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Abstract. Plastic mulches made from nonbiodegradable polymers (e.g., polyethylene) provide an essential service in commercial horti-
cultural production systems by enhancing crop productivity through weed suppression, soil moisture conservation, and moderating
soil and canopy temperature conditions. Plastic mulches are particularly important in organic agriculture because weed manage-
ment options are limited. Nevertheless, there is increasing concern about addressing the negative environmental impacts of plastic
mulch waste. Soil-biodegradable plastic mulch (BDM) films that are designed to biodegrade in soils after incorporation are promis-
ing alternatives to nonbiodegradable plastic mulch. However, although the US organic standards technically permit the use of
BDM films, no commercially available products meet National Organic Program (NOP) requirements for 100% biobased content
and 90% degradation after 2 years following soil incorporation (7 Code of Federal Regulations, section 205.2). Other concerns
about biodegradable film mulches include high perceived cost, esthetics, and uncertainties regarding the impacts of soil incorpora-
tion. New mulch technologies have emerged to diversify sustainable mulch options and overcome barriers associated with BDM film use
in organic production. The objective of this study was to provide an overview of alternative and emerging mulch technologies, with an
emphasis on biodegradable mulches, including water-based sprayable mulches such as hydromulch and foam mulch, and biobased agro-
textiles. Information about how these mulch technologies contribute to organic and sustainable agriculture is provided, along with defi-
nitions, opportunities, challenges, and recommended areas for future research.

Mulches are integral components of sustain-
able horticultural crop production because of their
ability to suppress weeds, conserve soil moisture,
modify soil temperature, and enhance crop pro-
ductivity and quality (Gheshm and Brown
2020; Iriany et al. 2018; Kader et al. 2017; Li
et al. 2014; Nwosisi et al. 2019; Sadek et al.
2019; Wortman et al. 2016). Mulches are par-
ticularly important in organic production sys-
tems because weed management options are

limited. However, improper implementation
or the use of unsuitable mulch materials for a
particular application or climatic region can re-
sult in negative production and environmental
outcomes. Most mulches used in commercial
systems (Fig. 1) are extruded as films and con-
sist of synthetic feedstocks, such as nonbiode-
gradable polyethylene (PE). Soil-biodegradable
plastic mulch (BDM) films are also available as
an alternative to PE mulch and are typically

made with a blend of fossil fuel-based and bio-
based feedstocks (Miles et al. 2017). Mulches
can also be made with natural materials, includ-
ing crop residues, wood chips, gravel, and
cover crops that may be allowed to grow (i.e.,
living mulches) or ended with a roller-crimper
or other implement (Haapala et al. 2014; Leary
and DeFrank 2000; Testani et al. 2019).

Standards governing certified organic pro-
duction in the US regulate the use of synthetic
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mulch options such as PE mulch and BDMs
because of their potential negative impacts on
the environment. Currently, PE mulch is al-
lowed in certified organic production, but
it must be completely removed from the field
following the growing season if deployed in
certified organic systems because the mulch is
nonbiodegradable (7 CFR 205.601; US Depart-
ment of Agriculture 2014b). Complete mulch
removal can be difficult to achieve and may

lead to residual mulch fragments becoming
soil pollutants (Briassoulis et al. 2010; Cole
et al. 2011; Shitong et al. 2022). Moreover,
end-of-life management of PE mulch entails
stockpiling, burning, and landfilling, which
can also contribute to soil and environmental
pollution (Goldberger et al. 2019; Kasirajan
and Ngouajio 2012; Madrid et al. 2022;
Moore and Wszelaki 2016, 2019). BDMs
are designed to function similarly to PE mulch
but presumably eliminate plastic mulch pollu-
tion by biodegrading completely when incor-
porated into agricultural soils (Tofanelli and
Wortman 2020). The US National Organic Pro-
gram mandates that, for use in organic agricul-
ture, BDMs must be 100% biobased [determined
by the American Society for Testing and Materi-
als (ASTM) D6866]; however, no commercially
available BDM films meet this criterion (7 CFR
205.2; US Department of Agriculture 2014a). In
Oct 2021, a rule change was proposed to alter
the minimum allowable biobased content for
BDM to 80%, but this change was not approved
at the time of this publication. Additional require-
ments for BDM use in organic agriculture in-
clude meeting compostability specifications
(following ASTM D6400, ASTM D6868, EN
13432, EN 14995, or ISO 17088), achieving at
least 90% biodegradation in soil within 2 years
(based on ISO 17556 or ASTM D5988 stand-
ards), and production without organisms or
feedstocks derived from excluded methods
(Miles et al. 2023).

New mulch technologies have emerged to
diversify sustainable mulch options and over-
come barriers associated with BDM use in
certified organic production (Fig. 1). Water-
based, sprayable “hydromulches” made from
polysaccharides or hydrolyzed proteins are a
possible alternative to plastic mulches. Foam
mulches, which create foam after their appli-
cation, are another water-based sprayable
mulch alternative. These alternative mulch
technologies can be made with biobased in-
gredients and can meet requirements for or-
ganic agriculture; however, they warrant
further investigation to assess their viability

in commercial horticultural production systems.
Furthermore, these water-based mulches can
be made with biodegradable and recycled or
waste-stream materials that alleviate con-
cerns about plastic pollution and promote
more closed-loop production systems. Agro-
textiles made from biobased ingredients (bi-
ofabrics) such as polylactic acid are another
promising mulch technology deserving of
more research focus and outreach.

Information about alternative mulch tech-
nologies is dispersed among the scientific liter-
ature, and no comprehensive review has
compared alternative mulch technologies that
could play a role in organic and sustainable
horticultural production systems. Therefore,
the objective of this article was to provide an
overview of alternative and emerging mulch
technologies with an emphasis on biodegrad-
able mulches, including water-based sprayable
mulches such as hydromulches and foam
mulches, as well as biobased agrotextiles. In-
sights about how these mulch technologies con-
tribute to organic and sustainable agriculture are
provided, along with definitions, opportunities,
challenges, and recommended areas for future
research. It is important to note that certified or-
ganic producers should be aware of potential
risks when using any pest control product within
their operations. Therefore, general recommen-
dations include the following: ensure that the
product or material is legal to use for the crop
and pest as well as in the location where it will
be applied; understand any safety precautions
and application restrictions for the product or
material; and make sure any brand name prod-
ucts are listed in the Organic System Plan and
approved by the operation’s specific US Depart-
ment of Agriculture (USDA)-approved certifier.
All products must be approved by a certifier, in-
cluding any products or materials being consid-
ered for managing unanticipated pest problems.

Soil-Biodegradable Plastic Mulches

All BDM films are designed to biode-
grade in the soil after tillage via metabolism

Fig. 1. Mulch includes nonsoil biodegradable and biodegradable mulches, which may be derived from synthetic or natural materials. Emerging and new
mulch technologies may be made with synthetic, biobased, or a combination of synthetic and biobased ingredients that have the potential to eliminate
long-term plastic waste generation.
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by native soil microorganisms and have been
developed as a potential alternative to nonde-
gradable plastic film mulches like PE mulch.
Meta-analyses indicated that despite lower
weed suppression, crop yields are not differ-
ent across a diversity of specialty crops when
BDMs are compared with PE mulch (Tofanelli
and Wortman 2020). Biodegradation of BDMs
may take several years, depending on soil and
climactic conditions unique to a site or region,
and seasonal and specific polymer chemistry
factors also influence biodegradation rates
(Brodhagen et al. 2017; Griffin-LaHue et al.
2022; Li et al. 2014). Commercially avail-
able BDMs are produced using a blend of
biobased and fossil fuel-derived materials.
Currently, the amount of biobased material
in these mulches is less than the minimum
required for use in certified organic agricul-
ture in the US (7 CFR 205.601, 7 CFR
205.2; Brodhagen et al. 2015; DeVetter
et al. 2021; Madrid et al. 2022, Miles et al.
2023; US Department of Agriculture 2014a,
2014b; Zhang et al. 2020). However, BDMs
are allowed in organic production in some
countries in Europe. For instance, BDMs
were allowed in France under NFU 52-001
and in Italy under UNI 11495 for an ex-
tended period without specific requirements
regarding biobased material content (Bettas
Ardisson et al. 2014; Kyrikou and Briassou-
lis 2007). In Jan 2018, the European Com-
mittee for Standardization (CEN) introduced
the first international standard concerning
BDM use, which is known as European
Standard EN 17033. Current BDM regula-
tions in Europe do not mandate specific bio-
based content (Hayes and Flury 2018). In
Canada, BDMs were initially approved for
organic agriculture without specific biobased
criteria; however, in 2016, the approval was
adjusted by the Canadian Organic Program
and required products to be 100% biobased
(Organic Federation of Canada 2018).

BDM use in organic agriculture is contro-
versial. Although high biobased content is
important for reducing the use of nonrenew-
able resources, increased biobased content is
not positively or negatively correlated with
the extent or speed of in-field degradation.
Degrading BDM fragments that include
nonbiobased or biobased ingredients could
theoretically impose long-term soil health
consequences (Tofanelli and Wortman 2020),
although no current research data have con-
firmed this (Sintim et al. 2019, 2020). More-
over, the unknown fate and residence time
of BDM breakdown products and the subse-
quent consequences these products pose for
ecosystem health, as perceived by growers
and stakeholders, have raised concerns
(Wortman et al. 2022). To reduce possible
environmental consequences of BDM use
in agriculture, biodegradability and com-
posting guidelines such as ASTM D6400
and EN 17033 are in place. Although these
guidelines are highly relevant, material per-
formance in these standardized tests may
not translate to field performance across a
range of soil and environmental conditions.
Biodegradable feedstock polymers used to

manufacture BDMs comprise ester bonds
or polysaccharides that are broken down
by microbial hydrolysis (Brodhagen et al.
2015). These feedstock polymers should,
hypothetically, be entirely catabolized by
soil microorganisms and converted to mi-
crobial biomass, CO2, and water (Bando-
padhyay et al. 2018). However, finished
mulch films made with biodegradable feed-
stock ingredients may not biodegrade like
raw feedstocks. A finished BDM film con-
tains 75% to 95% polymeric feedstock,
with the remaining ingredients being addi-
tives and minor components (i.e., lubri-
cants, fillers, and antioxidants) that could
influence soil biodegradation in the field
(DeVetter et al. 2021).

In some studies, BDMs have shown little
in-soil biodegradation (only 9%) over an 18-
month period (Zhang et al. 2020) and may
take up to 21 to 58 months to attain 90% deg-
radation in certain soil types and climates
(Griffin-LaHue et al. 2022). Griffin-LaHue
et al. (2022) demonstrated that BDMs in the
maritime climate of Washington State accu-
mulated fewer cumulative degree days under
field conditions relative to the laboratory condi-
tions specified in BDM standards (EN 17033
2018; Hayes and Flury 2018). These findings
demonstrate that mulch films that reach 90%
biodegradation within 2 years in laboratory
conditions may not perform similarly when
used in the field. Field test protocols should be
developed to estimate the time for realistic in-
field degradation across a range of production
scenarios (Griffin-LaHue et al. 2022).

Additional challenges associated with BDMs
include costs, difficulty sourcing BDMs, and
possible differences in horticultural benefits
compared with PE mulch (Tofanelli and
Wortman 2020). Farmer perception studies
of BDMs also identified several barriers to
adoption, including poor on-farm esthetic quali-
ties, higher initial costs, questionable durability,
and unknown breakdown times (Dentzman and
Goldberger 2020; Goldberger et al. 2015,
2019). Surveys and focus groups found that
45% of participating growers were skeptical
that BDMs would fully break down after
field use, and 47% considered the higher
cost of BDMs a moderate to serious chal-
lenge (Goldberger et al. 2015). Additional
work by Dentzman and Goldberger (2020)
found that the practice of keeping farm
grounds “clean and neat” is a sign of cultural
capital. BDM breakdown esthetics were as-
sociated with “messy, unkempt, and bad”
farming practices, which, as a visual cue, in-
dicate that a grower lacks the skill or moti-
vation to keep the farm looking nice and
producing well. However, in recent years,
prices of BDMs have decreased, becoming
only slightly higher than that of PE mulch,
and economic studies often indicate that
BDMs provide significant cost-savings when
factoring in costs of removal and disposal
(Galinato et al. 2020; Velandia et al. 2018,
2019). Additionally, thicker and more dura-
ble BDMs designed for longer-season crops
have become available. Overall, BDMs are a
promising mulch alternative to nonbiodegradable

mulches, but their future approval for use in US
organic production systems remains uncertain.
Alternative biodegradable mulch technologies
are necessary to replace PE mulch and provide
the organic industry with viable alternatives
that meet both sustainability and production re-
quirements for commercial operations.

Hydromulches

Hydromulch (also known as “hydramulch”)
consists of a water-applied slurry (Fig. 2) made
from polysaccharide feedstocks and sometimes
a tackifier (i.e., glue) that is sprayed onto the
soil surface before transplanting. Hydromulches
can be applied around existing trees or shrubs
to prevent erosion, suppress weed emergence,
and foster revegetation (Faucette et al. 2006;
Hansford 1981). Despite the widespread use
of hydromulches for restoration and erosion-
control projects such as hydroseeding, docu-
mented research of their use in horticultural
production systems is limited and likely varies
given nonuniformity in hydromulch material
composition and application rates (Faucette
et al. 2006; Lop�ez-Marin et al. 2021; Mas et al.
2021; Romero-Mu~noz et al. 2024). Hydro-
mulch presents an appealing option because of
its perceived ease of application. It is sprayable
and can be formulated using biobased and other
organic-approved ingredients, making it poten-
tially certifiable for US organic production.
Polysaccharide fibers are typically derived from
cellulose, and the resultant hydromulch creates
a semipermeable barrier over soil. If paper is
used as a cellulosic fiber source, then that paper
must be made with 100% recycled content;
however, if the paper contains glossy or colored
inks, then it will not be allowed for use in certi-
fied organic agriculture (National Organic Pro-
gram rules § 205.601 and § 205.2 respectively;
National Organic Program 2022).

Research that investigated hydromulch
use in specialty crop systems has been prom-
ising and has primarily used cellulose as the
fiber source (Anderson et al. 1996; Claramunt
et al. 2020; Cline et al. 2011; Granatstein
et al. 2003; Liburd et al. 1998; Puka-Beals
and Gramig 2021; Warnick et al. 2006a,
2006b). Early evaluations of vegetable pro-
duction systems in Florida showed soil under
hydromulch made with cotton (Gossypium
hirsutum) waste, newsprint, gypsum, and a
proprietary adhesive was 1 to 4 �C cooler
than soil covered by PE mulch (Warnick
et al. 2006a). Soil temperature fluctuations
and overall evaporative water loss following
rainfall were also minimized compared with
those of bare soil using a hydromulch made
with 100% virgin wood chips in North Dakota
(O’Brien et al. 2018). Yet, soil moisture under
hydromulch can be lower compared with that
under PE mulch in the absence of rainfall based
on the work performed in Florida by Warnick
et al. (2006a); furthermore, soil moisture may
also be influenced by hydromulch material
properties and application rates. Because seed
germination and seedling growth can be inhib-
ited by extreme temperature fluctuations (Kader
et al. 2017), the temperature buffering capacity
of hydromulch may improve conditions for
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vegetative establishment in certain production
regions. Increased moisture conservation and
soil temperature modification by lowering soil
temperature were found to be beneficial for or-
chard production in the semi-arid region of the
southern interior of British Columbia, Canada,
when using a hydromulch made of recycled
waste newsprint fiber mixed with longer rein-
forcing fibers derived from cereal or flax
(Linum usitatissimum) straw (Cline et al. 2011).
Taken together, these findings suggest that hot
and semi-arid crop production regions might

particularly benefit from the use of hydromulch
because of its ability to moderate soil tempera-
ture (especially decreasing soil temperature in
arid regions) and decrease soil evaporation
rates; however, irrigation will likely remain
necessary (O’Brien et al. 2018).

Cellulose-based hydromulches can con-
tribute to the management of certain weed
species, whereas other weed species may re-
quire additional management approaches,
stronger hydromulch formulations, or higher
rates. Recent work by Ahmad et al. (2024)

showed hydromulches applied to day-neutral
strawberry (Fragaria ×ananassa) systems in
North Dakota and Washington suppressed
weeds, but formulations containing 2% and
6% guar gum tackifier provided superior
weed suppression at peak weed emergence com-
pared with that of other formulations with no
tackifier or psyllium husk as the tackifier. Broad-
leaf weed species appear to be more easily man-
aged by hydromulch, whereas nutsedge (Cyperus
spp.) has been documented to penetrate and
grow through hydromulch formulations evalu-
ated in Florida (Warnick et al. 2006a, 2006b).
More recent work with hydromulches made
from wheat (Triticum spp.) straw, rice (Oryza
sativa) hulls, mushroom substrate, recycled pa-
per, pulp blends, and gypsum showed reduced
large crabgrass (Digitaria sanguinalis), redwoot
pigweed (Amaranthus retroflexus), prickly
lettuce (Lactuca serriola), and sowthistle
(Sonchus oleraceus) weed seedling emer-
gence (reduced by 65% to 95%) when com-
pared with the untreated control under climate-
controlled greenhouse conditions (Claramunt
et al. 2020). Although nutsedge was not con-
sidered, this study highlights the potential of
using paper-based fibers as a reinforcement for
weed-suppressive hydromulch and the oppor-
tunity for additional research to determine
the best components (e.g., fibers, tackifiers)
to formulate hydromulches that can suppress
a broader range of weed species. Hydro-
mulch thickness (i.e., application rate) is an-
other important consideration that governs
weed-suppressive ability. Weed suppression
was achieved with 1- and 2-cm-thick appli-
cation depths of hydromulch made with
75% newsprint, 25% corrugated cardboard,
and water using laboratory-grown and field-
grown corn (Zea mays), but the thicker
mulch was more effective at smothering
weeds that had already emerged (Granatstein
et al. 2003). Study results with field-grown
kale (Brassica oleracea var. sabellica) in
Nebraska indicated that using hydromulch
[formulated with corn starch, glycerol, kera-
tin hydrolysate, corn gluten meal, corn zein,
eggshells, and isolated soy (Glycine max)
protein] after weed emergence could offer
growers greater flexibility in application
timing (Gloeb et al. 2023). Additional horti-
cultural benefits were observed with the
growth of both corn and onion (Allium cepa)
enhanced in greenhouse trials when grown
with hydromulch applied after the emer-
gence of seedlings. Granatstein et al. (2003)
observed similar results in greenhouse-house
grown corn using a hydromulch made with
75% newsprint paper and 25% corrugated
cardboard (both recycled). Hydromulch made
with recycled newsprint paper also demon-
strated efficacy in facilitating the growth and
establishment of young, field-grown apple
(Malus ×domestica) trees in the Pacific
Northwest, and weed suppression was also
superior when hydromulch was compared
with glyphosate checks (Cline at al. 2011).

Hydromulches with unique material char-
acteristics can be derived from other naturally
occurring polysaccharides beyond cellulose
and prepared in accordance with organic

Fig. 2. Hydromulch application in field conditions. Hydromulch may be made with polysaccharides
such as cellulose or hydrolyzed proteins, and a tackifier may be added. They are sprayed on the soil
surface. When they dry, they create a mulch barrier. They can be made with fully biobased ingre-
dients and are a possible alternative to plastic mulches. Photo credit: Lisa Wasko DeVetter.
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production guidelines. Most polysaccharides
are water-soluble and interact with water
molecules, producing swelling, gelling, emul-
sifying, and film-forming properties (Malin-
conico et al. 2008). Once sprayed onto the
soil surface, these mulches create a thin, pro-
tective “geomembrane” mulch layer, which
hardens as water evaporates to form a protec-
tive polymeric network (Immirzi et al. 2009).
Examples of natural polysaccharide ingre-
dients beyond cellulose that could be organi-
cally sourced for mulch application include
sodium alginate, galactomannan, glucomannan,
agarose, and chitosan. The use of these polysac-
charides offers biodegradability, biocompatibil-
ity with crops, and nontoxicity to crops and the
environment while forming a mulch layer with
a water-resistant coating (Avella et al. 2007;
Biocore Agri 2005; Immirzi et al. 2009;
Schettini et al. 2007; Vox et al. 2013). Addition-
ally, typical spray equipment used for the appli-
cation of pesticides, fertilizers, plant growth
regulators, or other products could potentially
be used for the application of this mulch tech-
nology, which would provide a tremendous ad-
vantage to farmers who already have and are
familiar with operating this type of equipment.
In contrast, cellulose-based hydromulches typi-
cally require specialized application equipment,
potentially because of the size of cellulose fibers
that might not dissolve in solution and clog tra-
ditional spray equipment and nozzle.

Seaweed is a promising source of poly-
saccharides with the potential for hydromulch
formulations. Seaweeds have long been used
in agriculture as fertilizers, biostimulants, and
soil conditioners, with their first documented
use in ancient Rome (Battacharyya et al.
2015; Merino et al. 2021; Pereira and Cotas
2019). Brown seaweeds, like wakame (Unda-
ria pinnatifida), contain phytohormones or
similar compounds such as indoleacetic acid,
gibberellic acid, abscisic acid, and other vari-
ous oligosaccharides and polysaccharides that
contain biostimulant properties (Merino et al.
2021). Some seaweed species, unfortunately,
represent an environmental concern in several
countries because of their abundance and un-
controllable proliferation as invasive species.
Thus, careful use of invasive seaweed species
as a mulch biofeedstock may provide a solu-
tion to the issue of seaweed overpopulation
while offering added value to crop production
through biostimulant effects and serving as a
carbon sequestration resource (Battacharyya
et al. 2015; Kaladharan et al. 2009; Merino
et al. 2021).

Polymers of sodium alginate (NaAlg)
have been specifically investigated for their
potential as an ingredient in hydromulch
(Avella et al. 2007; Immirzi et al. 2009; Liu
et al. 2013; Merino et al. 2021; Santagata
et al. 2014; Vox et al. 2013; Wade et al.
2021). Studies reported that NaAlg is a com-
ponent of seaweed cell walls that can enhance
plant and root growth as well as tolerance to
salt stress (Battacharyya et al. 2015; Liu et al.
2013; Merino et al. 2021; Salcedo et al. 2020;
Zhang et al. 2014). In a water solution, espe-
cially when there are divalent cations like cal-
cium, the unique structure of NaAlg G-blocks

causes them to form insoluble gels. This hap-
pens because the divalent cations interact
strongly with the ionized carboxyl (COO�)
groups of the guluronic acid–base residue,
creating a stable, insoluble three-dimensional
structure known as an “egg box” (Grant et al.
1973). Furthermore, a strong interaction be-
tween NaAlg and soil calcium provides water
resistance, ultimately contributing to increased
mulch durability during irrigation events (Im-
mirzi et al. 2009). The first documented use of
NaAlg extracted from seaweed and formulated
into a sprayable mulch was performed in tun-
nel-grown strawberry in Italy (Immirzi et al.
2009). The tested material provided an ade-
quate mulch layer that lasted 6 months. How-
ever, a few cracks appeared during the first
month of the experiment, allowing for weed
germination and growth. This challenge should
be considered when using NaAlg-based mulch,
and increased application rates might be
necessary.

More recent work has focused on using
the invasive seaweed, wakame (Undaria pin-
natifida), as a source of NaAlg within spray-
able mulch formulations. Merino et al. (2021)
developed and examined three novel formu-
lations of sprayable mulch that included
NaAlg and glycerol supplemented with dif-
ferent rates of wakame in a greenhouse trial
using tomato (Lycopersicon esculentum). Soil
temperatures under the evaluated formula-
tions were 1.5 to 3 �C lower than those with
PE mulch; these results highlight the poten-
tial for sprayable mulches containing NaAlg
to be useful for summer crops or in climates
where additional soil warming effects are not
required to optimize crop growth. Although
tomato plants mulched with PE had greater
growth and yield than those with all spray-
able mulch formulations containing wakame,
formulations containing 1% wakame outper-
formed those with 0.5% and 2%, indicating
there is an optimal wakame concentration for
the highest crop growth. Soil biological prop-
erties can also be influenced by NaAlg incor-
poration and may be beneficial to fungal
symbionts, such as mycorrhizae (Ishii et al.
2003; Khan et al. 2009; Kuwada et al. 2006;
Merino et al. 2021). The addition of plasticiz-
ing polymers such as hydroxyethylcellulose
and natural plasticizers such as glycerol and
polyglycerol may be used to improve the me-
chanical properties of sprayable mulch made
with NaAlg (Malinconico et al. 2008).

Mulches are frequently associated with
benefits in open-field horticultural crop pro-
duction; however, initial experiments with
polysaccharide-based hydromulch indicate
these materials could benefit potted plants or
plants grown in trays in greenhouse or nurs-
ery production systems (Immirzi et al. 2009;
Schettini et al. 2007; Vox et al. 2013). Chitosan-
based mulch sprays have provided better weed
suppression than oxadiazon herbicide sprays
in container plant production, with the spray-
able mulch layer lasting more than 2 months
before weed seedling emergence occurred
(Giaccone et al. 2018). Glucomannans (de-
rived from roots of Amorphophallus konjac)
combined with polyamide primers (PSS20)

have also shown potential as a sprayable
mulch when suspended in water and applied
in greenhouse snapdragon (Antirrhinum majus)
cultivation (Schettini et al. 2007). The gluco-
mannan-containing sprayable mulch degraded
completely within 1 to 5 months after applica-
tion and provided sufficient weed suppression
and tensile strength (Schettini et al. 2007; Vox
et al. 2013). Such rapid degradation rates would
be ideal for crops that establish quickly, such as
broccoli (Brassica oleracea), and benefit from
mulch for a short window of time. Overall, hy-
dromulches offer a unique opportunity for
greenhouse and nursery production in addition
to open-field production. As a sprayable mulch,
hydromulches could be reapplied if necessary
to manage weeds that emerge over time and
eliminate or reduce the need for herbicide appli-
cations (Giaccone et al. 2018; Schettini et al.
2007). The rapid mulch degradation rate could
also be advantageous because mulch removal
would not be required, thereby eliminating
added labor; therefore, it is ideal for retailers
who do not want to sell plants with deteriorated
mulch.

Hydromulches made from cellulose and
other polysaccharides show promise in organic
and sustainable agriculture, but they require
further investigation before commercialization.
Future areas of research to consider include
the development of formulations that increase
soil temperature for crops and regions that
benefit from soil warming so they perform
similarly to traditional mulch films such as PE
mulch (Merino et al. 2021). Some research
has already focused on optimizing the formu-
lation of hydromulches. Research formulations
have included additional ingredients, such as
locust bean gum, guar gum, agarose, glyc-
erol, vegetable polysaccharides with cellulose-
reinforcing fibers, NaAlg in combination with
hydroxyethylcellulose, and polyglycerol. These
ingredients alter properties such as elasticity,
hydrophobicity (waterproofing), and opaque-
ness (Malinconico et al. 2008). Hydrolyzed
proteins are another potential feedstock source
that can be derived from waste products gener-
ated in the leather industry, with functional
polyethylene glycol used as a crosslinking
agent (Sartore et al. 2013, 2018). Additional
research of application technologies, rates,
and cost-benefits is also needed and justified
based on promising initial work. Hydro-
mulch has the alluring potential to use waste
as its feedstock source, creating a more
closed-loop system. Nevertheless, the water
requirements needed to make and apply hy-
dromulch should be considered in future life
cycle assessments of the technology. Hydro-
mulch feedstock materials could contribute
to soil health if they function as beneficial
amendments when incorporated into soil;
however, research is required because the
high carbon content of hydromulch could
immobilize nitrogen and possibly impact the
availability of other nutrients. Contamina-
tion of hydromulch and other paper-based
mulches with perfluoroalkoxy and polyfluor-
oalkyl substances (“forever chemicals”) has
also emerged as a concern (Weiss et al.
2024).
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Foam Mulches

Foam mulches are an emerging concept
because they have dual purposes as mulch
when applied directly to the ground and as a
protectant when applied to plant surfaces
(Choi and Giacomelli 1999). Foam mulches
can be applied as aqueous foam, maintaining
their structural integrity throughout a growing
season and potentially providing weed sup-
pression similar to PE mulch (Masiunas et al.
2003). One of the first documented foam
mulch formulations was developed by Choi
and Giacomelli (1999) using sucrose as a
bulking agent and gelatin as a polymeric ma-
terial. The foam mulch was tested using let-
tuce (Lactuca sativa). Interestingly, daytime
soil temperatures under the thinner foam
mulch were consistently warmer than those
under the thicker foam mulch. This difference
was attributed to shortwave solar radiation
penetrating the thin foam layer and being ab-
sorbed by the soil surface. Blue foam mulch
made with a mixture of cotton and cellulose
fibers, gums, starches, surfactants, and sapo-
nins increased the yield of basil (Ocimum ba-
silicum) and tomato compared with those
under red and black foam mulch and an un-
mulched control. Similarly, all colors of foam
mulch provided weed suppression compara-
ble to that of PE mulch (Masiunas et al.
2003). These findings demonstrate the impor-
tance of mulch color on crop productivity.
Overall, foam mulch holds promise as an or-
ganic alternative mulching material as long
as all constituents are organic-approved. Foam
mulch could be enhanced by incorporating
biological control agents, pesticides, and/or
foliar fertilizer, thus providing other plant
growth benefits (Choi and Giacomelli 1999);
however, more testing is required. Concerns
associated with foam mulch include cost, devel-
opment, application equipment needs, potential
negative impacts on crops, availability, and du-
rability under diverse field growing conditions.

Biobased Agrotextiles

Agrotextiles are classified as geotextiles
that have been manufactured for specific use
in agriculture, horticulture, fishing, forestry,
animal husbandry, landscaping, gardening,
aquaculture, or agro-engineering purposes
(Chowdhury et al. 2017). Some of the agri-
cultural and horticultural applications of
agrotextiles include shade cloths, greenhouse
covers, and mulch mats (e.g., “weed mat”).
Agrotextiles used for mulching are typically
made from synthetic polymers, including
polypropylene and polyethylene, and are ei-
ther woven or nonwoven. Natural fibers such
as jute (Corchorus olitorius or C. olitorius)
and coco coir (derived from Cocos nucifera)
may also be used (Adhikary and Pal 2019;
Prambauer et al. 2019; Reddy and Pal 2021)
as shade cloth, but they are usually not suitable
for weed control because of their loose mesh and
light porosity. Agrotextiles made with biobased
ingredients are often referred to as “biofabrics”
and include spunbond, nonwoven fabrics com-
posed of polylactic acid (PLA) or PLA in

combination with polyhydroxyalkanoate or
aliphatic-aromatic copolymers (Cowan et al.
2013; Thompson et al. 2019) (Fig. 3).

Biofabrics must meet the biodegradation
standards of ASTM D5988/ISO 17556 re-
quired for organic production in the US, par-
ticularly if the biofabric will not be removed
from the field after use (Thompson et al.
2019). Biofabrics made with PLA are ex-
pected to biodegrade more slowly in ambient
soil conditions because of the high glass tran-
sition temperature of PLA (63 �C), which
could be a barrier to adoption and use as a
soil-biodegradable alternative to conventional
plastics (Pietrosanto et al. 2020; Rudnik and
Briassoulis 2011a, 2011b). Although PLA is
unlikely to meet biodegradation standards in
soil (although PLA readily degrades in indus-
trial composting conditions), degradation in
soil can be accelerated by adding cellulose,
starch, and other plant-based particles to a
biofabric composite. Combining PLA with
starch can cause quicker degradation in soil
compared with PLA alone (Lu et al. 2009;
Schwach and Av�erous 2004). Thompson
et al. (2019) tested PLA biofabric blended
with alfalfa (Medicago sativa) or soy par-
ticles to accelerate the degradation of PLA in
soil and found that the presence of plant-
based particles reduced the molecular weight
of PLA during biodegradation in soil com-
pared with PLA alone. Combining PLA with
particles of soy, wheat straw, or peanut (Arachis
hypogaea) shells in a biofabric composite
can accelerate the biodegradation of PLA in
compost, where temperatures exceed the
PLA glass transition temperature (Pradhan
et al. 2010; Yamoum and Magaraphan 2017);
however, degradation is considerably slower in
soil (Thompson et al. 2019).

Preliminary trials with an experimental
PLA biofabric weed barrier demonstrated
beneficial effects, including increased relative
soil moisture throughout the growing season,
season-long weed suppression, and greater
durability throughout the season compared
with film-based BDMs (Cowan et al. 2013;
Miles et al. 2012; Wortman et al. 2015,
2016). One advantage of biofabric mulch is
its ability to remain intact in the field follow-
ing the growing season. This durability could
allow for reuse and double cropping applica-
tions as well as removal and disposal at a
commercial composting facility because most
PLA biomaterials are certified compostable
(Miles et al. 2012). Yet, PLA is infrequently
composted at present and may be considered
a polymer contaminant in composting opera-
tions (Pierre Sarazin, personal communication).
The possibility of in-soil biodegradation has
been studied as a possible end-of-life pathway
for PLA biofabrics; however, >10% PLA resi-
dues have been found in soil for at least 2 years
following incorporation (Samuelson et al.
2022; Wortman et al. 2016). Therefore, PLA
may not be incorporated in soil on certified
organic farms in the US (but could be
completely removed and composted). Samu-
elson et al. (2022) explored the possibility of
speeding in-soil degradation of PLA biofa-
brics with cover crops, compost, and compost

extracts. Still, management efforts had no ef-
fects on degradation rates, which plateaued after
wood particles embedded in the PLA composite
had degraded. Reid et al. (2022) found evidence
that PLA biofabric residue in soil can immobi-
lize nitrate and reduce the yield of subsequent
crops, particularly in soils with lower fertility,
further supporting commercial composting as
the most appropriate end-of-life pathway for
PLA biofabrics.

Crop yields in cooler climates are often
greater for bioplastic films than for biofabrics
because of the greater soil warming impacts
from films (Miles et al. 2012; Wortman et al.
2016). Bioplastic films typically absorb and
transfer solar radiation to the soil, leading to
increased temperatures, whereas biofabrics
and organic mulches are generally less effec-
tive conductors of heat and can cause de-
creased soil temperatures (Larsson and Bath
1996; Wortman et al. 2016). Wortman et al.
(2015, 2016) suggested that the use of biofa-
brics might be most feasible for cool-season
crops, in high tunnels, or in warmer climates,
where soil temperatures are usually already
within acceptable ranges, and weed control
as well as soil moisture conservation are still
critical. The PLA biofabric is also gas and
water-permeable, which can help prevent
oversaturated soil conditions that sometimes
lead to the incidence of Pythium sp. and other
soilborne damping-off diseases (Wortman
et al. 2015). Although PLA biofabric mulch
offers unique benefits compared with PE and
BDM mulch films, it is also considerably
thicker and heavier (because it is spunbond,
nonwoven, and not extruded like film), result-
ing in a higher manufacturing and retail costs
to the grower. Based on a similar surface area,
currently, PLA-based biofabrics are approxi-
mately two-times more expensive than BDM
films and four-times more expensive than PE
films but comparable to paper mulch and poly-
propylene agrotextiles (SamWortman, personal
communication). Given this limitation as a re-
placement for PE and BDM, new research has
focused on the development of PLA biofabrics
for weed control in high-density, narrowly
spaced, direct-seeded horticultural crops such
as lettuce and carrot (Daucus carota).

Mulch films and fabrics are usually not
compatible for use in high-density, narrowly
spaced crops because the number of holes re-
quired in the barrier to facilitate plant estab-
lishment would limit its utility as a weed
barrier. Because PLA biofabrics are nonwo-
ven and permeable to air and water, it may be
possible for them to act as a selective mem-
brane, allowing crop root growth from above
while suppressing weed shoots below. Tofa-
nelli et al. (2021) tested the concept of using
PLA biofabrics as a weed barrier for densely
seeded carrots and lettuce; seeds were planted
directly on the biofabric, covered with soil-
less media, germinated, and successfully rooted
through and established in the biofabric. The re-
sult was a biobased geotextile weed barrier
without any holes typically needed in a weed
barrier, and the biofabric membrane expanded
with the developing roots (Tofanelli et al.
2021). During a pot study that compared
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biofabric to bare soil, there were no negative ef-
fects of the biofabric on crop establishment and
growth, and lettuce growth increased by 72%
when the fabric was enriched with soybean
meal particles (Tofanelli et al. 2021). Wehrbein
et al. (2024) tested this concept in open-field
carrot production. They found that PLA biofa-
bric reduced weed density by 90% and did not
negatively affect yield (yield benefits of the bio-
fabric compared with bare soil were not docu-
mented because weeds were removed by hand
weekly). The carbon-rich content of the PLA
biofabric immobilized soil nitrate and reduced
plant availability by 47% (Wehrbein et al.
2024). However, enriching the biofabric
with nitrogen-rich soybean meal particles
may help mitigate this potentially negative
effects (Tofanelli et al. 2021). Ongoing research
will explore the feasibility and potential benefits
of fertilizer-enriched biofabrics in carrot and
lettuce production.

Challenges and Future Directions

Concerns about soil–plastic pollution
caused by the heavy reliance of farming on
plastic use are relatively recent but continue

to grow (Boots et al. 2019; Madrid et al.
2022). Agricultural practices such as mulch-
ing with plastics are a significant route for mi-
croplastic and nanoplastic entry into livestock
farming, and plants have also been documented
to bioaccumulate plastic particles (Li et al.
2020a, 2020b; Ramachandraiah et al. 2022;
Wang et al. 2020, 2022). Continued efforts
should be focused on understanding the
scope and impacts of plastic pollution in the
environment and effective mitigation measures
that reduce the entry of harmful plastics into
agroecosystems and the surrounding environ-
ment. Such mitigation measures should be de-
veloped with an understanding of farming
systems and related production constraints to
ensure that producers have access to affordable
and effective mulch options or other suitable al-
ternatives. Additionally, mitigation approaches
should be supported by robust research that is
extended to the agricultural community and
policymakers so that resultant policies and reg-
ulations are scientifically grounded. Any eco-
nomic disadvantages for producers to switch to
alternatives that reduce plastic waste generation
and pollution should be offset by incentives or
compensation to eliminate financial burdens at

the farm level. Evolving extended producer re-
sponsibility laws should also consider mulch
and resin manufacturers and avoid placing sole
responsibility on growers.

The Food and Agriculture Organization
outlined the “6R” approach to enhance sus-
tainable outcomes of agricultural plastics;
this approach includes refuse, reduce, reuse,
recycle, recover, and redesign (Food and
Agriculture Organization 2021). The 6Rs
are based on definitions made by the Euro-
pean Union (European Parliament and the
Council 2008; Zero Waste Europe 2019).
Biodegradable mulches fall within the re-
design approach but still need continued devel-
opment and exploration to broaden the range
of affordable mulch options available for con-
ventional, organic, and sustainable farming
operations. Cost-effectiveness is of paramount
importance for on-farm adoption, and biode-
gradable mulches could be more economical
in the long term if mulch removal and dis-
posal costs can be eliminated (Galinato
et al. 2020; Velandia et al. 2018, 2019).
Therefore, biodegradable mulches can offer
significant economic benefits by reducing long-
term costs associated with mulch removal and
disposal in addition to environmental benefits.

The potential impact that different mulch-
ing materials might have on soil health, crop
productivity, and crop quality should be con-
sidered when investigating and ultimately
selecting or promoting a mulch type in agricul-
tural operations. Novel, organic-based mulches
such as hydromulches derived from polysac-
charides might offer some benefits through
their degradation and breakdown, such as
increased soil carbon and replenishment of
minerals taken up by the crop. However,
breakdown of organic mulches in soils can
also lead to nutrient imbalances in some
cases, which can be associated with yield
loss. Unfortunately, the high carbon:nitro-
gen ratio of hydromulches can potentially
limit yields (Gloeb et al. 2023; Puka-Beals
and Gramig 2021) because of soil nitrogen
immobilization (Booth et al. 2005; Wehrbein
et al. 2024). Emerging mulch technologies
should use materials with carbon:nitrogen ratios
that do not lead to nitrogen immobilization. Al-
ternatively, deployment could be aligned with
farming practices that minimize the negative
impact of immobilization on the crop via in-
creased nitrogen supply. Adding nutrients, bio-
stimulants, and pesticides may also be useful
when designing multifunctional mulches with
added value beyond modifying soil tempera-
ture and moisture and suppressing weeds.
New soil-biodegradable and biobased mulch
technologies should be explored in parallel
with other technologies that improve the end-
of-life outcomes of nonbiodegradable plastic
mulches including improved PE mulch retrieval
and recycling strategies.
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