, the waste generated from this use, and waste management
practices include increasing data openness from the private sector about production volumes,
the distribution of agricultural plastics at the subnational level, and the chemical composition
and technical properties of these plastics. This openness would apply to all private commercial
enterprises involved in the manufacturing and distribution chain. Developing and applying
data mining tools that can enable risk assessors, risk managers, agrifood producers and
scientists to extract data and validate its quality is also important. Establishing a network of
‘living labs' clustered in different regions where farmers, retailers or waste managers can
contribute to providing information on the diffusion of agricultural plastics, the generation of
waste, and the reporting of waste mismanagement would also be a step in the right direction.
Supporting multistakeholder research projects in different regions to gather quantitative data
on waste management practices for agricultural plastics on farms and beyond would also be
valuable. Also, environmental or agricultural authorities could support the development and
demonstration of innovative surveillance technologies and systems for the detection, reporting
and registration of environmentally damaging and illegal practices for managing the waste
generated by agricultural plastics.

IMPLICATIONS FOR POLICY MAKING

Increasing the knowledge base about the distribution of agricultural plastics and waste
management practices will have important implications for policies and regulatory systems.
Tools and measures to assess and manage ecological risks will make it easier to identify
potential options for reducing the negative environmental, agricultural, and social impacts
of unsustainable practices and inadequate waste management. More information on the
distribution and waste management of agricultural plastics will also be instrumental for
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ensuring the fair allocation of responsibilities among various stakeholders in the sustainable

use and management of agricultural plastics through frameworks such as Extended Producer
Responsibility (EPR) schemes. Data from surveys and inventories will guide agricultural planning
and regulatory actions that can protect soil health, support the design and implementation of
soil monitoring activities, and prevent microplastic contamination. Inventories of agricultural
plastics would contribute to setting evidence-based policies, building institutional capacities,
and creating economic incentives to adopt best practices throughout the life cycle of agricultural
plastics. These inventories would provide critical data to facilitate the redesign of products
toward more sustainable alternatives, improve waste management infrastructure efficiency, and
contribute to creating effective deterrence against illegal disposal practices through enhanced
monitoring and enforcement mechanisms

3.3. KNOWLEDGE GAPS ON AGRICULTURAL PLASTICS AS
SOURCES OF PLASTIC POLLUTION TO SOILS

There is currently no quantitative assessment of the emission rate of plastic pollution in soils

from the routine use of agricultural plastics. Assessments of plastic pollution from agricultural
plastics would need to include macro-, meso-, micro-, nanoparticles. Polymer science and
agricultural technology researchers have studied the aging process of agricultural plastics.
However, research activities to establish a quantitative link between the aging of agricultural
plastics during ‘'normal operations’ and the release of plastic debris and chemical additives are
largely non-existent. When this knowledge becomes available and is linked to information on
agricultural plastics inventories and distribution, it will generate important data for assessment
of the role of plastics in agriculture as a source of plastic pollution compared to other types of
sources. This is crucial for the prioritization of interventions to protect soils from plastic pollution.

Studies on plastic pollution resulting from agricultural plastics have primarily focused on

the correlation between plastic concentrations in soils and the history of using mulching

films or other agricultural plastics-based film applications. Few studies have addressed the
applications associated with the intentional release of microplastics, such as the use of polymeric
encapsulations for agrochemicals. Additionally, there is still a very limited understanding of

both the intentional and unintentional releases of substances of concern contained in plastics,
which is critical for conducting a comprehensive risk assessment. The role and relevance of other
agricultural plastics-based practices as sources of soil pollution, including emerging applications
(e.g. hydrogel polymers in superabsorbents) have not been sufficiently explored.

While agricultural plastics, particularly plastic mulch films, appear to represent the dominant
source of plastic pollution in many agricultural soils based on emerging evidence,
comprehensive quantitative assessments of the relative contribution from all plastic sources
remain limited. Multiple plastic inputs to soils have been identified, including sewage sludge
application, irrigation systems, and atmospheric deposition, but standardized methodologies for
source afttribution and system-wide quantitative comparisons are still developing. This situation,
combined with significant geographic and system-specific variations, continues to impede fully
adequate prioritization of actions to safeguard the health of agricultural soils, though current
evidence suggests that addressing agricultural plastic use should be a primary focus. Most
studies on the occurrence of plastic pollution related to the use of agricultural plastics have been
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carried out in China. The applicability of these findings for assessing exposure levels in other parts
of the world is uncertain. There is also a general lack of comparability between these studies
because of differences in sampling methods, analytical protocols and approaches for reporting
data. Consequently, data from different studies cannot be reliably used as part of a regional or
global assessment. There is an urgent need to harmonize approaches for carrying out research
on plastic pollution related to agricultural plastics so that meaningful comparisons can made

in different soils and regions, and monitoring datasets can be established. These harmonized
datasets could serve to identify pollution hotspots where there are particularly serious concerns
for food production. Furthermore, while there is some evidence that plastic pollution levels in
soils tend to increase over time (e.g. as a result of continuous applications of agricultural plastics,
atmospheric deposition, the application of contaminated organic fertilizers), the fate and
behaviour of micro- and nanoplastic in soils remain uncertain. Understanding the fate of plastics
in the soils is essential to evaluate to what extent plastic contamination is reversible and estimate
the required recovery time for contaminated soils.

PRIORITIZED MEASURES TO FILL THE GAPS

Measures that should be prioritized to fill knowledge gaps about the relationship between
agricultural plastics and soil pollution include promoting practices that enhance cooperation
among multiple stakeholders (producers, users, waste managers, scientists, policymakers, and
civil society) to rapidly increase the knowledge base about pollution sources from agricultural
plastics. This work must cover the design of agricultural plastic products, handling practices, and
environmental conditions (including soil type, temperature, and climatic factors) in which they
are applied. This should also include developing alternatives and biodegradable substitutes,
as well as expanding efforts to characterize the aging and degradation processes of different
materials under various environmental conditions. To accomplish this, it is imperative to improve
and harmonize analytical methods using systematic frameworks to ensure reliable and
comparable data that can support risk assessments and risk management. When these improved
and harmonized analytical methodologies have been validated, they should be applied over
broad geographic scales using both ground-based monitoring and satellite-based detection
technologies. In some regions, this would require building research and monitoring capacities
through international collaboration and knowledge transfer programs.

IMPLICATIONS FOR POLICY MAKING

Addressing knowledge gaps about the relationship between agricultural plastics and soil
pollution is crucial to raise awareness among the stakeholders about the ecological and
agricultural risks associated with the use of these plastics. This is a prerequisite for building the
political will to formulate sound policies for environmental protection and sustainable agricultural
development.

Quadlity data gathered from monitoring plastic pollution in agricultural soils, along with new and
accurate inventories of pollution sources that have been created through improved analytical
capacities are essential for the prioritization of policies and policy instruments at national and
regional levels. This data and inventories are also required for establishing baselines and
temporal data series that can be used to evaluate policy effectiveness. Quality monitoring

data are also necessary for identifying pollution hotspots and designing and adjusting these
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interventions more effectively. Greater knowledge about the degradation behaviour of
agricultural plastics in their operational environment is critical for guiding industrial innovation
through initiatives from the private sector and the development of technical and environmentall
standards in the public policy sphere. The availability of monitoring data on plastic pollution in
agricultural soil, and an understanding of the agricultural practices that are responsible for this
pollution, are needed to safeguard food security, assess food safety, and manage risks.

3.4. KNOWLEDGE GAPS RELATED TO THE DESIGN AND
USE OF AGRICULTURAL PLASTICS

Awareness of the problem of plastic pollution in soils has emerged only recently, and the
awareness of agricultural plastics as a source of this pollution is even more recent. The first
quantitative estimate was established in the 2021 FAO report. This estimate helped to catalyse
innovative measures to develop more environmentally friendly products and practices. A
number of research and development initiatives from the independent research community

and the private sector have been launched over the past two or three years. These initiatives
have included activities to formulate new technical specifications, develop new machinery for
clean and safe retrieval, establish labelling and tracing systems, and create extended producer
responsibility (EPR) systems for handling waste. To date, none of these innovations or claims have
been exhaustively assessed for effectiveness by the scientific community or thoroughly validated.
However, this expected to happen soon.

As concern has grown over soil pollution caused by the use of conventional agricultural plastics,
claims have been made that suggest that biodegradable plastics may be an environmentally
friendly alternative because they do not lead to the accumulation of plastic residues in soil. However,
emerging evidence indicates that microplastics and other debris from biodegradable plastic are
found in soils. Finding indicate that these materials may degrade slowly in certain environments
(e.g.in soils in colder regions). When application rates exceed degradation rates, there is the
possibility that concentrations of debris from biodegradable plastics in the soil will increase.
These concentrations would continue to increase unless the use of the biodegradable plastics is
suspended for a sufficient amount of time to allow for the complete degradation of the material.

PRIORITIZED MEASURES TO FILL THE GAPS

Actions that should be prioritized to fill current knowledge gaps related to the design and use of
agricultural plastics include:

] increasing opportunities for collaborative research and development between
bioplastic industry and environmental and ecotoxicology researchers, with a focus on the
independent testing and evaluation of new designs in operational environments;

] promoting holistic thinking about the design of conventional and biodegradable
agricultural plastics that brings together representatives from industry, farmers, waste
managers and researchers to establish standards for quality and sustainability (e.q.
accounting for the carbon fingerprint of the products), traceability systems, labelling
regulations, technical designs, best practices, and dedicated equipment for the safe
handling of the materials in field and in post-use; and develop training programmes for
stakeholders along the entire value chain to ensure compliance with these specifications;

W



Chapter 3. Knowledge gaps, priority measures and policy implications

] establishing validated methodologies for detecting and quantitatively assessing the
residues from biodegradable agricultural plastics in the soil, and carrying out monitoring
activities to assess the scale of the occurrence of biodegradable plastic debris in
agricultural soils so that risk assessments can be done; and

] addressing the knowledge gaps about the presence, fate, behaviour and effects of the
chemicals and other components of biodegradable plastics or that result from the partial
degradation of polymers.

POLICY IMPLICATIONS

The measures prioritized above can contribute to the development of innovative designs and
an expanded knowledge base that could support the implementation of policy initiatives that
phase out harmful and obsolete products and practices.

The formulation of more effective standards and regulations on biodegradable agricultural
products involves bridging the knowledge gaps on the environmental performance of the
materials currently in use in different operational environments, and the testing and evaluation
of materials that will enter in the market in future. Gaining a better understanding the potential
negative aspects of biodegradable plastics is crucial for properly tailoring incentives and plans
for promotion or deterrence measures concerned with the use of these materials.

When planning these mea sures, consideration should be given not only of the immediate
agricultural or economic benefits, but also local or regional specific needs. For example, there
may be a need to to build resilience to the impacts of climate change impacts through the use
of plasticulture in areas where sufficient waste management infrastructure is lacking. A holistic
assessment of the social and environmental costs and benefits should be considered. When
there is insufficient knowledge to carry out a complete socio-environmental cost-benefit analysis,
the precautionary principle should shape decision making to avoid regrettable solutions.

3.5. KNOWLEDGE GAPS ON THE IMPACTS OF AGRICULTURAL
PLASTICS POLLUTION ON SOIL AND CROP HEALTH

The body of evidence that shows that plastic pollution in soils can cause adverse impacts on soil
health and plants at environmentally plausible and observed levels is expanding. However,
significant gaps remain. To date, studies have been unable to draw quantitative conclusions
related to risk thresholds and the underlying mechanisms that determine the complex ecological
responses to plastic pollution. This inability stems from a range of factors.

] While some soil properties can be affected by the addition of plastic particles (e.q.
residues from plastic mulching film), the mechanisms that cause these variations in
different soil properties have not yet been clearly delineated. Given this uncertainty, risk
assessments should first identify early warning responses from sensitive variables that control
fundamental ecological or physiological processes as metrics for the definition of risk.

[ ] The available studies have considered high concentrations of plastic in soils and narrow
exposure gradients. For example, in several studies, only one concentration level of
plastic was tested. This is not sufficient to characterize the risks of plastic pollution to soil
health and plants.
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] Regardless of the adopted exposure scenarios, the majority of the studies conducted to
date have observed significant effects on one or more soil properties or plants attributes
at the lowest tested concentrations. This suggests that most studies have missed the range
for exploring non-effect safety thresholds.

u Only a limited number of studies have explored effects under realistic field conditions
where responses may be different from those observed in laboratory conditions.

] There are no studies measuring the long-term effects of the presence of micro and
nanoplastics and their associated chemicals in soils.

n There is not a clear understanding of the mechanisms controlling the direct and/or
indirect interactions that link micro and nanoplastics in soils to the impairment of plant
growth and physiology.

] The risk components associated with the mix of chemicals released to the soil from plastic is
not well enough understood. Given the complexity of this mix, hazard-based prioritization
should be employed to identify a first tier of substances of the highest concern. This initial
prioritization could be based for example on indicators of persistence, bioaccumulation,
mobility, and toxicity (Wagner et al., 2024).

Anincreasingly large body of evidence suggests that plastic debris and microplastics from
biodegradable agricultural plastics can have similar effects as conventional plastics on soil
properties and plants. However, there is not sufficient data and knowledge available to assess
safety exposure levels for biodegradable agricultural plastics. The exposure scenarios used

to assess effects of debris from biodegradable agricultural plastics are potentially affected

by a technical bias linked to the difficulty in generating fully representative test materials

and the lack of empirical information on environmental concentrations (Hurley ef al,, 2024).
Research on ecological effects has focused so far on test materials in the form of microplastics
or larger fragments artificially generated from virgin biodegradable agricultural plastics. These
may not directly reflect the characteristics of these materials when they become exposed to
real-world conditions. As a result, a detailed assessment of the ecological risks posed by the
use of biodegradable agricultural plastics is not yet available. Difficulties in designing proper
exposure scendrios for the quantitative assessment of risk also stem from the paucity of data on
environmental concentrations. Finally, there is no knowledge on the effects of the long-term use
of biodegradable agricultural plastics and the consequent continuous exposure of the soil to
their residues, including released chemical additives

The safe and sustainable use of agricultural plastics requires an accurate characterization of risk
thresholds. This is essential for adopting an effective risk management approach to manage
plastics in agriculture and ensure soil and crop health over the short and long term.

PRIORITIZED MEASURES TO FILL THE GAPS

To address the knowledge gaps related to the impacts of plastic pollution generated by the use
of conventional and biodegradable plastics in agriculture on soil and crop health, a number of
actions need to be prioritized.

Efforts need to be increased to design and produce tests for the materials that are used in
both conventional and biodegradable agricultural plastics. Activities in this area would need
to consider the size, shape and chemical composition of these materials. Testing methods
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that incorporate these materials into the soil to mimic, as much as reasonably and technically
possible, 'real-life’ conditions also need to be developed. Testing these materials is necessary
for the development and validation of methods for extracting and analysing plastic debris and
micro and nanoplastics from the soil, and conducting effect studies that can determine safety
thresholds (e.g. non-observable effect levels or their equivalent).

Greater focus needs to be placed on studying the degradability of both conventional
and biodegradable plastics in soils and other recipient environments (e.g. water,
sediments, the digestive tracts of organisms) under real operational conditions and across
different pedoclimatic regions. Field-scale studies, field plots and controlled mesocosms
studies are important tools to address this point.

To improve the design of toxicological experiments, ‘range-finding’ pilot studies need to
be developed to frame the range of exposure levels for debris derived from all products
made from conventional and biodegradable agricultural plastic products.

To design correct exposure scenarios, the knowledge base about the environmental
occurrence of debris from biodegradable agricultural plastics in soils needs to be
expanded. To do this, improvements in sampling and analytical techniques are necessary.

When testing the effects of conventional and biodegradable agricultural plastics

and 'non-plastic’ alternatives on soil ecosystems, plant health, agricultural yields

and agricultural practices (e.g. through mid- to long-term field scale or mesocosms
experiments) efforts must be increased to consider the real environmental conditions in
which these plastics will be used. Also, greater focus needs to be placed on the effects
of plastics in the soil on crop yield over multiple years through long-term studies. Effects
testing should be directed at identifying risk thresholds for all types of agricultural plastics
and alternative materials.

Correlative studies for monitoring plastics in the soil need to be expanded to address

the possible statistical relationships between the level of plastic in soils and soil health
along the main gradients of pedoclimatic and agricultural conditions. This would provide
a clearer picture of the current state of agricultural soil health and the safe operational
space for plastic-based practices in agriculture.

Research must be directed to understand how plastic residues in soils from both
conventional and biodegradable plastics interact with other factors that can potentially
affect soil resilience. These factors would include for example soil exhaustion, drought and
flooding, erosion, excess salinity, the presence of pesticides residues and the co-presence
of other pollutants (e.g. heavy metals, organic conta minants).

POLICY IMPLICATIONS

Overcoming the knowledge gaps related to the impacts of plastic pollution generated by the
use of conventional and biodegradable plastics in agriculture on soil and crop health will make
it easier to formulate polices to protect the environment and improve agricultural sustainability.
Particularly valuable would be a comprehensive understanding of the effects mechanisms and
risk thresholds, which would allow for detailed provisions on the safe use of conventional and
biodegradable agricultural plastics to be included in national and international policies and
their implementing instruments. Existing policies and regulations on the protection of terrestrial
and freshwater biodiversity could also include provisions to manage the risks posed by
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plastic pollution in soils. The development of risk assessments and risk management measures
for the safe use of conventional and biodegradable plastics agricultural plastics and the
substances they contain are essential for updating chemical safety regulations to cover polymer
formulations and their specific use in agriculture.

The effective communication of risk based on a solid base of evidence risk is required to enable
the constructive engagement of policy makers, regulators and environmental authorities with
farmers, the agricultural plastics industry and other stakeholders, and ensure the acceptance and
adoption of guidelines that can safeguard soil quality and increase agricultural sustainability.
Effective communication is also instrumental for stimulating agricultural and industrial innovations
that can make safer and more environmentally sustainable products and practices available.
With a clearer picture of the negative environmental, social and economic externalities
associated with plastic pollution, agricultural and technical innovations could include nature-
based solutions and other measures that may provide alternatives to the use of plastics.

3.6. KNOWLEDGE GAPS ON POSSIBLE RISKS ASSOCIATED
WITH AGRICULTURAL PLASTICS POLLUTION-DERIVED RISKS
ON FOOD SAFETY

Plastic debris and the chemicals associated with this debris can directly impair food quality
and safety. Physiological responses have been observed in crops that have been exposed to
plastics in the soil. Plastic pollution generated by agricultural plastics and other sources can also
indirectly alter the nutritional quality and safety of food products. Increased research activities
that focus on clarifying these impacts need to be carried out to update food safety criteria and
the processes that ensure food is safe.

Plants can take up nanoparticles and chemicals that are present in, or released by, larger plastic
items in the soil and translocate them to edible parts. When crops are grown in contaminated
soil, understanding the interactions between plant physiology and the uptake of plastic particles
and/or chemical additives is crucial to assess the potential direct or indirect risks to food safety.
These assessments also apply to livestock production. Farmers and agrifood producers are
aware that, under certain conditions, farm animals ingest significant amounts of agricultural
plastics (particularly from hay bale nets) or feed contaminated with plastic from various sources
(especially feeds derived from the waste of processed food). To date, scientific research has not
sufficiently addressed this problem and its implications. Exposure of farm animals to plastics can
pose a risk to their health and affect the quality and safety of animal-derived food products.
Addressing this knowledge gap should be considered a major scientific priority.

PRIORITIZED MEASURES TO FILL THE GAPS

A fundamental first step in designing measures that can preserve food safety and the health of
farm animals is to bring together farmers and other stakeholders operating in the agricultural
plastics value chain to jointly identify practices that expose crops and farm animals to plastic
pollution. Progress to reduce exposure to plastic pollution and guarantee cleaner and safer
operations on farms relies on effective dialogue and cooperation between scientists, agrifood
producers, and representatives from of the plastic industry. Greater access to data on the
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chemical composition of agricultural plastics and their formulation would substantially accelerate
the development of risk assessments. These data are currently not disclosed to the scientific
community by manufacturers.

To build capacities for assessing the health implications of plastics pollution in food, it is necessary
to improve the reliability of methodologies for the detection and measurement of agricultural
plastics, including micro- and nanoplastics, and their associated chemical additives in crops.
Similarly, increased public and private investments should be directed to research that focuses
on investigating the fate of micro- and nanoplastics in soil, and the uptake of plastic chemical
additives in plants, animals and people. Efforts in this area would also expand the knowledge
base on the potential for plastic and plastic-associated chemicals in crops and feeds to be
transferred into farm animals and people.







Conclusions

The comprehensive analysis presented in this report on plastic pollution from agricultural
plastics and its impacts on soil health and crops, which is based on a systematic review of 2 283
scientific papers with 505 meeting inclusion criteria, demonstrates that plastic contamination in
agricultural soils represents a critical environmental challenge that requires immediate action.
The evidence reveals that agricultural soils have become significant environmental recipients of
plastic pollution, with contamination levels ranging from 0.000001 percent to 0.3 percent of soil
mass. However, these figures likely underestimate total pollution as they primarily capture the
presence of microplastic.

The research findings provide compelling evidence of plastic pollution's pervasive effects on soll
ecosystems. Among 213 experimental studies examining soil properties, 85 percent documented
significant effects from plastic contamination, and 90 percent of 114 studies on the impacts on
plants observed adverse effects at the lowest tested concentrations. These impacts result from
changes in fundamental soil properties including pH alterations of up to one point, modifications
to water retention and nutrient cycling, the disruption of microbial communities, and the
increased bioavailability of heavy metals and toxic substances.

The threshold for observable effects is alarmingly low. Significant impacts were documented at
concentrations as minimal as 0.001 percent plastic in soil. Current contamination levels in over half
of analysed agricultural soils fall within ranges where adverse effects on soil health and plant
production are likely to occur. This finding suggests that many agricultural systems may have
already crossed critical risk thresholds.

There are complex interactions between plastic debris and agricultural systems that extend
beyond simple physical contamination. Plastic particles can alter soil structure, modify

the composition of the microbial community, affect nutrient availability, and influence

the bioavailability of contaminants. Of particular concern is the documented uptake and
translocation of nano- and microplastics, along with their associated chemical additives, into
edible parts of crops. This process has significant implications for food safety.

Chemical additives used in plastic formulations, which can constitute up to 60 percent of total
plastic mass, are released into soil as materials age. These substances include plasticizers,
antioxidants, UV filters, and other compounds with recognized toxic properties. Their presence in
the soil creates additional pathways for environmental and human health impacts.

Contrary to common assumptions, the evidence demonstrates that biodegradable plastics do
not represent inherently safer alternatives for agricultural applications. Scientific studies show
that biodegradable plastic debris can produce similar effects on soil health and plant growth
as conventional plastics. These impacts have been observed at concentrations as low as
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0.02 percent. The degradation rates of these materials vary significantly under real operational
conditions, and incomplete degradation can lead to microplastic accumulation similar to
conventional plastics.

A critical finding is that soil plastic pollution appears largely irreversible under current conditions.
Some processes (e.g. degradation or export through erosion) may reduce the quantity of plastic
in the soil, but these processes are generally slow and incomplete. Microplastics and smaller
particles persist in soils for extended periods, and current remediation methods are impractical or
prohibitively expensive at agricultural scales. This irreversibility means that continued plastic inputs
will result in progressive accumulation, potentially leading to increasingly severe impacts over time.

Despite the substantial research base, significant knowledge gaps remain that limit
comprehensive risk assessments. The geographic distribution of research shows a marked bias.
Eighty-two percent of occurrence studies were conducted in China. This imbalance raises questions
about the global applicability of findings. Critical uncertainties include the lack of standardized
methodologies for detection and quantification; insufficient understanding of long-term

impacts; limited knowledge of food safety implications; and uncertainty regarding the relative
contribution of agricultural plastics to plastic pollution compared to other pollution sources.

The evidence presented indicates that plastic pollution from agricultural sources poses a
fundamental challenge to the sustainability of agrifood systems and pose risks food security and
nutrition. The combination of the demonstrated effects at environmentally realistic concentrations,
the widespread contamination, and the limited reversibility suggests that current practices may
compromise long-term soil productivity and crop quality. The documented uptake of plastic
particles and chemicals into food crops raises additional concerns about the implications for
human health that require urgent investigation.

The findings in this report demonstrate that agricultural plastic pollution is an urgent
environmental and food security challenge that requires immediate and coordinated actions the
encompass research, policies, and practices to safequard soils for future generations.

The FAO Provisional Voluntary Code of Conduct on the Sustainable Use and Management

of Plastics in Agriculture (VCoCQ) provides a crucial framework for addressing these challenges
through science-based guiding principles and comprehensive policy guidance (FAO, 2025).

The VCoC establishes seven interconnected goals: i) contribute to food security; i) reduce
environmentally harmful plastics; iii) ensure sustainable design and circularity; iv) promote proper
waste management; v) eliminating environmental leakage; vi) ensure the fair, equitable and
inclusive participation and consideration of the needs of affected populations; and vii) promote
international cooperation.

Reaching these goals includes developing improved waste management practices, establishing
standardized monitoring protocols, advancing research on safer alternatives, and implementing
precautionary policies that account for the irreversible nature of plastic soil contamination. The
VCoC specifically addresses the need for comprehensive approaches to address all stages in
the life cycle of agricultural plastics, from their design and manufacturing to distribution, use,
collection, recycling, and disposal.
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Conclusions

The VCoC provides a policy framework to assist governments and stakeholders in developing
global, regional, national, and sub-national strategies, policies, requlatory frameworks, and
programmes to prevent plastic pollution from agricultural sources. It emphasizes multistakeholder
collaboration and includes special considerations for small-scale farmers, women, youth,
Indigenous Peoples, and other vulnerable groups in rural areas. The framework, which promotes
international cooperation through capacity building and technology transfer, is intended to
support low-income and lower-middle income countries achieve their goals for sustainable
plastic management and develop safer, more environmentally sound alternatives to plastic.
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Appendix 1.
Report methodology

This report is based on a series of systematic literature reviews addressing several
components of soil plastic pollution. The purpose of these literature reviews was to collate
available published data and original scientific knowledge on the use of agricultural
plastics, the occurrence of plastic pollution in soil derived from agricultural plastic use,

and the effects of this plastic pollution on soil ecosystems. The outcomes of the reviews
were used to evaluate available knowledge and identify and characterise persistent
research gaps. This includes an evaluation of the current status of soil plastic pollution from
agricultural plastic use and comparing this with relevant effects thresholds to establish the
present and future risk and associated uncertainties.

Relevant literature was searched for and identified using the Web of Science online
reqgister, utilising a series of Boolean search strings (Table Al). Titles and albstracts of all
search results were reviewed to determine whether they pass basic eligibility criteria
related to the frame of each literature review. Only peer-reviewed scientific literature
published in English was reviewed. Review articles were also excluded in favour of
original results articles. Only articles published between 1 January 2014 and the date

of the literature search were included. From this initial scoping, a subset of publications
was further examined based on a deeper evaluation of the contents of each article
and a more elaborate set of inclusion/exclusion criteria. These are described below in
the context of each systematic literature review performed. This process was performed
manually by a single analyst for each literature review. No automation tools were utilised
to compile the lists of publications for review.

In total, the review encompassed 2 283 peer-reviewed papers, of which 505 were
identified as eligible studies.

INVENTORIES OF AGRICULTURAL PLASTIC USE

General eligibility criteria

Studies addressing inventories of usage and waste generation of AP from any locations
in the world, regardless of whether they were based on modelling, stakeholder surveys,
aerial data, etc.

Inclusion/exclusion criteria
Reviews and perspective articles were not included in the systematic analysis, while a
perspective article was consulted for quality assurance purposes.



OCCURRENCE IN SOILS

General eligibility criteria
Studies that investigate levels of plastic pollution in soils exposed to the use of AP.

Inclusion/exclusion criteria

All forms of plastic pollution were included in the review, from larger plastic residues to
small particles, commonly referred to as microplastics. Only studies that sampled at least
one field that was described in the text as having been currently or historically exposed
to the use of AP were included. All plastic products utilised in agricultural production were
included under the frame of AP. Only studies that reported written concentration data (in
text or tables in the main document) were included. All publications passing the above
criteria were included in an overview of occurrence data, regardless of the sampling or
analytical methodology utilised, the quality of such methods, or the units in which reported
data were assessed. A small number of studies were excluded from a quantitative review
of levels of plastic pollution in soil based on insufficient detail provided in the summary of
methods or results to allow for mass estimation (e.g. no details on particle size or shape)
or the use of reporting units that are incompatible with establishing a sufficiently reliable
mass estimate (e.q. items hectare™).

MICROPLASTIC GENERATION MECHANISMS IN SOIL

General eligibility
Studies that experimentally describe the fragmentation or degradation of agricultural
plastic products.

Inclusion/exclusion criteria

Only studies that assessed fragmentation, degradation, and/or generation of
microplastics from AP were included in this review; studies that describe degradation or
breakdown of general polymer types in soil were excluded. (Studies on) Microplastic
generation in field soils and simulated soil environments in laboratory conditions were
both included. All sizes of plastic particles were included, from large pieces of agricultural
plastic to smaller residues derived from AP.

FATE PROCESSES IN SOILS

General eligibility
Studies investigating the mobilisation or retention of plastics in soils, or the export of plastic
from soil environments.



Inclusion/exclusion criteria

Only studies experimentally investigating or tracking fate processes were included. Studies
describing inferred fate or transport processes from single timepoint occurrence data
were excluded. Modelling studies, and other studies with a conceptual frame, were also
excluded. Studies assessing particle fate in both real and simulated soil environments
were included. However, studies that examine soils with lower relevance to agricultural
environments were excluded, for example studies investigating non-agricultural
floodplain or wetland soil dynamics. The full spectrum of plastic particle size was
considered relevant for this review. All studies reporting fate processes in soil were
compiled into an overview - including the study of plastic particles not derived from AP or
agricultural plastic use.

EFFECTS ON SOIL PROPERTIES

General eligibility

Both experimental studies and field studies investigating the effects on soil properties, or
investigating a possible relationship between concentrations of nano- or microplastics in
soil and its properties, were included in this chapter. By soil properties we refer to heavy
metal availability, physical and chemical properties (pH, bulk density, etc.), microbiota
diversity and/or activity, among others.

Inclusion/exclusion criteria

Studies aiming only at quantifying and characterizing plastic in soils without assessing the
effects were not included. Similarly, studies reporting effects on soil properties by other
particles than plastic, such as biochar, wood, metal, etc. were excluded. Modelling and
review studies were also excluded but were consulted for quality assurance purposes. All
plastic sizes (from the nano-range to entire mulching films) were considered in this report.

EFFECTS ON PLANTS

General eligibility

Both experimental studies and field studies investigating the effects on plants, or
investigating a possible relationship between concentrations of nano- or microplastics in
soils and its effects on plants, were included in this review.

Inclusion/exclusion criteria

Modelling and review studies were excluded but were consulted for quality assurance
purposes. The full spectrum of sizes (from the nano-range to entire mulching films) was
considered in this review.



LONG-TERM EFFECTS OF THE USE OF AGRICULTURAL PLASTIC
IN SOIL

General eligibility

Both experimental studies and field studies investigating the long-term effects (i.e. with
a temporal scope longer than 3 years) on soil health or plant growth and quality, or
investigating possible relationships between concentrations of nano- or microplastics in
soils and their effects on plants, were included in this review.

Inclusion/exclusion criteria

Purely modelling and review studies were excluded but were consulted for quality
assurance purposes. The full spectrum of sizes (from the nano-range to entire mulching
films) was considered in this review as well as biodegradable and conventional materials.

PLANT UPTAKE AND TRANSFER

General eligibility
Studies investigating experimentally the uptake of nano- or microplastics, and the uptake
of plastic related chemicals by plants from soil or from leaves (foliar uptake experiments).

Inclusion/exclusion criteria

Only studies explicitly mentioning the plastic composition of the tested particles were
considered in this analysis. Studies investigating only the effects of nanoplastics,
microplastics, or chemicals on the fitness, survival, etc. but not addressing uptake and
translocation in the plant tissues were excluded from this review. Modelling studies, and
other studies with a conceptual frame, and reviews without any additional experiments or
data were also excluded.



TABLE Al. Boolean search strings used in the systematic review

Systematic
literature
review

Boolean search strings

Date of
search

Total
number
of search
results

Number
of
eligible
studies

Inventories Topic: "agricultural plastic*” OR
of Agriplastic* OR "agricultural plastic
agricultural | waste” AND inventor* OR generation OR e 202 7% e
plastic use Assessment OR survey OR map*
Title: soil; Topic: microplastic* OR “plastic
residue” or "plastic litter” OR "plastic
Occurrence debris”; ogricultf ORlogriplos.tic* OR
in soils mulch OR mulching film* OR film* OR 02.04.2024 529 67
greenhouse OR encapsulated OR
slow-release OR waste; monitor* OR
occurrence OR source*
Title: soil; Topic: microplastic* OR “plastic
Microplastic residlue" or “Iplostic litter"” QR “plosiic
generation debris”; agricult* OR agriplastic* OR
- mulch OR mulching film* OR film* OR 04.04.2024 295 8
mechanisms
in soils greenhouse OR encapsulated O.R
slow-release OR waste; generation OR
source* OR fragment*
Title: soil; Topic: microplastic* OR “plastic
Fate residue” or "plastic litter” OR “plastic
processes in | debris”; fate OR transport* OR transfer* 08.04.2024 408 27
soils OR mobilis* OR retain* OR retention OR
export OR runoff OR accumul*
Title: soil; Topic: microplastic* OR “plastic
residue” or "plastic litter"” OR “plastic
Effects debris”; agricult* OR agriplastic* OR
on soil mulch OR mulching film* OR film* OR 13.03.2024 619 231
properties greenhouse OR encapsulated OR
slow-release OR waste; effect* AND soil
properties OR microbio* OR bacteria
Topic: microplastic* OR "plastic residue” or
"plastic litter” OR “plastic debris”; agricult*
Effects on QR ogripllostic* OR mulch OR mulching
plants film* OR film* OR greenhouse OR 13.03.2024 265 114
encapsulated OR slow-release OR waste;
effect* AND soil properties OR microbio*
OR bacteria
Long-term Topic: Mulch* AND plastic* AND effect AND
effect of AP | crop AND yield AND "long-term"”; Residue* | 28.04.2024 20 4
use in soil OR microplastic* OR pollut*
Topic: microplast* uptake OR microplast*
transfer OR nanoplast* uptake;
vegetables OR maize OR corn OR pea*
Plant uptake OR carrot OR soybean OR bean* OR
wheat OR rice OR potato* OR fruit* OR 13.03.2024 74 32

and transfer

peanut OR crop OR cabbage OR lettuce
OR tomato; plastic related chemical

OR additive* OR plasticizer OR flame
retardant OR phthalate*




Appendix 2. Supporting data and
methodological details

Figure A2.1. details the number of studies addressing effects on plants of plastic in soil,
organized by typology of experiment. The figure shows that most studies in the systematic
review were conducted under conditions realistic for plant growth: 68 focused on pot

or mesocosm experiments, 10 were field experiments, and only 22 involved hydroponic
conditions. The remaining studies consisted of laboratory experiments, monitoring, or
modeling studies.

FIGURE A2.1. Number of studies addressing effects on plants of plastic
in soil by typology of experiment
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Source: Authors' own elaboration.



Figure A2.2 illustrates the frequency of observed effects on plants in relation to the tested
concentrations. The figure depicts the large prevalence of studies in which significant effects
were observed already at the minimum tested concentration. This indicates that the safety
thresholds given by the non-observable-effect concentration of plastic in soil for effects on
plants could not be identified in most of the studies, and that such a threshold is likely low.

FIGURE A2.2. Number of studies that observed an effect of plastic pollution
on plant health along a concentration gradient
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Figure A2.3 and Figure A2.4 provide an overview of the frequency at which various plastic
concentration ranges have been included in studies addressing the effects of soil plastic
pollution on plant health and on soil properties. These figures highlight the prevalence of
studies conducted at higher plastic concentrations (e.g. above 0.05 percent of soil mass),
while fewer studies have focused on lower, environmentally relevant exposure levels. The
data presented in these figures offer insight into the experimental design trends observed
in the systematic literature review and help contextualize the findings on plastic pollution's
impact on soil ecosystems.



FIGURE A2.3. Number of studies addressing effects on plant health at
a given exposure level in soil
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FIGURE A2.4. Number of studies addressing effects on soil properties at
a given exposure level in soil
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