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Polyethylene plastic mulches are widely used in specialty cropping systems in the
United States due to the horticultural benefits they provide. However, polyethylene mulch
is reapplied seasonally, generating large volumes of plastic waste that contribute to
plastic pollution concerns. This review synthesizes scientific and industry findings to
provide a state of current end-of-life options of polyethylene mulch in the United States
and identifies opportunities that can improve plastic waste management with a special
emphasis on soil-biodegradable plastic mulches. Major points discussed are: (1)
polyethylene mulch use in specialty cropping systems, (2) economic, environmental and
waste management impacts of polyethylene mulch use, (3) current common end-of-life
pathways of used polyethylene mulch, (4) use of soil-biodegradable plastic mulch as
an alternative to reduce the amount of plastic waste in the environment and offset the
negative impacts associated with residual non-degradable plastics, (5) socioeconomic
factors that reduce the adoption of soil-biodegradable plastic mulch, and (6) limitations of
soil-biodegradable mulch. The results of this review conclude that recycling and upcycling
of used polyethylene mulch can be a more sustainable disposal option, however cleaning
and decontaminating used polyethylene mulch is costly and commercial technology is
often not accessible nor economically viable in many regions in the current economic and
political situation. To make recycling a viable pathway in the future, research and policy
developments are necessary to refine and encourage recycling. Soil-biodegradable
plastic mulches can offer an additional opportunity to help address these limitations,
but they are not permitted in organic agriculture in the United States. Further studies are
necessary to address the current knowledge gaps and gain a better understanding of
the factors influencing the degradation of soil-biodegradable mulches under diverse field
conditions. Improved end-of-life strategies should continue to be pursued that balance
sustainable use of plastic mulch while minimizing environmental risks.

Keywords: agricultural mulch, biodegradable mulch, plasticulture, microplastic, recycling, plastic waste, plastic
pollution, polyethylene
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INTRODUCTION

The introduction and commercial use of polyethylene plastic
mulch films (also known as “plastic mulch” and referred to as
“polyethylene mulch” in this manuscript) can be traced back
to the early 1960s. Adoption of polyethylene mulch across the
years has remained steady and is expected to continue rising. By
2026, the annual estimated growth rate of the global polyethylene
mulch film market is 6.5%, reaching a market value of $15.7
billion USD (Markets and Markets, 2021). Polyethylene mulches
were first used for commercial vegetable production and have
since been the standard material for mulching in agricultural
production systems worldwide (Kasirajan and Ngouajio, 2012;
Hayes et al., 2019; Serrano et al., 2021). Polyethylene mulch can
be manufactured at a relatively low price and has been favored for
its ease of application due to its light weight and flexibility as well
as its high durability. Well-known immediate benefits to growers
of its use include early crop development or fruit ripening,
improved crop quality, reduced weed pressure, enhanced plant
yields, moderated soil temperature, and more efficient water use
(Serrano et al., 2021). For these reasons, many growers rely on
polyethylene mulch to grow various specialty crops including but
not limited to strawberry (Fragaria x ananassa Duch.), tomato
(Solanum lycopersicum L.), pepper (Capsicum annuum L.), and
various cucurbit crops such as cucumber (Cucumis sativus L.) and
pumpkin (Cucurbita pepo L.) (Figure 1).

POLYETHYLENE MULCH USE IN
SPECIALTY CROPPING SYSTEMS

Due to the diversity of crops and cropping systems where
mulch is employed, there is no one-size-fits-all style of mulch.
Commercially available polyethylene mulches range in color,
thickness, permeability, elasticity, and overall durability. Mulch
color influences transmission of infrared and photosynthetically
active radiation (400-700 nm), which in turn affects weed seed
germination, plant growth, and soil temperature (Johnson and
Fennimore, 2005). Mulch color can also impact light reflection
and absorption, which are important factors that help modify soil
and canopy temperatures (Kasirajan and Ngouajio, 2012; Hayes
et al., 2019). Reflective mulches with aluminum or silver have
been shown to repel aphids and thrips [ Thrips tabaci (Lindeman)
and Frankliniella sp., respectively] (Adlerz and Everett, 1968;
Wolfenbarger and Moore, 1968; Scott et al., 1989; Brown and
Brown, 1992). Additives incorporated into silver mulches, such
as zinc pyrithione and silver nanoparticles, have also been
found to protect crops from bacterial pathogens (Pittol et al.,
2017; Hayes et al, 2019). Mulch thickness and formulation
influence the permeability of the plastic mulch to water, gases,
and germinating weeds (Kader et al, 2017). Elasticity is an
important factor for field application and installation purposes.
Polyethylene mulch should be able to withstand stretching that
occurs during application and be compatible with mechanical
hole-punching, transplanting, and/or seeding operations. The
optimum type of mulch will also depend upon the time of the
year that the mulch is used, crop type(s) grown, the field site’s

FIGURE 1 | Specialty crop production systems using raised beds covered
with polyethylene mulch (A) strawberry, (B) cucumber, (C) pumpkin, and (D)

tomato (photos by Brenda Madrid and Lisa W. DeVetter).

climate, design of the cropping system (i.e., multicropping/relay
cropping), and any other on-farm management practices such
as soil fumigation (Sanders et al,, 1996; Zhang et al, 2021).
Durability of polyethylene mulch is dependent upon all these
factors and should be considered to ensure that the mulch film
lasts throughout the growing season and meets the grower’s
production goals.

Reduced permeability polyethylene mulch is frequently used
in many high-value fruit and vegetable production systems
during soil fumigation. In these systems, fumigants are injected
into the soil before planting for the management of soilborne
pathogens, weeds, and pests including parasitic nematodes that
can cause damage to plants and restrict plant growth and crop
production (Environmental Protection Agency, 2020). Although
the fumigant methyl bromide was phased out through the
Montreal Protocol and Clean Air Acts due to its role in
depleting stratospheric ozone, limited use is still permitted in
the United States through critical-use exemptions and to meet
quarantine or pre-shipment criteria. Alternative fumigants to
methyl bromide are mostly volatile organic compounds that
are directly toxic and can form dangerous air pollutants if
emissions are not controlled. Polyethylene mulch is applied
during or shortly after soil fumigation to reduce emissions
and enhance fumigant retention time in the soil (Figure 2)
(Gao et al., 2011). The United States Environmental Protection
Agency has strict requirements regarding the type of polyethylene
mulch that can be used for soil fumigation. Virtually and totally
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FIGURE 2 | (A) Pre-plant soil fumigation. (B) Tarps applied after soil
fumigation to reduce emissions and improve fumigant retention in the soil
(photos by Lisa W. DeVetter).

impermeable mulch, often referred to as tarps, function as low-
or zero-permeability films that are effective at reducing fumigant
emissions while retaining the fumigant in the soil to improve
its efficacy (Gan et al., 1998a,b; Yates et al., 2002). Buffer zones
are also required during and after fumigation to provide a safe
distance between the application site and bystanders. Because
of their high impermeability, many tarps can qualify for buffer
zone credits, allowing reductions in buffer zone size at the
application site that minimizes the non-cropped area around a
field. After a sufficient interval following fumigation, the tarp may
be perforated and plants can be directly seeded or transplanted
into it, allowing the tarp to function as a mulch.

DISADVANTAGES OF POLYETHYLENE
MULCH

Despite the versatility and various immediate benefits that
polyethylene mulch can provide, there are longer term
consequences associated with its use that impose negative
spillovers onto society and the environment. Polyethylene, the
major polymeric component of most plastic mulches, does not
degrade readily (Ghatge et al., 2020) and it can take hundreds of
years for the polymer structure to undergo physical or chemical
changes in the environment (Ohtake et al., 1998). Polyethylene
mulch can also adsorb pesticides, concentrating them up to 20
times greater than the soil (Guo et al., 2020), indicating that film
fragments could play a role in the distribution, transport, and

FIGURE 3 | Polyethylene mulch removed at the end of the growing cycle
(photo by Brenda Madrid).

persistence of pesticides in the environment. Microplastics in
the soil may also adhere to plant surfaces (e.g., roots and tubers)
(Taylor et al., 2020) or may be taken up by plant roots (Li et al.,
2020). These issues raise additional concerns about product
quality and health if these plastics are ingested by humans,
livestock, and wild animals.

To avoid the accumulation of plastic in soils, polyethylene
mulch needs to be removed and disposed of at the end of each
growing cycle (Figure 3). However, the mulch removal process
can be labor-intensive, expensive, and incomplete. The cost of
removal and disposal is dependent upon the amount of plastic
that must be removed, the contaminants that adhere to the
plastic, as well as how it is removed. Mulch removal may be done
mechanically and aided by hand labor or carried out fully by
hand. The cost for both scenarios is affected by the availability
of labor, wage rate, and how many labor hours are required to
complete the task. Operator and manual labor hours related to
mulch removal average about 42h per hectare but vary based
on the field’s cropping density, type of plastic, and soil type
(Velandia et al., 2020a). Additional labor is often required to
remove drip tape and polyethylene mulch fragments that may
be left in the field. Retrieval of mulch fragments can be difficult
and time consuming since the fragments are often small (several
square centimeters in size) and at least partially buried in the soil
(Goldberger, 2018). Inevitably, not all mulch fragments can be
completely removed, and some will remain in the field. If these
fragments degrade into micro- and nano-plastics, subsurface
transport through soil may be possible (Yu and Flury, 2020).

Transportation of plastic waste to local recycling facilities or
a landfill site creates another challenge and additional expense
for growers. When calculating the costs of using polyethylene
mulch, growers should consider the cost of labor for field
removal, cost for transporting the material from a farm to a
recycler, and the disposal cost of the polyethylene mulch at a
landfill (i.e., gate/tipping fees). Recycling of used polyethylene
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FIGURE 4 | Current end-of-life pathways of used plastic agricultural mulch in the United States (photo image by Brenda Madrid).

mulch is not well established in the United States (Moore and
Wszelaki, 2016). In addition, the number of recycling facilities
that are willing and able to take used polyethylene mulch are
limited because the mulch is embossed and subsequently often
contaminated with soil particles. Plant debris and pesticide
residues are also contaminants found on polyethylene mulches
by the end of the season. In many cases, recycling is only
an option if the contaminants account for <5% of the total
weight of the polyethylene mulch (Clarke, 1996; Steinmetz et al.,
2016). However, by the end of the growing season the final
weight of most polyethylene mulches can increase by up to 80%
due to contamination with soil and plant residues (Ghimire
and Miles, 2016). Polyethylene mulches can also contain an
array of different resins (beyond polyethylene) that can make
downstream recycling processes difficult. Landfill disposal fees
are dependent on weight and differ by state or region. A database
of municipal solid waste landfills in the United States shows the
trends and averages in national and regional tipping fees across
six areas. In 2021, it was reported that the average national tipping
fee was $54.17 per metric ton, an increase of 0.90% compared
to the 2018 tipping fee cost (Environmental Research Education
Foundation, 2022).

FATE OF POLYETHYLENE MULCH AT THE
END OF THE GROWING SEASON

Landfilling, stockpiling, and in some cases, in-field burial or
burning, are common disposal pathways of used polyethylene
mulch in the United States (Figure 4) (Kasirajan and Ngouajio,
2012; Moore and Wszelaki, 2016). Landfilling is the most
common disposal method, but the cost and effort to transport
polyethylene mulch to a landfill may not be economically
viable for all growers. Further, there are negative environmental
consequences to placing large amounts of plastic waste into
landfills. After burial in a landfill, polyethylene mulch debris,
which is frequently embrittled due to exposure to sunlight during
its use in the field, will undergo further degradation, producing
micro- and nano-plastics that serve as vectors for release of

plasticizers and other potential toxicants into the environment.
Micro- and nano-plastics can be carried away by wind and water,
or taken up by plants (Li et al, 2020; Yu and Flury, 2020).
When this occurs, the pollutants can leak into ground and surface
water sources (Steinmetz et al., 2016). Stockpiled polyethylene
mulch in landfills may also form toxic environmental by-
products including aldehydes and ketones (Ohtake et al., 1998;
Hakkarainen and Albertsson, 2004).

On-site stockpiling, burial of polyethylene mulch into field
margins, or tillage of the mulch in the field are other disposal
methods that growers may practice (Moore and Wszelaki,
2016). These approaches can have undesirable effects on the
environment due to the formation of micro- and nano-plastics
that can carry adsorbed agrochemicals throughout soils and into
adjacent waterways (Kasirajan and Ngouajio, 2012). Research
also shows increasing polyethylene mulch residue is associated
with increasing concentrations of phthalate acid esters, a
potentially carcinogenic and mutagenic compound (Wang et al.,
2016). Accumulation of polyethylene mulch and microplastics
in soil has been shown to reduce soil health and functioning
(Zhang et al., 2020a), including negative effects on earthworms
and reductions in soil microbial biomass and functional diversity
(Ng et al, 2018). Similar to landfilling, additional concerns
arise as polyethylene mulch left in the field can migrate into
water resources and become an environmental pollutant in
aquatic systems.

Recycling is one sustainable alternative for polyethylene
mulch disposal. Mechanical recycling or
incorporates closed-loop technologies that can transform
used polyethylene mulch by extrusion. In this process the used
mulch must first be decontaminated of soil, pesticides, and
organic matter residues (Briassoulis et al., 2012). Polyethylene
mulches can be mechanically cleaned during field removal with
a rotary broom, and mulch removal under relatively dry soil
conditions will reduce soil adhesion. However, polyethylene
mulch is often embossed with a grid-like pattern to improve the
fit of the mulch on soil surfaces under fluctuating temperatures.
This in turn can make soil removal very difficult given soil
particles adhere more to embossed mulch relative to smooth

re-extrusion
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mulch (G. Jones, Southern Waste Information Exchange,
personal communication). Research is needed to refine the
best practices for polyethylene mulch cleaning during removal.
Once the polyethylene mulch is removed and cleaned, it can be
shredded, melted, and re-granulated. The polymer structure of
the final product remains the same, and the quality would closely
resemble the original product (Horodytska et al., 2018). The
recycled material can then be used to make reusable products,
such as deck boards (Smith and Wolcott, 2006) and as a partial
replacement for asphalt in road resurfacing (Vila-Cortavitarte
etal., 2019). Alternatively, polyethylene mulch can be chemically
upcycled through processes that include depolymerization,
partial oxidation, and pyrolysis, producing valuable chemicals
and fuels (Tennakoon et al., 2020; Zhang et al., 2020b). Pyrolysis
can provide several benefits over alternative disposal pathways.
In pyrolysis, used polyethylene mulch can be degraded at
high temperatures between 400 to 1,200°C under anaerobic
or low-oxygen conditions (Lee et al., 2021). This facilitates the
collection of the individual chemical components that can be
used as feedstock to produce new polymers or fuel. Another
advantage of this thermochemical process is that it does not
require plastic waste to be washed or sorted, which can be costly
and laborious (Uzochukwu Eze et al.,, 2021). Additionally, used
polyethylene mulch may be co-pyrolyzed with common organic
farm waste to produce biochar, offering a sustainable disposal
pathway that may improve the agricultural plastic mulch waste
stream (Cisse et al., 2022).

Unfortunately, because collection facilities for agricultural
plastics are not widely available, recycling as a disposal method
is not accessible nor economically viable for many growers
in the United States (Moore and Wszelaki, 2016). Cost to
transport polyethylene mulch to a recycling facility in the
United States can range from $0.11 to 0.55 per kilogram of plastic
(L. Vasquez, Revolution Company, personal communication).
Processing contaminated mulch to postconsumer resin adds
$0.77-1.21 per kilogram, while transporting the resins from
the recycling facility to a manufacturer costs $0.02-0.22 per
kilogram. The total postconsumer resin cost is ~$0.90-1.98 per
kilogram. In the current market it is not economically viable to
recycle polyethylene mulch in the United States, but recycling
can be supplemented with subsidies from the government
and other entities (L. Vasquez, Revolution Company, personal
communication). Another external factor limiting the growth of
recycling markets in the United States was the recent Chinese
“National Sword” policy enacted in 2018. The National Sword
policy banned the importation of plastics for recycling into
China, which resulted in reduced demand for agricultural plastic
waste in the United States and abroad. Although polyethylene
mulch from the United States may not have been directly
recycled in China prior to 2018, the National Sword policy
indirectly reduced the demand for agricultural plastic waste
because recyclers in the United States suddenly experienced a
new surplus of less-contaminated plastic waste that is less costly
to collect, transport, clean, and recycle. As a result, recycling
options for growers are increasingly limited, resulting in the use
of less sustainable disposal methods and driving the majority of
polyethylene mulch to enter the municipal waste stream through

landfill disposal or to be buried or burned on-site. With over
57,152 metric tons of polyethylene mulch used annually in the
United States alone (Mancl, 2020), these end-of-life pathways
can further contribute to plastic pollution in terrestrial and
aquatic systems.

Incineration is another disposal method for used
polyethylene mulch and provides a potential opportunity
to produce fuel (Moore and Wszelaki, 2016). Plastics contain
a comparable fuel value (46,520kJ/kg) to oil that can be
recovered through incineration (Hemphill, 1993; Lamont,
2005; Kasirajan and Ngouajio, 2012). However, similar to
recycling, incinerator/power plants that accept polyethylene
mulch are limited. Another drawback with incineration is
that high-temperature combustion of polyethylene mulch
(>1,000°C) can produce carbon monoxide and polycyclic
aromatic hydrocarbons (Steinmetz et al., 2016). These emission
products are classified as harmful air pollutants that damage the
ozone, so they must be contained and then disposed of safely.

Some growers burn polyethylene mulch (and drip tape for
irrigation) in open piles. While open burning of polyethylene
mulch is illegal in most states, some growers in the Pacific
Northwest and Mid-Atlantic report burning their polyethylene
mulch waste (Goldberger et al, 2019). Burning plastic at
temperatures between 200 and 315°C or less can create
carcinogenic polycyclic aromatic hydrocarbons that can be
deposited on plants and accumulate in soil (Kasirajan and
Ngouajio, 2012; Wortman and Lovell, 2013). Additional toxic
substances are emitted in the form of heavy metals, particulates
and 1,4-dioxane (Levitan, 2005). On-farm burning leaves behind
plastic debris that can cause further environmental problems
if the debris enters nearby water channels or is ingested by
livestock and wildlife, which can create additional health hazards
for humans.

While landfilling is the most common disposal pathway
a decrease in available land and their release of hazardous
byproducts is a pressing environmental issue (Steinmetz et al.,
2016). Incineration may be a viable alternative, however,
concerns over harmful emissions from high-temperature
combustion render recycling a more sustainable disposal
pathway (Steinmetz et al., 2016). Recycling via chemical,
mechanical or re-extrusion processes is a desired alternative to
managing polyethylene mulch at the end of the growing season.
Recycling can improve the agricultural plastic mulch waste
stream and would enable the development of reusable products
and feedstocks that can be used to create new polymers and
fuel. Research to improve and facilitate mulch cleaning prior to
and after removal are needed to make recycling more reliable,
economically feasible and accessible to growers throughout the
United States.

ALTERNATIVE TO POLYETHYLENE
MULCH—SOIL-BIODEGRADABLE
PLASTIC MULCH

Soil-biodegradable plastic mulches may be a sustainable
alternative to conventional polyethylene mulch and mitigate
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(1) BDM Tilled into Soil

(3) Aerobic Biodegradation

(4) CO,, H,0, Microbial Biomass

FIGURE 5 | Soil-biodegradable mulch degradation process after tillage (photo
by Brenda Madrid).

environmental health concerns associated with its use and
disposal. Soil-biodegradable mulches emerged in the 1990s and
provide similar horticultural benefits as plastic mulch made
from polyethylene (DeVetter et al.,, 2017; Ghimire et al., 2018,
2020; Zhang et al., 2020d). However, the widespread adoption
of soil-biodegradable mulches has been low due to variable
and unpredictable rates of degradation in soils (Kasirajan
and Ngouajio, 2012; Sintim and Flury, 2017). The use and
mislabeling of photodegradable plastic mulch as biodegradable
also negatively impacted the perception of soil-biodegradable
mulches at the time, thus limiting its adoption (Kasirajan and
Ngouajio, 2012). Recent advances in research and development
of biodegradable polymers have enabled the production of new
and promising soil-biodegradable mulches. As the global use
of plastic mulch continues to rise there is a growing market for
soil-biodegradable mulches (Sintim and Flury, 2017). In 2022
the global market for soil-biodegradable mulches was estimated
at $62.7 million USD and is projected to continue expanding at a
compound annual growth rate of 7.6%, reaching a market of 83.6
million USD by 2026 (Global Industry Analysts, 2022).

Unlike traditional polyethylene mulch they soil-biodegradable
mulches are intended to be tilled into the soil at the end of
the cropping season (Figure5) (Hayes et al, 2019; Serrano
etal., 2021). After tillage, soil-biodegradable mulch fragments are
designed to be biodegraded by microorganisms and converted
into microbial cell biomass, carbon dioxide, and water under
oxic or aerobic conditions (Kasirajan and Ngouajio, 2012; Hayes
et al., 2019). This reduces the amount of plastic waste generated
and offsets the negative impacts associated with the traditional
disposal pathways (or lack thereof) of polyethylene mulch made
from non-biodegradable polymers. It also reduces the labor costs
associated with the removal and disposal processes. Therefore,
soil-biodegradable mulches have the potential to serve as a more
sustainable and economical alternative to polyethylene mulch.

While there are various soil-biodegradable mulches on
the market, almost all commercial soil-biodegradable mulches
that meet compostability and soil biodegradability standards
use one of these feedstocks: (1) ecovio® and ecoflex®
[key ingredients: poly(butylene adipate-co-terephthalate) and
polylactide] manufactured by BASF (Ludwigshafen, Germany);

and (2) Mater-Bi® [key ingredient: poly(butylene adipate-co-
terephthalate)] made by Novamont (Novara, Italy). Organix
Solutions’ Organix A.G. (Edina, Minnesota) and Imaflex Can-
Eco (Montreal, Quebec, Canada) are two examples of soil-
biodegradable mulches that use ecovio® as the feedstock, and
Bio360 (Dubois Agrinovation; Simcoe, Canada) and BioAgri
(BioBag Americas; Palm Harbor, Florida) use Mater-Bi®.
Product standards have been established to ensure the integrity
and performance of soil-biodegradable mulches in cropping
systems. The European Standard 17033, issued in 2018, is the
first international standard for soil-biodegradable mulches that
specifies the requirements and standardized laboratory tests
necessary to evaluate composition, biodegradability, and soil
ecotoxicity (Hayes and Flury, 2018; Dentzman and Hayes, 2019).
The standard also specifies the required dimensional, optical,
and mechanical properties for soil-biodegradable mulches.
Furthermore, >90% biodegradation of the polymeric feedstock
must be achieved in aerobic conditions at 20-28°C within 2
years using natural topsoil from an agricultural field or forest
site in its standardized laboratory test. American Society for
Testing and Materials International (ASTM) has also established
the standard American Society for Testing and Materials D6400
that pertains to the biodegradation of soil-biodegradable mulches
under industrial composting conditions (Dentzman and Hayes,
2019).

Griffin-LaHue et al. (2022) assessed in-soil degradation of five
plastic soil-biodegradable mulches following 4 years of successive
application and 2 years after tillage in a Mediterranean climate.
Recovered mulch fragments ranged from 4 to 16% by weight
of the total mulch mass incorporated in soil demonstrating
continuous mulch deterioration. Repeated applications and
incorporation did not demonstrate significant accumulation of
plastic mulch fragments in soil, however, >90% degradation was
not achieved within 2 years of tillage as required by EN 17033.
Instead modeling field data indicates that thermal time rather
than calendar days is more representative of soil-biodegradable
mulch degradation under field and laboratory conditions. Given
the results, it was predicted that it will take 21-58 months for
the soil-biodegradable mulches to attain 90% degradation. This
study shows that while laboratory-based assays are necessary,
they may not represent the degradability of soil-biodegradable
mulches after soil incorporation at a field site (Griffin-LaHue
etal., 2022). Additional field test protocols are needed to evaluate
soil-biodegradable mulch degradation under diverse soil and
environmental conditions to provide site-specific time estimates
for complete in-soil degradation.

SOCIOECONOMIC FACTORS LIMITING
SOIL-BIODEGRADABLE PLASTIC MULCH
ADOPTION

The adoption of soil-biodegradable mulches is impacted
by socioeconomic factors. Two recent case studies in the
United States found that the price of soil-biodegradable mulch
relative to polyethylene mulch and labor costs associated
with mulch removal had the largest influence on the net
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profit change for pumpkin growers considering a change from
polyethylene mulch to soil-biodegradable mulch (Galinato et al.,
2020; Velandia et al, 2020a). Using a 2019 Tennessee fruit
and vegetable farmer survey, Velandia et al. (2020b) evaluated
farmers’ preferences and willingness to pay for soil-biodegradable
mulches. Results suggest soil-biodegradable mulch initial price
(which may be 2-3 times more expensive than polyethylene
mulch), on-farm income, and familiarity with soil-biodegradable
mulches were factors influencing farmer adoption. However,
results also suggest that producer willingness to pay for soil-
biodegradable mulches is below the current soil-biodegradable
mulch market prices. Chen et al. (2019) reported that consumers
are willing to pay a price premium for products grown with soil-
biodegradable mulches, suggesting that it may provide additional
revenue opportunities. Specifically, United States consumers
were willing to pay 10% above the market price for a 0.5kg
box of strawberries grown with soil-biodegradable mulch. Chen
et al. (2020) found that the price premiums for crops grown
with soil-biodegradable mulch are more important to farmers
than improved soil health or reduced plastic residues in the field,
whereas soil health is more of a concern for crop advisors. In
addition, growers who were less risk averse and less sensitive
to material costs were more willing to adopt soil-biodegradable
mulches. Marketable crop yield, which directly affects gross
revenues, is another factor to consider when there is a risk of
mulch adhesion to the harvested product (Zhang et al., 2020c).
Such risks become greater when crops are large and heavy,
and the fruit weight rests on top of the mulch (i.e., pumpkin
or watermelon).

Jiang et al. (2022) analyzed the application of soil-
biodegradable mulches in agricultural production and plastic
pollution reduction under both deterministic and stochastic
environments. The authors found that soil-biodegradable
mulches reduced single-use plastic pollution caused by
agricultural production over the long term. However, there
was an important tradeoff between soil-biodegradable mulch
degradation rates and the functionality as a usable mulch to
improve agricultural productivity. Higher crop prices, state
imposed minimum wage laws (California Fair Wage Act of
2016, 2015), and landfill tipping fees induced growers to adopt
soil-biodegradable mulches. Because higher landfill tipping fees
induced substitution to soil-biodegradable mulch, a positive
externality arose that reduced plastic waste pollution in farm
soils. A corrective tax tended to complement higher landfill
tipping fees in achieving greater reduction of plastic waste within
the models used in the study (Jiang et al., 2022).

LIMITATIONS OF SOIL-BIODEGRADABLE
PLASTIC MULCH

Soil-biodegradable mulches have the potential to be a more
sustainable alternative to polyethylene mulch. However, to be
a viable alternative, soil-biodegradable mulches should provide
similar crop production benefits as polyethylene mulch in
terms of durability, weed management, and crop yield and
quality enhancement (Miles et al, 2017). Recent work by

Tofanelli and Wortman (2020) shows that soil-biodegradable
mulches can provide comparable horticultural benefits, but there
can be high variability in the function of soil-biodegradable
mulches between sites. Complete biodegradation of soil-
biodegradable mulch films must also be demonstrated. Current
compostability and biodegradation standards employ the use
of polymeric feedstocks, which are different from the finished
film that has been blended with other ingredients and extruded.
The use of isotopic-labeling (13C or 14C) of carbon substrates
in soil-biodegradable mulch films can be used to monitor the
pathways of carbon in soil and microbial biomass, but its use
has been limited to mulch ingredients and not the final film to
date (Zumstein et al., 2018; Sander et al., 2019). The degradability
of soil-biodegradable mulches in the field is dependent on
weathering of the soil-biodegradable mulch, climate, soil type,
temperature and moisture, biological activity, tillage practices,
and other factors (Chinaglia et al., 2018; Anunciado et al., 2021).
As these factors vary widely among sites, there are reports of soil-
biodegradable mulch functionality that differs among fields, crop
types and years (Li et al., 2014; Sintim, 2018; Sintim et al., 2020;
Zhang et al., 2020e).

The application of soil-biodegradable mulches can pose a
risk to the environment if mulch fragments do not degrade
completely or degrade too slowly in soils. Accumulation of
mulch fragments in soils may negatively affect soil health and
subsequent crop production (Brodhagen et al., 2017). The fate
and residence time of residual micro- and nano-plastic fragments
from soil-biodegradable mulch is an additional concern,
however, it is difficult to retrieve micro-and nano- particles
from soil (Wang et al., 2018). Published literature addressing
the effect of micro- and nano-particles is limited. Results
from a 4-year study led by Sintim et al. (2021) demonstrate
consecutive applications of soil-biodegradable mulch did not
have an adverse effect on soil quality compared to polyethylene
mulch applications. Further long-term field studies are required
to provide a better assessment of the long-term impact of soil
biodegradable mulches on soil properties, and quality as well as
additional environmental risks. Field studies are also needed to
evaluate methods that can be utilized to enhance the degradation
rate under soil and environmental conditions that result in
slow biodegradation. However, initial research suggests that
biostimulants and management practices have limited capacity
for accelerating biodegradation of soil-biodegradable mulch in
soil (Samuelson, 2019; Thompson et al., 2019).

It is also important to note that soil-biodegradable mulches
are not approved for buffer zone reduction credit during pre-
plant soil fumigation (DeVetter and Stanghellini, 2020). The
United States Environmental Protection Agency (EPA) has a
list of approved tarps that have been tested for permeability
according to the active ingredients in soil fumigant products.
Soil-biodegradable mulches do not meet the qualifications
currently, but research is in progress to better understand the
permeability and interaction of soil-biodegradable mulches with
soil fumigants as well as the potential effect that fumigation may
have on soil-biodegradable mulch performance.

Another limitation to the use of soil-biodegradable mulches
is that commercially available products cannot be used in
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certified organic agriculture in the United States, which is
different compared to some European countries where it is
allowed. This limits the potential for a more environmentally
conscience grower demographic to utilize this alternative to
conventional polyethylene mulches. Although soil-biodegradable
mulches were approved for use in 2014 as an allowed synthetic
substance, the mulch must meet other specifications outlined
in the United States Department of Agriculture Organic
Regulations (7 Code of Federal Regulations, Section 205.601).
These criteria specify that a mulch must achieve at least 90%
biodegradation within 2 years or less of being incorporated
in soil according to one of the following standardized tests:
International Organization for Standardization 17556 or
ASTM D5988. The soil-biodegradable mulch should also
meet the composability specifications outlined by either
ASTM D6400, ASTM D6868, European Standards 13432,
European Standards 14995, or International Organization
for Standardization 17088 (U.S Department of Agriculture,
2015). Furthermore, the mulch must be produced without
organisms or feedstock derived from excluded methods and
it must be completely biobased [Code of Federal Regulations,
Section 205.601 (b)(2)(iii)]. Currently, no commercially
available soil-biodegradable plastic mulch meets all the criteria
outlined in the organic standard regulation therefore it is
recommended to check with an organic certifier before
implementing a soil-biodegradable mulch into a certified organic
production system.

CONCLUSION AND FUTURE
CONSIDERATIONS

Polyethylene mulch is widely used in the United States and
worldwide, but current end-of-life disposal pathways are not
necessarily sustainable. Current disposal methods can lead
to a greater accumulation of non-degradable polyethylene
mulch and breakdown products in soil. There is potential for
plastic fragments to disperse and pollute nearby ecosystems,
imposing direct and indirect costs on society. Recycling via
chemical, mechanical or re-extrusion processes can be a more
ecologically sound alternative to managing polyethylene mulch
at the end of the growing season. Recycling can improve
plastic waste management and allow for the development of
reusable products and feedstocks that can be used to create
new polymers and fuel. The current challenges to recycling
polyethylene mulch include reduced demand for recycled
product worldwide, economical removal of contaminants
adhering to mulch surfaces, and the accessibility and costs
of disposal in local areas. Advances in research to improve
and facilitate mulch cleaning prior to and after removal
are necessary to enable recycling to be more economically
feasible. Improving the accessibility of these recycling facilities
to growers in all states is also essential. Furthermore, viable
policies that promote recycling of conventional plastics should
be advanced to provide multiple improved end-of-life pathways
for agricultural plastics.

These rising concerns have also renewed interest in the
use of soil-biodegradable plastic mulches as an alternative to
polyethylene mulch. However, the initial price point of soil-
biodegradable mulches is greater than conventional polyethylene
mulch and this limits adoption, despite labor-savings during the
removal and disposal process and economic studies showing soil-
biodegradable mulch use can be economically viable. Additional
economic and willingness to pay studies combined with outreach
that conveys the potential overall cost savings through reduced
labor for mulch removal and disposal should be pursued. Current
commercially available soil-biodegradable mulches are also not
allowed in organic agriculture in the United States and efforts
should be furthered to address the organic standards board’s
concerns. Degradation of soil-biodegradable mulches in soil is
dependent on mulch properties and environmental factors that
vary between field sites. Growers are uncertain of the degradation
rates of soil-biodegradable mulches at their site, and this
further limits their adoption. Future research should investigate
the degradability of multiple soil-biodegradable mulches under
diverse field conditions, and predictive models for degradation
across production scenarios would enable more reliable estimates
of degradation in each region. Isotopic labeling is one tool that
can aid degradation studies. It is also worthwhile to explore
materials that can be applied to soil-biodegradable mulches near
or at the end of its field use to enhance the in-soil degradation
rate, particularly in environments where biodegradation rates are
intrinsically low.
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