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ABSTRACT. Plastic mulch accounts for approximately 16% of agricultural plastics,
with approximately 2.5 million metric tons of plastic mulch films used globally
each year. Polyethylene (PE) is the most widely used polymer in mulch
manufacturing because of its low cost, excellent mechanical strength, and barrier
properties that prevent weed growth, optimize soil temperature, and conserve
soil moisture for crop growth. However, PE mulch is a growing source of plastic
pollution because it is nonbiodegradable, and there is a lack of sustainable end-
of-life disposal options, resulting in nearly all PE mulch being burned, buried,
stockpiled, or landfilled. Soil-biodegradable plastic mulch (BDM) is an eco-
friendly alternative that is designed to be tilled into soil at the end of the
growing season, and soil microorganisms degrade it into carbon dioxide,
methane, water, and microbial biomass. Generally, BDM has an agronomic
performance similar to that of PE mulch (dependent on thickness and color), is
applied with the same equipment, and its in situ disposal saves labor as well as
removal and disposal costs. Yet, BDM adoption in the United States has been
limited because of questions regarding its ingredients, costs, biodegradability,
and impacts on soil ecosystems and overall soil health. This article answers these
most frequently asked questions regarding BDM. For example, BDM that meets
the EN 17033 standard is biodegradable in soil and has not been found to have
negative impacts on soil ecology or health. The BDM purchase cost can be twice
the cost of PE mulch, but the overall cost tends to be similar because there is no
cost to remove or dispose of BDM. Two to 10 years are required for BDM to
biodegrade in soil, depending on environmental conditions, such as climate, soil
temperature, and soil moisture. Much of the misinformation regarding BDM
comes from a lack of adherence by marketers and the scientific community to the
definition of biodegradable plastic, leading to the usage of plastics that are not
biodegradable, thus resulting in plastic pollution.

Plastics are used extensively in ag-
riculture because of their efficacy,
durability, and cost-effectiveness

for achieving an array of production
goals (United Nations Environment
Programme 2022). Approximately
2.5 million metric tons of plastic
mulch films are used globally every
year, with polyethylene (PE) being
the most widely used polymer in
mulch manufacturing (FAO 2021).
This is because of the durability and
flexibility, low cost, excellent mechani-
cal strength, and barrier properties of
PE that can prevent weed growth, opti-
mize soil temperature, and conserve soil
moisture for crop growth (FAO 2021;
Mansoor et al. 2022). Some PE films
can also be specially manufactured to be
totally impermeable (TIF) or virtually
impermeable (VIF) and are used widely
for soil fumigation (US EPA 2024). Al-
though PE mulch films play an impor-
tant role in modern agriculture, they
are also a growing source of plastic

pollution (FAO 2021; Hofmann et al.
2023; Mazzon et al. 2022). The pri-
mary problem with PE mulch is that it
is nonbiodegradable and sustainable
end-of-life disposal options are lacking,
resulting in nearly all PE films being
burned, buried, stockpiled, or landfilled
(Goldberger et al. 2019; Madrid et al.
2022). Even if more sustainable disposal
options were widely available (e.g., recy-
cling), the propensity of PE mulches to
tear during field removal renders com-
plete removal a challenge, and frag-
ments can become a source of terrestrial
plastic pollution (Li et al. 2023; Madrid
et al. 2022; Mazzon et al. 2022). Thus,
the widespread usage of PE mulch in
agriculture has resulted in substantial accu-
mulation of plastics in agricultural soils in
some regions where it threatens soil health
(Li et al. 2022; Liu et al. 2014). Recent
research has shown that these plastics, af-
ter fragmenting into microplastics, may
migrate to subsoils, where they become
impossible to remove (Li et al. 2022).

Additionally, these plastics can pollute wa-
ter and air, where they contribute to the
accumulation of persistent macroplastics,
microplastics, and nanoplastics in ecosys-
tems where they could be ingested by
wild and domestic animals, thus posing a
hazard (Li et al. 2022).

The global impact and environ-
mental risk of PE mulch pollution has
led to growing interest in eco-friendly
alternatives, with soil-biodegradable plas-
tic mulch (BDM) representing a promis-
ing solution (FAO 2021; Goldberger
et al. 2019). Made with biodegradable
polymers, BDM is designed to be tilled
into soil at the end of the growing sea-
son, when soil microorganisms degrade
it into carbon dioxide, methane, water,
and microbial biomass (Yu and Flury
2024). Generally, BDM has agronomic
performance similar to that of PE mulch;
therefore, growers can achieve weed
management, moderation of soil tem-
perature and moisture, and enhance-
ment of crop yield and quality (Huang
et al. 2022; Tofanelli and Wortman
2020). The in situ disposal of BDM
saves labor and end-of-season removal
and disposal costs (Madrid et al. 2022).
Furthermore, BDMs are applied with
the same equipment as that used for
PE mulch, streamlining the transition
for farmers and simplifying adoption
(Shrestha et al. 2023). However, BDM
has lower mechanical strength than PE
mulch and requires lower tension on
roller bars and pressing wheels during
machine laying; greater tensions may
result in overly tight application or tear-
ing, resulting in premature deteriora-
tion and soil exposure, which leads to
increased weed growth (Sintim and
Flury 2017; Xiong at al. 2024).

Despite its advantages, BDM adop-
tion in the United States has been lim-
ited because of lingering uncertainties
about its ingredients, costs, complete
biodegradability, and impacts on soil
ecosystems and overall soil health
(Dentzman and Goldberger 2020;
Goldberger et al. 2015; Madrid et al.
2022). The aim of this publication is to
address these critical frequently asked
questions and concerns about BDM.
This article will contribute to bridging
the knowledge gap between the scientific
community, crop advisors, and growers
regarding how BDM can contribute
to sustainability goals in commercial
agriculture as well as the limitations
of BDM usage and areas for contin-
ued research.
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What is used to make BDM and
PE mulch?

Approximately 75% to 95% of BDM
mass is polymeric feedstock, with the
remainder being additives or minor
components (DeVetter et al. 2021).
Commercially available BDMs are made
with a blend of biobased and synthetic
fossil-fuel derived feedstock polymers,
and common additives include colorants,
pigments, stabilizers, fillers, lubricants,
and plasticizers. The most common bio-
based feedstocks for BDM production
are thermoplastic starch (TPS), polyactic
acid (PLA), and poly(hydroxyalkanoates)
(PHAs) (Yu et al. 2023b). Of these, TPS
is extracted from natural materials such
as potato (Solanum tuberosum), maize
(Zeamays), and sugarbeet (Beta vulgaris)
(Yu et al. 2023b), and PHAs are polyes-
ter and fatty acid biopolymers produced
by genetically modified bacteria and yeast
that include poly(hydroxybutyrate) and

poly(hydroxyvalerate) (Yu et al. 2023b).
Synthetic (i.e., not biobased) biode-
gradable polymers commonly used
for BDMs are polybutylene adipate-
coterephthalate (PBAT), polybutylene
succinate (PBS), polybutylene succi-
nate adipate (PBSA), and polycaprolac-
tone (PCL) (DeVetter et al. 2021).
These synthetic biodegradable poly-
mers are mostly derived from petro-
leum oil; however, efforts to create
bio-based PBAT are underway. The
PE mulch is made from synthetic res-
ins created from the polymerization of
ethylene molecules. Ethylene is a gas
(C2H4) that is derived from petroleum
oil, which is a nonrenewable resource
(Hayes et al. 2019). Because of the
high stability of its chemical structure,
plastics made from PE do not easily
interact with environmental factors
and are considered nonbiodegrad-
able; therefore, PE can reside in the
environment for a few hundred years
and contribute to persistent plastics in
ecosystems (US Environmental Pro-
tection Agency 2024a, 2024b).

After feedstocks, the remaining
mass of BDM includes additives that
aid in film manufacturing and in-field
performance (DeVetter et al. 2021).
Plasticizers, lubricants, antioxidants, anti-
bacterial agents, colorants, and pigments
are examples of additives. Depending on
the colorants and pigments, commer-
cially available BDMs can be black, clear,
green, white, and white-on-black. Black
is the most common color of mulch film
on the market because it increases soil
temperature most effectively and blocks
light transmission to the soil, which re-
duces weed growth (Markets and Mar-
kets 2023; Snyder et al. 2015). White
mulch with black backing keeps the soil
cooler while still preventing weed growth
(Gheshm and Brown 2020; Snyder et al.
2015).

What is the brief history
regarding BDM?

Since the 1950s, agriculture in
the United States has relied on PE
mulch for crop production in both
small-scale and large-scale horticultural
production systems; currently, PE mulch
is an important weed management tool
for organic crop production (Madrid
et al. 2022; Mansoor et al. 2022). De-
gradable plastic mulch was introduced
in the 1980s; however, rather than bio-
degrade, those mulches disintegrate,
that is, they break apart into smaller

pieces of plastic (Riggle 1998). In 1990,
truly biodegradable plastic mulches
were introduced after a call for re-
search and development of biodegrad-
able thermoplastics by the German
government. Novamont SpA (Eschborn,
Germany) manufactured the Mater-BiVR

line (a blend of TPS and PBAT copo-
lyester) in 1991, followed by line extru-
sion and injection molding grades
created by Bayer BAK (Leverkusen,
Germany) in 1996 (Novamont 2022).
In 2009, the US Department of Agricul-
ture (USDA) Specialty Crop Research
Initiative program funded an investiga-
tion of BDM. By 2012, BASF (Ludwigs-
hafen, Germany) had produced ecovioVR

mulch films, which expanded practical ap-
plication of BDM (BASF 2013). Current
research and development efforts are
focused on increasing the biobased
content of BDM, extending its func-
tional field life, expanding its color
options, and reducing its manufactur-
ing costs because price is considered a
primary factor that limits adoption.

Are there standards or
certifications regulating BDM?

Biodegradability is a key attribute
of BDM and is assessed as a product’s
inherent ability to degrade to carbon
dioxide, methane, water, and micro-
bial biomass after being metabolized
by microorganisms (Yu and Flury 2024).
Inherent biodegradability is determined
by tests within a standard. The BDMs
that meet international standards must
adhere to specifications regarding dimen-
sional, mechanical, ecotoxicity, biodegra-
dation, and optical properties (European
Committee for Standardization 2018).
Table 1 lists existing biodegradability
standards for BDM. The most com-
mon standards for BDM in the United
States are EN 17033 (2018) for in-soil
biodegradation and ASTM D6400
(2012) for compostability. EN 17033
tests biodegradation of BDM feed-
stocks under aerobic soil conditions,
while ASTM D6400 evaluates biode-
gradability under industrial compost-
ing conditions using the ASTM D5338
test method. Tests within both these
standards are performed in controlled
laboratory settings. EN 17033 ensures
that a BDM product meets performance
specifications both during crop produc-
tion and following soil incorporation.
For example, BDM feedstocks must
reach at least 90% biodegradation
within 2 years and includes controlled
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laboratory tests for ecotoxicity for
plants, invertebrates, and microorgan-
isms. The standard also regulates heavy
metal content (e.g., zinc, chromium,
copper, lead, nickel, cadmium, mer-
cury) and prohibits the presence of sub-
stances of very high concern to ensure
the BDM does not have a negative im-
pact on the environment.

While EN 17033 specifies using
agricultural or forest soil in the tests,
results from standard tests do not al-
ways translate to the multitude of ag-
ricultural environments in the United
States or elsewhere. Other standards
regarding BDM, such as EN 14995,
EN 13432, ISO 17088, and ASTM
D5988-18, also do not include tests
that account for the diversity of envi-
ronments and climates that create vari-
ability in BDM biodegradation. For
example, Griffin-LaHue et al. (2022)
conducted an in-field degradation exper-
iment during which they retrieved visible
mulch fragments after 4 years of contin-
uous application. They found that the
in-field degradation rate based on calen-
dar time was much slower than the labo-
ratory standards. However, the in-field
degradation rate would align better with
the laboratory standards if thermal time
was used to take into account the differ-
ences in temperature over the calendar
year. Soil composition (proportions
of clay, sand, silt, organic matter)

and differing farm practices such as till-
age and cover cropping can also in-
fluence BDM biodegradability. For
example, the degradation of BDM in
the Mediterranean climate of West-
ern Washington (Csb in the K€oppen-
Geiger classification) was slower than
that in the humid subtropical climate
of Knoxville, TN, USA (Cfa in the
K€oppen-Geiger classification) (Beck et al.
2018; Sintim et al. 2020). Growers and
crop consultants can assess the degra-
dation rates of BDMs within their own
climactic and soil conditions using es-
tablished in-field burial protocols that
assess visual degradation in mesh bags
(Madrid et al. 2020).

In Nov 2021, China released stan-
dard GB/T 41010-2021 for biodegrad-
able plastic with an implementation date
of 1 Jun 2022 (State Administration for
Market Regulation 2021). This stan-
dard requires biodegradable plastic to
have an organic content (defined as vo-
latile solid content) of at least 51% and
meet minimum content requirements
for heavy metals and other specified sub-
stances of very high concern, such as
prohibited hazardous substances and
substances classified as carcinogenic
and mutagenic. The standard has two
biodegradability requirements: 1) rela-
tive (overall) biodegradability must be
at least 90%, and each single organic
component of the material with a

weight percentage of 1% or more must
have an absolute biodegradability of at
least 60% and 2) for mixtures and multi-
ple combined materials, the total weight
percentage of organic components must
be less than 5% and each organic com-
ponent with a weight percentage of less
than 1% must be biodegradable. Biode-
gradability certification information is
not required to be displayed for these
components. The standard’s biodegrad-
able plastic labeling requirements in-
clude the use of the biodegradability
mark/logo and the material(s) it is
made with, its biodegradation environ-
ment (e.g., compost), the product
standards or biodegradability measure-
ment standards that the product com-
plies with, and the product name (State
Administration for Market Regulation
2021).

Some BDMs may be labeled with
a certificate, such as T €UV Austria (for-
merly Vincotte) OK Biodegradable
SOIL (Brunn/Gebirge, Austria) that
certifies the feedstock material will
fully biodegrade and not cause eco-
toxicity in the soil. It is important to
note that a certificate is not the same
as a standard. For example, authoriza-
tion of the T €UV Austria OK Biode-
gradable SOIL certificate is provided
by European Bioplastics, an associa-
tion that represents the interest of the
European bioplastics industry.

Table 1. Standards for testing soil biodegradation or compostability of plastic mulch.

Standard organization Standard name Comments

European Committee for
Standardization (CEN)

EN 17033 (2018) Plastics Biodegradable
Mulch Films for Use in Agriculture and
Horticulture�Requirements and Test
Methods

First international standard directly pertaining
to biodegradable mulches by an
international organization.

Association Francaise de
Normalisation (AFNOR)

NFU 52-001 (2005) Biodegradable Mulches
for Use in Agriculture and Horticulture
Mulching Products�Requirements and Test
Methods

French standard pertaining to biodegradable
mulches. This standard has been substituted
by EN 17033.

Ente Nazionale Italiano di
Unificazione

UNI 11495 (2013) Biodegradable
Thermoplastic Materials for Use in
Agriculture and Horticulture Mulching
Films�Requirements and Test Methods

Italian standard pertaining to biodegradable
mulches. This standard has been substituted
by EN 17033.

ASTM International ASTM D6400 (2012) Standard Specification
for Labeling of Plastics Designed to be
Aerobically Composted in Municipal or
Industrial Facilities

Pertains directly to biodegradation under
industrial composting conditions and is
often misrepresented. International
Organization for Standardization (ISO) has
equivalent standard.

TUV Austria (formerly
Vincotte)

OK Biodegradable SOIL (label) Certifies that plastic materials will biodegrade
fully and will not promote ecotoxicity in the
soil.

State Administration for
Market Regulation, People’s
Republic of China

GB/T 41010-2021
Degradability and identification requirements
of biodegradable plastics and products

Includes biodegradability and content
specifications and tests to ensure no
phytotoxicity or ecotoxicity.
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What is the difference between
deterioration, biodegradation,
and decomposition?

The two terms “deterioration”
and “degradation” are often incorrectly
used in reference to BDM. Deteriora-
tion is the loss of physical or mechanical
strength and is assessed through physi-
cal testing or visual observation of rips,
tears, and holes as well as microscopic
imaging. Degradation is the mineraliza-
tion or conversion of polymer carbon
to carbon dioxide, methane, or micro-
bial biomass that results in changes in
the chemical structure, physical proper-
ties, or appearance of BDM. Sometimes
degradation is used interchangeably
with decomposition, which is the
breakdown or decay of material into
smaller matter by decomposers like
worms, fungi, and bacteria. The
ASTM defines biodegradable plastics
as plastics that degrade from the ac-
tion of naturally occurring microor-
ganisms in the environment such as
bacteria, fungi, and algae. These mi-
croorganisms have metabolic path-
ways that degrade BDM (European
Committee for Standardization 2018;
Yu and Flury 2024).

What is the difference between
biobased and biodegradable?

Biobased materials are derived from
biological sources; for BDM, these in-
clude plants and microorganisms such as
bacteria and yeast. Biodegradable refers
to the breakdown of BDM by microor-
ganisms into carbon dioxide, methane,
water, and microbial biomass. Biode-
gradability is not based on biobased con-
tent. Synthetic polymers PBAT, PBS,
PBSA, and PCL, which are commonly
used to make BDM, are fully biodegrad-
able. The USDA National Organic Pro-
gram organic rule regarding BDM
prohibits the use of BDM that is not
100% biobased even if that BDM
meets the EN 17033 standard, which
ensures biodegradability.

What factors are important for
BDM degradation?

The BDM should degrade
completely and not contribute to
environmental plastic pollution and
waste generation. Degradation is im-
pacted by the inherent nature of the
BDM polymer(s), additives within
the BDM, and environmental factors
in the degradation environment. The

characteristics of the polymer(s) deter-
mine the inherent degradability of
BDMs, while additives, especially ultra-
violet stabilizers, influence how poly-
mers are exposed to environmental
conditions. Environmental factors that
affect degradation can be divided into
abiotic and biotic factors. Abiotic fac-
tors include soil moisture, temperature,
pH, oxygen, wind, and ultraviolet radi-
ation that can cause mulch weathering
as well as deterioration (Kyrikou and
Briassoulis 2007; Rizzarelli et al.
2021). Biotic factors include the
microbial communities and their en-
zymes in the soil environment and the
presence or absence of biosurfactants
(Li et al. 2022; Shah et al. 2008). Soil
temperature, moisture, and microbial
composition, along with physicochemi-
cal changes of the BDMs resulting from
environmental weathering, will influence
the rate of BDM degradation (Anun-
ciado et al. 2021; English 2019; Sintim
et al. 2019a). In general, BDM degrades
more quickly at higher soil temperatures
and moisture, and cooler soil tempera-
tures and drier conditions will slow
BDM degradation (Anunciado et al.
2021; English 2019; Griffin-LaHue
et al. 2022; Sintim et al. 2020). Crops
and weeds contribute to the forma-
tion of holes and tears in BDM,
which can cause the mulch to deterio-
rate and fragment (Anunciado et al.
2021). Degradation is also increased
by farming practices such as tillage
and cover cropping, which can reduce
fragment size and increase edge area;
the greater the edge area, the greater
the exposure of BDM fragments to de-
grading soil microorganisms (Kasirajan
and Ngouajio 2012; Serrano-Ruiz et al.
2021; Sintim et al. 2020). Anunciado
et al. (2021) found that the addition of
compost to soil significantly increased
the degradation rate of BDM. In that
study, after 16 weeks, BDM in com-
post-amended soil had 20% to 30%
more mass loss compared with those in
unamended soil, and the biodegrada-
tion of BDMs had the following order
from highest to lowest: PLA/PHA >
Bio360 > Naturecycle > Organix
(Anunciado et al. 2021).

Studies based on visual assess-
ments have shown that it takes sev-
eral years for BDM to degrade
completely in agricultural fields after
soil incorporation (Griffin-LaHue

et al. 2022; Li et al. 2024; Sintim
et al. 2020). In a study that used
five BDMs, BioAgri (Mater-BiVR

& PBAT; Piracicaba, Brazil), an ex-
perimental blend of PLA/PHA
(IngeoVR PLA and Mirel™ amorphous
PHA; Metabolix, Inc., Cambridge,
MA, USA), Naturecycle (starch-poly-
ester blend; Burlington, WA, USA),
Organix AG (BASF ecovioVR PBAT 1
PLA; Organix Solutions, Blooming-
ton, MN, USA), and WeedGuardPlus
(cellulose; Sunshine Paper Co., Aurora,
CO, USA), visual assessments of mac-
roscopic BDM fragments (>2.36 mm)
revealed that after 4 years of annual
BDM application (2015–2018) in
Northwest Washington’s cool Medi-
terranean climate, mulch recovery
from the soil 1 year after final incorpo-
ration ranged from 23% to 64% of the
total amount applied (based on area)
(Ghimire et al. 2020). Recovery de-
creased to 4% to 16% (mass basis)
2 years after final mulch incorporation
(Griffin-LaHue et al. 2022). In that
study, only Naturecycle (a starch–
polyester blend BDM) reached less
than 10% recovery (90% degrada-
tion) within 2 years, while the other
BDMs may require 2.5 to 5 years to
reach 90% degradation based on a
zeroth-order kinetics simulation model
(Griffin-LaHue et al. 2022). These re-
sults indicate that BDM biodegrades at
a steady rate even after repeated con-
secutive applications and in a relatively
cool soil (maximum 16 �C at a 5-cm
depth during summers) (2015–2020
average daily temperature, AgWeather-
Net 2021, https//weather.wsu.edu).

Do BDMs contribute to
microplastic and nanoplastic
pollution?

The BDM is designed to deterio-
rate, fragment, and degrade in the soil;
through these processes, micro-particles
and nano-particles are formed (Yu
et al. 2021). The terms “biodegradable
microplastics” and “biodegradable
nanoplastics” are used in scientific
literature to describe micro-sized and
nano-sized particles derived from bio-
degradable plastic. The terms are de-
fined based on particle size ranges
(microparticles are 100 nm to 5000 mm;
nanoparticles are 1 to 100 nm) and
composition of the polymeric material.
Although the definitions are inherently
neutral, the terms tend to convey
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negative connotations attributable to
the potential threat of microplastics
and nanoplastics to ecosystems and hu-
man health (Li et al. 2023; Lim et al.
2020). Studies have shown that BDM
generates microplastics in a shorter
timeframe than that of nonbiodegrad-
able plastic mulch (e.g., PE), which is
to be expected for several reasons. First,
nonbiodegradable plastic mulch is re-
trieved from the field after harvest,
whereas the intended end-of-life for
BDM is soil incorporation through till-
age. Second, biodegradable plastic
breaks down in a relatively short time-
frame, as mentioned (2–10 years), and
fragments and microplastics reside in
the soil during this period (Griffin-La-
Hue et al. 2022). Finally, with repeated
annual BDM applications, a certain
amount of biodegradable fragments and
microparticles may be present in the soil
until up to 10 years after the final applica-
tion (Yu et al. 2021). Thus, while BDM
generates greater amounts of microplas-
tics in the soil in the short-term, the resi-
dence time of these microplastics is up to
10 years, which is substantially shorter
than that of microplastics derived from
nonbiodegradable mulch, which can be
several hundred years. Given the shorter
residence time of biodegradable micro-
plastics and nanoplastics, and their assimi-
lation into microbial communities, their
potential negative impact on ecosystems
is likely less than that of nonbiodegrad-
able plastic, but research is needed for
verification. While some studies have re-
ported the potential for negative effects
from biodegradable microplastics, many
of these studies used microplastic con-
centrations far in excess of environmental
realities (up to 700-times more than that
which would occur with annual mulch
application) (Degli-Innocenti 2024).
The scientific community must discern
studies that use relevant and reasonable
concentration rates when investigating
a response to biodegradable microplas-
tic and nanoplastic particles. For exam-
ple, Yu and Flury (2024) showed that
with a conservative biodegradation rate
of 10% per year for BDM, the maxi-
mum plastic mass in soil would be ap-
proximately 0.43 g/kg (equivalent to a
weight percentage of 0.043% w/w).

Are residues released from
BDM degradation?

The biodegradable polymers in
BDM biodegrade in soil over a period
of a few years; with repeated BDM

use, a certain amount of biodegrad-
able polymers will be present in the
soil until a few years after the final
BDM soil incorporation. The amount
of BDM residues present in soil de-
pends on the in-field degradation rate
of the BDM as well as the number of
BDM applications. Yu et al. (2021)
used a linear model to estimate the
amount of residual biodegradable poly-
mers in soil following yearly BDM
(PBAT-based) applications. Modeling
showed that with a degradation rate
of 10% per year, residual biodegrad-
able polymers reached a steady con-
centration after 10 years of yearly
BDM application. In contrast, when
the model used a degradation rate of
50% per year, the residual biodegrad-
able polymers reached a steady con-
centration within 2 years. In both
model scenarios, once the application
of BDM ceased, the amounts of bio-
degradable polymers and other de-
gradable components of BDM steadily
decreased in the soil until all were fully
degraded within 2 or 10 years (50% and
10% degradation rates, respectively). In
northwest Washington, 2 years after
four consecutive BDM applications,
only 4% to 16% of the original BDM
mass remained (Griffin-LaHue et al.
2022). Skvor�cinskien_e et al. (2023)
found that 100% corn starch-based
packing peanuts fully degraded in a moist
soil environment within 6 months,
whereas the 100% corn starch com-
postable bag only changed color and
had some surface changes, and plas-
tics made from 100% PLA showed
signs of deformation, increased rigid-
ity, and loss of color. In that same
study, bioplastics made from 90% bio-
based nylon plus petroleum-based
plastics (PCL, PA, PP, PE) and plastic
made with 30% polypropylene and
70% corn starch became malleable
and soft. It is important to note that
compostable plastics require tempera-
tures of 50 to 60 �C to degrade, and
PLA is compostable and generally
considered to biodegrade slowly in
soil because soil temperatures are usu-
ally below optimal degradation tem-
peratures. Anunciado et al. (2021)
found that under industrial compost-
ing, black BDM (ecovioVR -based Or-
ganix AG; BASF) was slightly more
compostable than white-on-black and
clear versions of the same BDM prod-
uct. The authors attributed this dif-
ference to the polymeric constituents

of the mulch products and suggest
that microbial degradation of PHA
and starch is greater than that of PLA
and PBAT.

The nonbiodegradable compo-
nents of BDM (e.g., inorganic pigments
and fillers) would likely accumulate in
the soil after repeated BDM use; how-
ever, only a few studies have reported
this issue (Li et al. 2022). For example,
some studies have shown that BDM
(PBAT-based and PHA/PLA-based)
can release pigments such as carbon
black and TiO2 (used to make black
and white-on-black mulch, respectively)
during degradation in compost (Sintim
et al. 2019b; Yu et al. 2023b). Although
nonbiodegradable components may ac-
cumulate in soil, not all components
pose a threat to soil and ecosystem
health (Abbate et al. 2023; Van Roijen
and Miller 2022). For example, some
nonbiodegradable components that are
commonly used as fillers in BDM, such
as calcium carbonate, silica, and clay, are
inert and occur naturally in the environ-
ment (Zang et al. 2020). Other compo-
nents, such as silver nanoparticles,
despite being anthropogenic and accu-
mulating, would not cause adverse ef-
fects if the concentration is low, such as
that from BDM degradation (Anjum
et al. 2013). However, the long-term
fate in the environment of nonbiode-
gradable components is unknown and,
in general, their replacement with de-
gradable components in the manufac-
ture of BDM is recommended.

Another concern regarding BDM
fragments and biodegradable micro-
plastics is their potential to adsorb
pesticides and other agrichemicals ap-
plied to the soil. Beriot et al. (2020)
tested the sorption of pesticides with
an oxo-degradable plastic mulch con-
taining pro-oxidant additive and a low-
density polyethylene mulch; it is impor-
tant to note that neither of these mulches
are soil-biodegradable. The sorption rate
for the oxo-degradable plastic mulch was
approximately 50% higher than that of
the PEmulches for 20 of the 38 pesticide
compounds tested. The authors specu-
lated this could be attributable to the
PBAT feedstock in the oxo-degradable
plastic mulch and its affinity for those
pesticidal compounds. It is important to
consider that these tests were conducted
via laboratory incubation, a technique
that is not always comparable to field
conditions. Research is needed to deter-
mine whether soil-incorporated BDM
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fragments and biodegradable micro-
plastics adsorb pesticides and whether
this impacts the biodegradation rate
caused by inhibition of bacteria and
fungi colonization. The active ingredi-
ent of the pesticides and other ab-
sorbed agrichemicals should also be
considered.

Could BDM fragments impact
plant health?

Concerns have been raised that
BDM fragments in soil could nega-
tively impact plant health or crop
safety. To date, studies of the phyto-
toxicity potential of BDMs have used
concentrations hundreds of times greater
than those encountered in the field;
therefore, results are inapplicable to ac-
tual field conditions (Degli-Innocenti
2024). Furthermore, experiments have
been conducted in containers that limit
the soil volume that plant roots can ex-
plore, which also does not relate to the
natural soil–plant environment. It is
crucial to carefully evaluate whether ex-
perimental methods are appropriate
when interpreting current and emerg-
ing literature.

The same considerations apply to
studies that assess soil health. For exam-
ple, Serrano-Ruiz et al. (2021) found
that polyhydroxybutyrate-based BDM
fragments had greater negative impacts
on plant growth and soil health com-
pared with nonweathered BDM or soil
without BDM. However, that study
used a concentration of 4.5% weathered
BDM fragments to soil, which greatly
exceeded the 0.0063% concentration
likely to be present in agricultural fields
after a single application of BDM
(Degli-Innocenti 2024). For example,
PBAT-based and PL-based BDMs
have been shown to degrade to 50 to
125 particles/kg after 3.5 years. Thus,
the likelihood of achieving a concentra-
tion almost 1000-times greater than
that of a single BDM application is es-
sentially impossible (Li et al. 2023).
Similarly, Qi et al. (2018) found that
macroplastics and microplastics resulting
from starch-based plastic mulches con-
taining polybutylene terephthalate, pul-
lulan, and polyethylene terephthalate
can cause harmful effects on wheat
(Triticum aestivum) growth compared
with low-density polyethylene. How-
ever, this study used a 1% w/w concen-
tration of mulch fragments to soil, and
BDMs do not contain these nonbiode-
gradable polymers. Furthermore, the

study was conducted in a controlled
environment; therefore, results likely
do not directly correlate with field
investigations.

Does BDM degradation harm
terrestrial and/or aquatic
animals?

No studies to date have shown
that BDM fragments or biodegrad-
able microplastics pose problems to
terrestrial and aquatic life. The EN
17033 (2018) standard requires BDM
to be tested for ecotoxicity in soil sys-
tems, including toxic effects on plants,
invertebrates, and microorganisms.
Earthworms (Lumbricus terrestris) have
been observed on the soil surface forag-
ing on BDM microplastics made with
PBAT and dragging fragments into
their burrows to be ingested and incor-
porated into their casts; no acute tox-
icity after BDM ingestion has been
observed (Adhikari et al. 2023; Zhang
et al. 2018). Raman spectroscopy fur-
thermore showed that PBAT-based
BDMwas modified after going through
the earthworm gut, while PE did not
undergo any modifications or changes
after earthworm ingestion (Adhikari
et al. 2023). To date, no studies have
shown that insects are attracted specifi-
cally to BDM as a food source.

There is a concern that biode-
gradable microplastics may be bioac-
cumulated in plant tissue and then
ingested by animals, including humans
(Okeke et al. 2022). No studies to date
have been conducted to investigate if
biodegradable microplastics are bioac-
cumulated in plants or to assess if there
are effects on livestock, wildlife, or hu-
mans that feed on plants grown with
BDM. However, Bao et al. (2022)
found that biodegradable plastic bags
made with PLA, PBAT, and starch that
were cut into 2.5-cm � 4-cm strips
fragmented into microplastics and nano-
plastics at a faster rate than that of PE
bags. The authors speculated that biode-
gradable microplastics and nanoplastics
may contribute to air pollution and respi-
ratory diseases in animals, similarly to
conventional plastics (Allen et al. 2019;
Lim et al. 2021).

EN 17033 does not include eco-
toxicity testing in freshwater aquatic
or saltwater marine environments be-
cause BDM is not intended to be
used or disposed of in those environ-
ments. However, BDM fragments and
biodegradable microplastics may be

carried by wind or runoff and be de-
posited in an aquatic environment.
Because BDMs are not designed to
degrade in water, this may lead to in-
complete degradation and accumula-
tion of biodegradable plastics in aquatic
ecosystems (Nizzetto et al. 2016; Rose-
nboom et al. 2022; Schmidt et al.
2017). Studies have shown that PBAT-
based plastics fragmented into micro-
plastics after 10 weeks in freshwater
and seawater when incubated in cell
culture flasks with ventilated caps (Wei
et al. 2021). Another study showed
commercially available fruit and vegeta-
ble bags (F&V Ecobag; Erreti S.r.l., Sol-
biate Olona, Italy) made withMater-BiVR

HF03V (Novamont, Novara, Italy), a
blend of TPS and PBAT, disintegrated
in a simulated marine seafloor environ-
ment with a half-life ranging from 72
to 368 d, which was shortest when
samples were placed on sediment with
the coarsest grain size (Eich et al.
2021). Yu et al. (2023a) found that
weathered biodegradable nanoplas-
tics derived from PBAT were highly
stable in freshwater, seawater, and soil
pore water, suggesting they could mi-
grate readily in aquatic environments.

In studies that investigated the
impact of biodegradable plastic on the
health of aquatic fauna, Klein et al.
(2021) found that incorporating PLA
microplastics into freshwater sediments
reduced the survival of the freshwater
California blackworm (Lumbriculus
variegatus). However, Magni et al.
(2020) found no adverse effects of
biodegradable microplastics made
with Mater-BiVR (a blend of TPS and
PBAT copolyester) on zebra mussel
(Dreissena polymorpha). The effects
of BDM fragments on aquatic or-
ganisms will likely depend on frag-
ment size, concentration, potential
to block digestive systems, and the
potential for feedstock to be metabo-
lized as a food source. Further studies
are still needed to assess the potential
environmental risks associated with
BDM and BDM-derived fragments in
aquatic ecosystems.

What impact does BDM have on
soil health?

Several studies have explored the
impact of continuous application of BDM
on soil health, including the chemical,
physical, and biological components
(Hayes et al. 2019; Serrano-Ruiz et al.
2021; Zhang et al. 2019; Zhou et al.

� August 2025 35(4) 475

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-07-19 via O
pen Access. This is an open access article distributed under the C

C
 BY-N

C
license (https://creativecom

m
ons.org/licenses/by-nc/4.0/). https://creativecom

m
ons.org/licenses/by-nc/4.0/



2023). For instance, Gao et al. (2021)
compared the effects of PE and BDMs
made from PLA and PBAT on soil
properties and potato yield across two
winter-planting seasons in Huizhou,
Guangdong Province, China. The re-
sults showed that BDM residues im-
proved soil bulk density and organic
matter content after degradation in
soil, and the authors concluded that
BDM has the potential to replace PE
mulch for potato production. Maz-
zon et al. (2022) investigated the
impact of BDM film (Mater-BiVR ) on
soil quality, specifically microbial
biomass, nitrogen cycling, and the
activity of soil enzymes in loamy and
sandy soil on two farms in northern
Italy. Soil-incorporated BDM resulted
in accelerated carbon mineralization, in-
creased nitrogen immobilization, and
greater microbial biomass (Mazzon et
at. 2022). A comparative 2-year (2015–
2016) study in northwest Washington
and eastern Tennessee using pie pump-
kin (Cucurbita pepo) showed that the
geographical location and seasonal
variations had a greater impact on
soil properties, functions, and health
indicators than the application and
incorporation of BDM (BioAgriVR ,
Naturecycle, Organix, and PLA/PHA-
based) after 4 consecutive years of appli-
cation (Sintim et al. 2019a). Soil col-
lected from that study also showed
that microbial community, structure,
and function were more impacted by
site and time of sampling than by
BDM (Bandopadhyay et al. 2020).

Follow-up studies after 4 years of
consecutive BDM application at the
northwest Washington and eastern
Tennessee sites similarly demon-
strated no detrimental effects of PE
mulch or BDM (BioAgriVR , Nature-
cycle, Organix, and PLA/PHA-based)
on soil microbial communities, their ac-
tivities, or the overall accumulation of
soil organic matter (English 2019;
Liquet y Gonzalez and DeBruyn 2019).
After 4 years of consecutive BDM appli-
cation, winter wheat was cultivated at
the northwestern Washington site for
2 years, and further research showed no
negative effects on soil health or
groundwater quality (Sintim et al.
2021). Di Mola et al. (2021) studied
the impact of soil solarization on soil
quality using both BDM (starch-
based) and PE mulch in greenhouse
conditions. The application of BDM
prevented the accumulation of high

ammonia concentrations in the soil
caused by reduced soil water content
and slightly lower temperatures com-
pared with PE mulch. This effect was
ascribed to the BDM providing favor-
able conditions for the growth of nitri-
fying bacteria (Di Mola et al. 2021).

Huang et al. (2022) focused on
the effects of continuous use of biode-
gradable films on soil health in dry-
land maize production in northwest
China. The results showed that PBAT-
based BDM increased the soil carbon:
nitrogen ratio and improved the soil
nutrient environment. In another field
study with maize in northeast China,
Xue et al. (2023) found after 4 consec-
utive years, BDM (PBAT-based) appli-
cation decreased the accumulation of
fungal necromass carbon compared
with no mulch and PE mulch, but bac-
terial necromass carbon and soil total
carbon were unaffected. The BDM
also decreased the amount of soil dis-
solved organic carbon. The authors
suggested that BDM reduced fungal
necromass carbon through changes in
substrate availability, soil pH, and fun-
gal community composition, and this
would impact long-term soil carbon
storage. While long-term field studies
are needed to determine the impact of
BDM on soil health, current results
suggest that BDM has effects similar to
those of PE mulch.

Is BDM allowed for use in
certified organic production?

The USDA National Organic Pro-
gram added biodegradable biobased
plastic mulch to the list of allowed syn-
thetic substances for organic crop pro-
duction in Oct 2014. According to the
organic standard (7 Code of Federal
Regulations, Section 205.601), an ac-
ceptable BDMmust: 1) not be produced
using excluded methods (e.g., geneti-
cally modified organisms); 2) meet
the compostability specifications of
one of the following standards: ASTM
D6400, ASTM D6868, EN 13432, EN
14995, or ISO 17088; 3) demonstrate
at least 90% biodegradation absolute or
relative to microcrystalline cellulose in
less than 2 years in soil according to one
of the following test methods: ISO
17556 or ASTM D5988; and 4) be bi-
obased with content determined using
ASTM D6866. Regarding the bio-
based percentage, the National Organic
Program set a 100% requirement in
2014 but soon recognized that this was

impractical in the short term. Public
comments submitted to the National
Organic Standards Board indicated that
a biobased content of 20% to 50% was
more feasible. In 2021, the National
Organic Standards Board recom-
mended lowering the minimum re-
quired biobased content from 100%
to 80%, and advised that organic farm-
ers should transition to BDM products
with higher biobased content as they
become commercially available (Na-
tional Organic Program 2023; Na-
tional Organic Standards Board 2021).
However, the National Organic Pro-
gram had not yet changed the rule re-
quiring 100% biobased content by the
time of this publication. Research in It-
aly is underway to test a BDM with
60% biobased content, but no mulch
products with more than 20% bio-
based content are commercially avail-
able (Molyneux 2022). It is important
to note that biobased content does not
correlate with degradation (Bergeson
et al. 2024), and the commercial pro-
duction of biobased polymers is based
on using genetically modified bacteria
and yeast to increase efficiency and re-
duce costs. EN 17033 ensures that
BDM feedstocks are fully biodegrad-
able without negative impacts, but this
standard is not included in the organic
rule. It is also noteworthy that BDMs
do meet compost standards, but com-
post made with BDM cannot be ap-
plied on certified organic farms in the
United States.

What is the cost difference
between BDM and PE mulch?

The purchase cost of BDM is
generally 1.5-times to two-times more
than that for PE mulch, but there are
no indirect costs for BDM removal or
disposal as there is with PE (Li et al.
2024). However, drip tube or drip
tape must still be removed and dis-
posed of if used. The BDM is tilled
into the field at the end of the cropping
season, and there is no additional cost
when tillage is already a common end-
of-season activity for farmers (Velandia
et al. 2019). Additionally, farm labor
can be used for farm activities other
than mulch removal.

Can BDM function as
fumigation tarp?

BDM is not currently listed by
theUS Environmental Protection Agency
as an approved fumigation tarp for buffer
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zone reduction credits (DeVetter and
Stanghellini 2020). However, BDM can
be used after the restricted-entry interval
for fumigants has passed, but their
application during fumigation is not
recommended because fumigation-
induced degradation of the BDM
may occur.

Are oxo-degradable plastics the
same as BDM?

Oxo-degradable plastics (some-
times referred to as photodegradable)
are not compostable or biodegrad-
able; therefore, they are not equiva-
lent to BDM. Oxo-degradable plastics
are made from conventional materials
like high-density polyethylene, low-
density polyethylene, or polypropyl-
ene that are then combined with starch
or other additives that cause the plastic
to fragment when exposed to ultra-
violet light, heat, or oxygen. These
fragments persist in soil and aquatic
environments and can move up the
food chain, contributing potential
ecological harm (Bao et al. 2024;
Browne et al. 2008; Feuilloley et al.
2005; Thompson et al. 2004). Oxo-
degradable plastic fragments further
break down into microplastics, con-
tributing to long-term environmen-
tal pollution. Despite being labeled
as “biodegradable” by some manu-
facturers, oxo-degradable plastics fail to
meet the soil biodegradability standard
EN 17033 and should not be used in
agriculture. Many growers who report
dissatisfaction with BDM likely used an
oxo-degradable plastic mulch because
their lower price point can be appeal-
ing. Growers are encouraged to test
BDM that meets biodegradability stand-
ards to determine if it is compatible with
their production system.

Conclusions
Plastic mulch is a valuable tool in

agriculture worldwide; to reduce its
contribution to plastic pollution, BDM
can be a suitable alternative. Although
the purchase cost of BDM can be two-
times that of PE mulch, when PE
mulch removal and disposal costs are
factored in, BDM can be less expensive
because it is tilled into the soil at the
end of the growing season. Compared
with PE mulch, BDM poses fewer im-
pacts on soil health and both terrestrial
and aquatic organisms, and the risk
potential appears relatively low for
BDM regarding pesticide accumulation.

Unlike PE mulch fragments that reside
in the environment for dozens or several
hundred years, BDM will only reside in
the soil for several years (Griffin-LaHue
et al. 2022; Li et al. 2024; Sintim et al.
2020). There is misunderstanding re-
garding the biodegradability of BDM
because mulch marketers and some
members of the scientific communi-
ties have not adhered to the defini-
tion of soil-biodegradable plastic.
Additionally, inappropriate experimen-
tal methods have been used to test
biodegradability, thereby resulting in
misleading interpretations and out-
comes (Qin et al. 2021). Thus, studies
have claimed that BDM does not fully
biodegrade when the plastic mulch
used in the study is not actually biode-
gradable, or the BDM was tested at
almost 1000-times the concentration
that would naturally occur in real-
world conditions. To eliminate this
misinformation, mulch marketed as
biodegradable should meet the EN
17033 standard, which verifies that
BDM degrades into carbon dioxide,
methane, water, and microbial bio-
mass in soils without negatively im-
pacting soil health, depositing heavy
metals or substances of very high con-
cern, or otherwise negatively impact-
ing the environment. There is a need
for research studies to use meaningful
protocols, and publications should ad-
here to the definition of biodegradable
plastics to stop misinformation regard-
ing BDM.

Another misunderstanding in the ag-
ricultural community is in regard to the
terms “biobased” and “biodegradable.”
There is a common belief that a BDM
must be fully biobased to be fully biode-
gradable, which is not correct. Synthetic
polymers that are commonly used to
make BDM (PBAT, PBS, PBSA, and
PCL) are fully biodegradable. The
USDA National Organic Program or-
ganic rule regarding BDM prohibits
the use of BDM that does not have
100% biobased content even though
they meet the EN 17033 standard.
This rule supports the continued use
of PE mulch and the plastic pollution
it contributes to the environment.

Long-term studies using field-
relevant rates are needed to evaluate the
impact of BDM fragments, biodegrad-
able microparticles, and potential persis-
tent residues on soil and agroecosystem
health and function. Studies are also

needed to gain a better understanding
of biodegradable polymer technology,
address any concerns, and build confi-
dence within the agricultural com-
munity. These efforts should occur
in parallel with the development of
new BDM technologies that meet
requirements for organic production,
provide multifunctional benefits (e.g.,
add soil organic matter or essential
plant nutrients), and use feedstock
materials that promote circular econo-
mies. Concurrently, efforts are needed
to promote PE mulch recycling in sce-
narios in which BDM is not a viable
option, such as certified organic pro-
duction or when leasing agreements
do not permit BDM use. This encom-
passes improved PE mulch collection,
aggregation, and densification strate-
gies that minimize soil contamination
on the mulch to minimize transport
cost, reduce tipping fees, and facilitate
recycling because of lower contami-
nant removal cost and risk of equip-
ment damage.
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