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ABSTRACT. The use of polyethylene (PE) mulch causes environmental pollution
where incomplete removal leaves fragments susceptible to escape to ecosystems,
such as the ocean, where they can cause ecological harm. PE mulch is generally
nonrecyclable due to contamination with soil and crop debris after use, leaving
growers with few end-of-life options for used PE mulch. Research studies have
shown that soil-biodegradable plastic mulch (BDM) is comparable to PE mulch
in terms of performance, soil health, and overall economics and is preferred from
an environmental perspective, but the adoption of BDM by producers is still low.
Previous research has shown that the primary barriers to BDM adoption are
insufficient knowledge about BDM, high purchase cost, and unpredictable
breakdown of BDM in the soil. The high purchase cost of BDM compared with
PE mulch is offset by the costs for PE mulch removal, transport, and disposal
fees. This project was conducted to develop BDM training materials, to educate
and assess BDM knowledge gained by extension personnel and other agricultural
professionals through trainings and webinars, and to educate producers about
BDM through hands-on experience. Thirty-six research and extension
publication outputs from two previous US Department of Agriculture Specialty
Crop Research Initiative BDM projects were reviewed and transcribed into
45 new extension publications that included 11 slide presentations, 5 lecture
slides, 10 fact sheets, and 3 videos. All the training materials are posted on a
public university website. Professional development trainings were conducted at
local, regional, national, and international levels to provide agricultural
professionals the current, science-based information on BDM and resources for
information. Survey results showed that at a local level, the greatest change of
knowledge among participants was observed for “BDM use in organic
production” (60%), and the lowest reported change of knowledge was observed
for “limitations to PE mulch disposal” (19%). At a regional level, out of 58
participants, 23% to 35% of participants learned “a lot” and 35% to 51% learned
“some new information” regarding BDM from the webinar. At the national
level, out of 30 participants, 48% responded that they learned “a lot” and
another 48% learned “some new information” on BDM from the training.
Growers were trained about BDM via field days and on-farm demonstrations
where five strawberry (Fragaria ×ananassa) growers volunteered to participate in
BDM trials. The participant growers observed no difference in weed control and
fruit yield between the PE mulch and the BDM. Growers expressed concerns
about slow biodegradation of BDM after soil incorporation, potential impacts on
soil biological activity, food safety concerns with BDM fragments and that BDM
is not currently permitted for use in organic production.

The United States uses �0.37
million tonnes of agricultural
plastics annually in the form of

mulch, irrigation tubing, ditch lining,
animal fencing, fumigation tarp, nurs-
ery containers, and pesticide contain-
ers (Jones 2018). The global demand
for greenhouse, mulching, and silage
films is expected to increase by 50%
from 6.1 million tonnes in 2018 to
9.5 million tonnes in 2030 (Food and
Agriculture Organization of the United

Nations 2021). PE mulch, a thin non-
biodegradable plastic film, has been com-
mercially used in agriculture for �60
years and provides benefits such as weed
control, soil temperature modification,

and soil moisture retention, thereby in-
creasing crop yield and quality (Ibarra
et al. 2001; Kasirajan and Ngouajio
2012; Lamont 2005). Despite these
benefits, the use of PE mulch can cause
environmental pollution because it is
generally nonrecyclable due to contami-
nation with soil and crop debris after
use (Kasirajan and Ngouajio 2012).
This leaves growers with few end-of-life
options for used PE mulch. Most
growers dispose of their used PE mulch
into landfills; some growers stockpile it,
burn it on-site, or even bury it in the
soil (Goldberger et al. 2019; Kasirajan
and Ngouajio 2012). Fragments of PE
mulch are usually left in the soil during
mulch retrieval, which can threaten soil
quality and pollute the environment if it
migrates off-site (Liu et al. 2018; Lwanga
et al. 2022; Xu et al. 2020).

Comprehensive studies have ana-
lyzed how BDM compares to PE mulch
from performance, soil health, economic,
and environmental perspectives. The
European standard EN 17033 is used
to verify that a BDM is 100% soil-
biodegradable (Hayes and Flury 2018),
and this test can be third-party verified,
for example, by the Biodegradable
Products Institute (New York, NY,
USA). Research has shown that BDM
performs comparably to PE mulch in
suppressing weeds, moderating soil tem-
peratures, and increasing crop yields de-
spite some breakdown of BDMs during
the growing season (Cowan et al. 2014;
Ghimire et al. 2018; Tofanelli andWort-
man 2020). In a 6-year field study in
China, BDMs did not negatively impact
soil quality; rather, their use was associ-
ated with increased soil microbial activity
and soil fertility (Zhang et al. 2022). In a
study carried out in both a humid sub-
tropical region and a cool Mediterranean
region, 4 years of continuous use of
BDM had similar effects as PE mulch
on soil and groundwater quality (Sintim
et al. 2021). From an economic per-
spective, BDM purchase cost is greater
than PE mulch; however, BDM is tilled
into soil, saving on removal and disposal
costs, and thus BDM can be more eco-
nomical overall than PEmulch (Velandia
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et al. 2020). The replacement of PE
mulches with BDMs promotes more sus-
tainable cultivation through reduction of
plastic contamination of soil and plastic
pollution in the environment (Hayes
et al. 2019). Despite these advantages,
the adoption of BDM appears to be
less than 10% among growers (DeVet-
ter et al. 2021; Goldberger et al. 2019;
Madrid et al. 2022).

An assessment carried out by
Goldberger et al. (2015) showed that
the primary barriers to BDM adoption
were insufficient knowledge about BDM,
high purchase cost, and unpredictable
breakdown of BDM in soils. Of the 34
specialty crop growers surveyed, 78%
indicated they did not have adequate
access to information about BDM, and
68% indicated this was a moderate or se-
rious problem. Additionally, 44% of the
growers indicated that lack of knowl-
edge about the effective performance of
BDM was a moderate or serious prob-
lem. Of the 97 intermediaries (agri-
culture extension agents, agricultural
input suppliers, and crop consultants)
who were surveyed, 37% were not fa-
miliar and 58% were somewhat familiar
with BDM. Similar to growers, 47% of
intermediaries indicated that the lack of

knowledge about effective BDM per-
formance was the most serious limita-
tion to BDM utilization by growers. A
primary concern for all stakeholders was
the feedstocks used to make BDM,
what they degrade into, and the dura-
tion of biodegradation. Other major
concerns included a lack of information
regarding the economics of using BDM,
why BDM is not allowed in certified or-
ganic agriculture in the United States,
and how the performance of BDM in
the field compares with PEmulch. Addi-
tional survey work revealed raspberry
(Rubus ideaus) growers perceive BDMs
as risky due to uncertainties associated
with in-field durability, soil degradability,
and environmental impacts (Madrid
et al. 2022). However, all respondents in
the Goldberger et al. (2015) study indi-
cated the primary bridges to BDM adop-
tion were increased awareness of reduced
waste and environmental benefits among
growers and agricultural professionals.

Findings from Goldberger et al.
(2015) underscore the need for re-
search and outreach regarding the op-
portunities provided by BDM relative
to nonbiodegradable PE mulch. We ex-
pect knowledge and adoption of BDM
technology to increase by educating key
stakeholders (extension personnel, other
agricultural professionals, and producers)
about BDM feedstocks, their biodegra-
dation, crop performance, soil health ef-
fects, and associated costs and benefits.
Further, as key stakeholders gain more
knowledge regarding BDM, we expect
them to have an increased understand-
ing of the issues associated with BDM
approval for organic systems (Miles et al.
2023). Increased adoption of BDM
could lead to a decrease in plastic waste
generated from agricultural systems.

Agricultural extension serves as a
bridge for outreach and education be-
tween researchers and growers. Train-
the-trainer is a widely practiced educa-
tional model in extension that allows
for utilization and promotion of social
capital in the community, which in turn
maximizes the benefit of the training
program (Orfaly et al. 2005). Extension
representatives identify growers’ needs,
communicate these to researchers, and
then deliver research-based tools and
solutions back to target groups. In re-
cent years, extension outreach efforts
have been diversified by including
electronic mass media such as web-
sites, e-newsletters, video recordings,
and multimedia and slide presentations.

Electronic mass multimedia has gained
popularity compared with printed docu-
ments because of their ability to reach a
large audience in a timely fashion at low
cost (Norton and Alwang 2020). Simi-
larly, the use of webinars has expanded
extension programs’ sphere of influence,
especially for large research projects cover-
ing wide geographic regions, due to con-
venience and affordability (Zoumenou
et al. 2015). For example, the northern
grapes (Vitis sp.) project webinar series
conducted over a 4-year period was val-
ued at �$3.4 million, which included
36 webinars delivered to an audience
of 3083 individuals with �2400 addi-
tional views of recorded webinars
(Particka et al. 2018). Field days, espe-
cially when combined with hands-on
demonstrations, can enhance the value
of electronic media (Larochelle et al.
2019). In a survey conducted at tree
fruit meetings, participants suggested
on-farm trials and field demonstrations
could speed up adoption of new tech-
nologies (Ellis et al. 2010). For more
than 100 years, on-farm demonstra-
tions and field days have been used by
university extension programs to increase
knowledge, awareness, and adoption of
agricultural practices and technologies.
Further, such extension efforts provide a
platform for two-way communication
where extension personnel can learn
from growers’ experience and vice versa.
Farmer field days, even as stand-alone
events, are found to be a highly effective
technology diffusionmechanism (Emerick
et al. 2016). The services and outreach
tools available through agricultural ex-
tension can be implemented to address
the knowledge gap and adoption bar-
riers associated with BDM technology.

The objectives of this project were
to 1) develop training materials that
could be used either as part of a training
curriculum or stand-alone presentations
for trainers to deliver to their producer
clientele, 2) educate and survey extension
personnel and other agricultural profes-
sionals for self-assessment about BDM
and available training materials through
trainings and webinars, and 3) educate
producers about BDM through hands-
on experience and assess the impact
by evaluating changes in knowledge
by surveying growers regarding BDM
performance in strawberry (Fragaria
×ananassa) production. Information
resulting from this project demon-
strates how extension programming
can develop resources and training
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materials to reach a large audience that
shares a common horticultural and en-
vironmental challenge.

Materials and methods
Training materials

Thirty-six research and extension
publication outputs from two previ-
ous US Department of Agriculture
Specialty Crop Research Initiative
(SCRI) BDM projects from 2009–13
(award no. 2009-51181-05897) and
2014–19 (award no. 2014-51181-22382)
were reviewed and transcribed into new
extension publications. The 2009–13
SCRI project investigated BDMs in
lettuce (Lactuca sativa) and tomato
(Solanum lycopersicum) production under
high tunnel and open field environments
in three diverse regions of the United
States (Miles et al. 2012; Wallace et al.
2012). This project concluded that
mulch type and geographic location are
primary factors that influence mulch
degradation, and abiotic and biotic vari-
ables also influence degradation (Li
et al. 2014). The 2014–19 SCRI pro-
ject concluded that BDM can be a via-
ble alternative to PE mulch (Ghimire
et al. 2018, 2020). In addition, this
project showed that 4 years of continu-
ous use of BDM did not have negative
impacts on soil health, and soil moisture
and temperature influence the rate of
biodegradation (Griffin-LaHue et al.
2022; Sintim et al. 2021). Furthermore,
this project identified the bridges and
barriers to BDM adoption by growers
and intermediaries and further investi-
gated the economic feasibility of agricul-
tural products grown with BDM
through the entire supply chain to con-
sumers (Galinato et al. 2020; Gold-
berger et al. 2015; Velandia et al. 2020).

Knowledge gaps related to BDM
were identified based on feedback and
questions from stakeholders and growers
during presentations and via e-mail,
which were leveraged to create a training
curriculum. Photos and video recordings
collected from the previous projects
were cataloged and selected for incorpo-
ration into the training curriculum. Ad-
ditionally, new photos and videos were
recorded in growers’ fields, BDM exper-
imental plots, and research fields where
crops were grown using BDM. Slide
presentations and lecture slides with pre-
senter notes, factsheets, videos, and
handouts were created and integrated
into the curriculum. These materials
could also be used as stand-alone

training materials depending on the ed-
ucational needs of the audience. The
extension publications were edited
and reviewed by collaborators before
dissemination to stakeholders and
posting on a central university website
(Washington State University 2023)
where resources could be accessed for
free. Horticulture faculty and exten-
sion specialists in each state were in-
formed about the training curriculum
via e-mail one to three times per year
in 2020 and 2021. The website and
resources were also promoted in re-
search presentations at academic and
stakeholder events. The number of
visitors to the website were recorded
by state and country.

Professional development
trainings

Professional development trainings
were conducted at local, regional, na-
tional, and international levels to provide
agricultural professionals the current, sci-
ence-based information on BDM and
resources for information. A survey was
developed and granted exempt from full
review by Washington State University’s
Institutional Review Board (Pullman,
WA, USA). The survey quantified
changes in knowledge and focused on
key topics within each level of training.
The survey was distributed at the end
of the training, so respondents were
able to self-assess their knowledge gain.
Trainings at each level are described in
the following subsections.

LOCAL LEVEL. A local profes-
sional development training was con-
ducted in person in Watsonville, CA,
USA on 4 Feb 2020. The topics cov-
ered in the training were 1) introduc-
tion to BDM, 2) application and use
of BDM, 3) deterioration and degra-
dation of BDM, 4) soil sampling for
visible plastic fragments, and 5) eco-
nomics of using BDM. The partici-
pants were asked to take a survey to
evaluate their level of knowledge be-
fore and after the training on a 1 to 5
scale where 1 represented “not at all”
and 5 represented “very high” (Fig. 1).
The survey also included open-ended
questions to assess information gaps re-
garding BDM.

REGIONAL LEVEL. A regional pro-
fessional development training was
conducted virtually via webinar for ag-
riculture professionals in the northeast-
ern United States on 18 Nov 2020.
The topics covered in the training were

1) introduction to BDM, 2) application
and use of BDM, 3) deterioration and
degradation of BDM, 4) impact of
BDM on soil health and quality, and
5) economics of using BDM. The par-
ticipants were asked to take a posttrain-
ing survey to assess knowledge gain. The
survey was conducted using the polling
feature in Zoom (Zoom Video Commu-
nications, San Jose, CA, USA), and the
responses were collected anonymously.

NATIONAL LEVEL. A national pro-
fessional development training was con-
ducted virtually via webinar for members
of the American Society for Horticul-
tural Science on 27 Jul 2020. The topics
covered in the training were 1) introduc-
tion to BDM, 2) application and use of
BDM, and 3) deterioration and degra-
dation of BDM. The participants were
asked to take a posttraining survey to as-
sess knowledge gain. The survey was
conducted using the polling feature in
Zoom, and the responses were collected
anonymously.

INTERNATIONAL LEVEL. An inter-
national professional development train-
ing was conducted as a virtual webinar
on 1 Mar 2022 to share research results
from BDM studies and firsthand infor-
mation from growers using BDM.

Growers’ training
In Jun 2020, a BDM application

field day was held in Watsonville, CA,
USA, which was attended by 15 straw-
berry growers and crop consultants. At
the event, BDMs were defined, and a
demonstration was carried out to ma-
chine-lay BDMs.

After the training, five strawberry
growers including one certified organic
grower volunteered to host on-farm
demonstrations of four BDM products
on their farms (Table 1). The trials took
place in five US towns in California’s
Central Coast: Corralitos, Watsonville,
Moss Landing, Castroville, and Royal
Oaks. Each grower applied BDMs in
unreplicated plots adjacent to their stan-
dard PE mulch or totally impermeable
film (TIF) on raised beds. BDM appli-
cation occurred between Sep and Dec
2020, and strawberries were planted be-
tween Oct and Jan 2021. The trials al-
lowed extension personnel and growers
to observe the performance of BDM in
a commercial setting and within differ-
ent regional microclimates.

Early-, midseason, and late-season
(post-BDM incorporation) interviews
were carried out with the five key
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grower participants, and mulch perfor-
mance was assessed every month until
the end of the season in collaboration
with extension specialists in California,

USA. An early season survey was carried
out using an online survey software
(Qualtrics XM; Qualtrics, Provo, UT,
USA) in May 2021 to assess the

familiarity of growers with BDM and
their expectations of BDM performance
in their fields. Familiarity of grower par-
ticipants to different aspects of BDM
was measured on a 5-point scale: not fa-
miliar, slightly familiar, moderately fa-
miliar, very familiar, and extremely
familiar. Similarly, the likelihood of
BDM to meet their expectations was
measured on a 5-point scale: not likely,
slightly likely, moderately likely, very
likely, and extremely likely. Midseason
and late-season surveys were carried out
in person in Aug and Dec 2021, respec-
tively, to evaluate BDM performance in
the field.

We also cohosted a farmers’ field
day in Salinas Valley, CA, USA, on
17 Aug 2021 in collaboration with the
California Marine Sanctuary Founda-
tion, Monterey, CA, USA; Monterey
Bay National Marine Sanctuary Foun-
dation, Santa Cruz, CA, USA; Uni-
versity of California Agriculture and
Natural Resources, Davis, CA, USA;
and California Polytechnic State Uni-
versity, San Luis Obispo, CA, USA.
The event included several presenta-
tions by faculty and graduate students
and covered the following topics:
1) introduction to BDMs and its con-
stituents, 2) plastics in agricultural soils:
distribution and implications, 3) plastics
in soils and its biological consequences,
4) economics of BDMs, and 5) meas-
urements for BDM performance. After
these presentations, there was a farmer-
led panel discussion on their experien-
ces with BDMs and tours that show-
cased the BDM plots.

Data analysis
The data regarding the participants’

knowledge change from the trainings
were tabulated, means were generated
for comparison purposes, and percen-
tages are reported. No further statistical
analyses were conducted due to the na-
ture and design of the evaluations. In
addition, descriptive data were recorded
where quantitative assessments were not
feasible.

Results and discussion
Training materials

Altogether, 45 training materials
were developed that included 11 slide
presentations, 5 lecture slides, 10 fact
sheets, and 3 videos (Fig. 2). Pre-
senter notes that included a list of
references were developed for each
slide presentation and lecture slide set, to

Fig. 1. Survey questionnaire used for evaluation at a local-level professional
development training in soil-biodegradable plastic mulch for strawberry growers
and crop consultants in Watsonville, CA, USA, on 4 Feb 2020.

Table 1. Mulch type and thickness used by strawberry (Fragaria ×ananassa)
grower participants for on-farm demonstration of soil-biodegradable plastic
mulch in Salinas Valley, CA, USA, in 2021.

Identification Biodegradable feedstocks usedi Thickness (mils)ii

Grower 1 Ecovioii 1.1, 1.3, 1.6
Mater-Biiii 2.0

Grower 2 Ecovio 1.1, 1.6
Grower 3 Mater-Bi 2.0
Grower 4 Ecovio 1.6
Grower 5 Ecovio 1.1, 1.3, 1.6

Mater-Bi 2.0
i Key ingredients for Ecovio (BASF, Ludwigshafen, Germany) are polylactic acid (PLA) and polybutylene adi-
pate terephthalate (PBAT); key ingredients for Mater-Bi (Novamont, Novara, Italy) are starch and PBAT.
ii 1 mil 5 0.0254 mm.
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help presenters gain in-depth knowledge
on the subjects. All the training materials
were uploaded to the website in Jul
2020 to facilitate easy and free access to
stakeholders. In addition, the Twitter
handle “@Mulch_Matters” (Twitter, Inc.,
San Francisco, CA, USA) was started in
Aug 2021 to update stakeholders and
the general public as the training mate-
rials were being made available. As of
31 Dec 2022, 6641 visits to the website
from 78 countries were recorded. Of
these visits, 63% were from the United
States, 3% were from Canada, and the
remainder was from other countries
that each had less than 1% of the visits.
Further, 42% of the visitors were from
Washington State, 5% from California,

2% from Connecticut, and the remain-
ing 51% were from other regions of the
United States and other countries. This
distribution of website visitors demon-
strates the training materials developed
in this project reached stakeholders in
the United States as well as internation-
ally. As of 25 May 2023, we have 55
followers on Twitter from the agricul-
tural, mulch manufacturing, and recy-
cling industries. Furthermore, we have
had a total of 35 tweets since 2021.

Professional development
trainings

In the local professional develop-
ment training conducted in Watson-
ville, CA, USA, 28 participants attended,

comprising 29% organizational represen-
tatives, 21% agricultural industry repre-
sentatives, 21% growers, 14% educators,
and 14% government agents. The great-
est change of knowledge among partici-
pants was observed for “BDM use in
organic production” (60%), and the least
change of knowledge was observed for
“limitations to PE mulch disposal”
(19%) due to high familiarity of partici-
pants with this topic before the training
(Fig. 3). Limitations to PE disposal in-
clude high cost for landfill disposal or
nonacceptance of PE mulch by some
counties for disposal, nonrecyclability of
used PE mulch, and incomplete re-
moval of PE mulch from the field due
to breakage.

In the regional professional devel-
opment training conducted for agricul-
ture professionals in the northeastern
United States, 58 participants attended,
comprising 55% extension specialists,
20% teaching/research faculty, 3% in-
dustry representatives, 3% others, and
19% did not respond. Of the participants,
23% to 35% responded that they learned
“a lot” and 35% to 51% that they
learned “some new information” regard-
ing BDM from the webinar (Fig. 4).
The majority of participants (51%) indi-
cated that they were “very likely” to use
the information and resources learned at
the training and 26% of participants were
“somewhat likely” to do so.

In the national professional devel-
opment training conducted for members
of American Society for Horticultural
Science, 30 participants attended, com-
prising 38% teaching/research faculty,
24% extension specialists, 19% graduate
students, and 19% others. Of the partici-
pants, 48% responded that they learned
“a lot” and another 48% that they
learned “some new information” on
BDM from the training (Fig. 5). When
the participants were asked about the
likelihood of using information and re-
sources learned at the training program
in the future, 57% indicated they would
be “very likely” and the rest indicated
“somewhat likely” to do so. Interest-
ingly, 95% of the attendees expressed an
interest in participating in future BDM
trainings.

The international professional de-
velopment training was attended by 74
participants. Four growers from across
the United States and Italy who have
been using BDM for 1 to 25 years in
vegetables and strawberry participated
as panelists to share their experience

Fig. 2. List of training materials in soil-biodegradable plastic mulch (BDM)
developed to fill information gaps and uploaded to the project webpage
(Washington State University 2023); PSE 5 percent soil exposure; pumpkin
(Cucurbita pepo), raspberry (Rubus ideaus), strawberry (Fragaria ×ananassa).
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with BDM. The common reason for
switching to BDM shared by all growers
on the panel was labor constraints for
PE mulch removal at the end of the
growing season. The key experiences
shared by the grower panel is summa-
rized next.

For the past 20 years, each spring,
BDM was almost completely (visibly)
gone after tilling it in the previous fall.
Immediately after tillage, BDM frag-
ments were a quarter the size of initial
fragments (it is important to note that
the degradation process includes the re-
duction in size from fragments to mi-
croplastics to nanoplastics, and finally to
carbon dioxide and microbial biomass)

BDM degradation is weather-dependent.
BDM biodegrades faster in “healthier”
soil. The purchase cost for BDM is
�$180/acre higher compared with PE
mulch, but the cost of labor and materi-
als for retrieving PE mulch plus the cost
for transportation and disposal at the
end of the season is more than $180/
acre. A fundamental reason for switch-
ing to BDM was to save labor and
improve working conditions; picking
up PE fragments during the wet and
cold season between October and
November was not favored by employ-
ees working on growers’ farms. Use of
BDM allows timely planting of cover
crops in the autumn. Customers are

happy to see less plastics used on the
farm.

Multilayered outreach efforts from
local to international levels can help ex-
tension personnel and other agricultural
service providers learn from one anoth-
er’s experiences and use those lessons
to address local, regional, and global
challenges. There are some challenges
to the adoption of BDM that extend
to the national and international level,
such as higher purchase cost and knowl-
edge gaps. Additionally, there are bar-
riers that are specific to regions, such as
concerns of marine debris in California
and Connecticut, USA, which may not
be a concern in noncoastal areas. Hav-
ing a mix of international, state, and
regional outreach efforts helps stake-
holders and extension personnel have a
better understanding of BDMs and
identify actions to overcome relevant
barriers for their location.

Growers’ training
The field day demonstrated that

BDM application is very similar to PE
or TIF mulch application. Of note, it
was demonstrated that the same mulch-
laying equipment can be used to apply
BDM, and application time was equiva-
lent to PE and TIF after minor initial
adjustments to mulch tension. These
adjustments were described by the
farmers and attending consultants to be
normal for any new mulch application
regardless of the type of plastics.
Growers and crop consultants were also
able to touch, feel, and compare BDM
to PE and TIF. Many expressed sur-
prise at how quickly and easily BDM
was applied as well as how similar BDM
was to PE in this respect. All partici-
pants noted that the black color of the
BDM was not desirable, as strawberry
growers in Watsonville, CA, USA, typi-
cally prefer a dark-matte green film for
reasons of aesthetics, increased film
transparency relative to black film, and
subsequent effects on soil warming. De-
spite this color preference, five growers
subsequently volunteered to trial BDM
on their own farm.

On-farm demonstration
EARLY-SEASON SURVEY. Only two

of the five growers who hosted on-
farm trials responded to the Qualtrics
survey. The farm sizes of these two
strawberry grower respondents were
26 and 32.5 acres, respectively. Both
respondents indicated low familiarity

Fig. 3. Participants’ (N 5 28) self-assessed level of knowledge before and after the
professional development training on soil-biodegradable plastic mulch (BDM),
where 0 5 no knowledge and 100 5 complete knowledge, and change, in
Watsonville, CA, USA, on 4 Feb 2020; PE 5 polyethylene mulch.

Fig. 4. Responses of participants (N 5 58) after the professional development
training in soil-biodegradable plastic mulch (BDM) conducted virtually for
agriculture professionals in the northeastern USA on 18 Nov 2020.
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with BDM feedstocks, commercially
available BDM products, BDM bio-
degradation in the soil, and standards
for BDM. Moreover, the respondents
perceived BDM as very or extremely
likely to perform comparably to PE
mulch and TIF in the field and pro-
duce similar fruit quality. The partici-
pants expressed the preference to have
green-colored mulch.

MID-SEASON SURVEY. The mid-
season survey included responses from
all five grower on-farm trial hosts. The
respondents had observed surface de-
terioration on BDM beds that started
5 to 6 months after mulch application.
Soil moisture and humidity, placement
of bags of soil on top of the mulch bed
(a standard practice at one operation
to reduce damage from wind), and use
of mechanical equipment during the
growing season were the primary causes
of BDM deterioration in the field. Ap-
proximately 4 months after transplant-
ing, weed growth was first observed in
bed areas where BDM had started to
deteriorate, but weeds were not sub-
stantial. The respondents indicated that
BDM had comparable weed control
and also fruit yield and quality to PE
mulch and TIF based on their visual
observations. Respondents expressed
their concern regarding the high pur-
chase cost of BDM. Meanwhile, the
organic grower respondent’s concern
was the added cost of BDM fragment
removal in addition to high purchase
cost.

LATE-SEASON SURVEY. The late-
season survey had respondents from
three of the five grower on-farm trial
hosts. All three respondents stated that
overall, they observed no difference

between the PE mulch and the BDM.
By the end of the season, all three re-
spondents stated that weed control and
fruit yield provided by the BDM and
PE mulch were similar. Concerns ex-
pressed by growers included 1) the
slow rate of biodegradation after tillage,
2) potential impacts of BDM on soil bi-
ological activity, and 3) inability to use
the current commercially available
BDM in organic production. Leaving a
field with plastic fragments, even if soil-
biodegradable, represents both an aes-
thetic and a food safety problem. To il-
lustrate the issue in Monterey Bay, CA,
USA, the majority of strawberry fields
are rotated with vegetable crops, and
some of these vegetable crops are pack-
aged in the field; any plastic contamina-
tion in the crop packaging process
would result in food safety concerns
and product rejection. To overcome
this obstacle, growers can opt to rotate
with a crop that is not impacted by the
BDM residue, such as Brussels sprouts
(Brassica oleracea var. gemmifera). Plas-
tic fragments left in agricultural fields
can further degrade and create a transi-
tional microbial hotspot (McKay et al.
2022). However, it is unknown how
these distinct biological hotspots affect
commercial agricultural systems. Addi-
tionally, commercially available BDMs
do not meet the National Organic Pro-
gram requirement that BDMs be
made of 100% biobased content. The
National Organic Standards Board
(US Department of Agriculture, Agri-
cultural Marketing Service 2021) is
considering an annotation change to
reduce the biobased content require-
ment to 80%, but even with this ad-
justment, no commercially available

BDMs currently meet the requirements
for use in certified organic production.
In juxtaposition, growers stated that
BDM use would result in less plastic
going into the landfill and would re-
duce labor costs associated with post-
use mulch management. The feedback
provided by the grower on-farm trial
hosts provides extension personnel a re-
alistic look at regional concerns and
benefits that may arise from commercial
agricultural stakeholders.

FARMERS’ FIELD DAY. Approxi-
mately 40 participants attended the
event. The participants observed simi-
lar weed control and fruit yield for
BDM and nonbiodegradable plastic
mulch (e.g., PE and TIF) in the BDM
demonstration field. After 10 months
in the field, the BDMs had minimal
deterioration. Four of the five growers
demonstrating BDM on their farms
were available to attend the field day
and shared their experiences to facilitate
farmer-to-farmer information sharing
(Fig. 6). The farmer-to-famer extension
approach dates backs at least to the
1950s (Selener et al. 1997); such an ap-
proach is widespread and considered ef-
fective among extension educators. At
the field day, on-farm hosts highlighted
the importance of exploring alternatives
to nonbiodegradable plastic mulch (PE
and TIF) and expressed strong motiva-
tion to reduce plastic use in their fields.
Side-by-side trial applications of BDM
allowed for direct comparison with PE
and TIF mulch. Further, field-day par-
ticipants were able to observe that plant
performance with BDM was the same
as with standard PE or TIF mulch. The
on-farm hosts also indicated that they
plan to continue trialing or supporting
experimentation of BDM. Concerns

Fig. 5. Responses of American Society for Horticultural Science members (N 5
30) after the professional development training in soil-biodegradable plastic
mulch (BDM) conducted on 27 Jul 2020.

Fig. 6. Strawberry (Fragaria ×ananassa)
growers in Salinas Valley, CA, USA,
present to agricultural stakeholders
during a field day in soil-biodegradable
plastic mulch for strawberry production
on 17 Aug 2021.
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were also highlighted; these included
uncertainties regarding the residence
time of degrading fragments in soil, par-
ticularly if a leafy green crop rotation fol-
lows as the degrading fragments could
become a harvest contaminant. In addi-
tion, one grower emphasized the im-
portance of pursuing approval for BDM
use in organic agriculture. The observa-
tions and concerns expressed in the field
day by the participating growers and
the agricultural stakeholders in atten-
dance were similar to those collected in
the grower surveys.

Conclusions
The training materials developed

from this study and their free and open
accessibility will contribute to filling in-
formation gaps regarding BDM. For
example, the concerns raised by on-
farm trial participants regarding the
high purchase cost of BDM, the slow
rate of biodegradation after tillage, po-
tential impacts of BDM on soil biologi-
cal activity, and inability to use the
current commercially available BDM in
organic production are all addressed in
the training materials. The concern that
growers raised regarding the negative
aesthetics of BDM fragments in the
field could be addressed by raising
awareness that fragments are an essen-
tial step in the degradation process. The
grower concern regarding the food
safety risk of BDM fragments can be
addressed by crop rotation. Through
evaluation surveys throughout this pro-
ject, we documented notable changes
in the awareness and knowledge among
extension and agricultural agency per-
sonnel regarding BDMs, including ap-
plication of BDM for crop production,
BDM deterioration and degradation,
BDM impact on soil health, BDM use
in organic production, and costs and
benefits of BDM. The promising results
from the on-farm BDM demonstra-
tions shared at field days in California,
USA, have raised awareness among
growers about BDM and opened up
opportunities for additional large-scale
field trials and demonstrations at the
grower level. On the basis of our experi-
ence, on-farm demonstration and field
days made a positive impact on the per-
ception of growers toward BDM by
providing hands-on experience. The on-
farm BDM demonstrations involving
growers were not replicated in this study,
and future research studies should
engage growers in replicated BDM

on-farm trials to draw stronger conclu-
sions. The outreach activities included
in this project were effective for edu-
cating agricultural professionals and
extension personnel about the limited
end-of-life management options for
PE mulch and the role of BDM to
overcome mulch disposal challenges
while maintaining crop productivity.

References cited
Cowan JS, Miles CA, Andrews PK, Inglis
DA. 2014. Biodegradable mulch performed
comparably to polyethylene in high tunnel
tomato (Solanum lycopersicum L.) produc-
tion. J Sci Food Agr. 94:1854–1864.
https://doi.org/10.1002/jsfa.6504.

DeVetter LW, Goldberger JR, Miles C,
Gomez J. 2021. Grower acceptance of
new end-of-life management strategies for
plastic mulch in strawberry systems. Acta
Hortic. 1309:659–662. https://doi.org/
10.17660/ActaHortic.2021.1309.95.

Ellis K, Baugher TA, Lewis K. 2010. Re-
sults from survey instruments used to as-
sess technology adoption for tree fruit
production. HortTechnology. 20:1043–1048.
https://journals.ashs.org/horttech/view/
journals/horttech/20/6/article-p1043.xml.

Emerick K, de Janvry A, Sadoulet E, Dar
MH. 2016. Enhancing the diffusion of in-
formation about agricultural technology.
https://www.atai-research.org/wp-content/
uploads/2016/08/Working-Paper_Tech
nology-Adoption_ESadoulet-June2016.pdf.
[accessed 7 Oct 2022].

Food and Agriculture Organization of the
United Nations. 2021. Assessment of ag-
ricultural plastics and their sustainability—
A call for action. FAO, Rome, Italy. https://
doi.org/10.4060/cb7856en.

Galinato S, Velandia M, Ghimire S. 2020.
Economic feasibility of using alternative
plastic mulches: A pumpkin case study in
western Washington. https://pubs.extension.
wsu.edu/economic-feasibility-of-using-alter
native-plastic-mulches-a-pumpkin-case-study-
in-western-washington. [accessed 9 Nov
2022].

Ghimire S, Scheenstra S, Miles CA. 2020.
Soil-biodegradable mulches for growth,
yield, and quality of sweet corn in a
Mediterranean-type climate. HortScience.
55:317–325. https://doi.org/10.21273/
HORTSCI14667-19.

Ghimire S, Wszelaki AL, Moore JC, Inglis
DA, Miles C. 2018. The use of biodegradable
mulches in pie pumpkin crop production
in two diverse climates. HortScience. 53:
288–294. https://doi.org/10.21273/HORT
SCI12630-17.

Goldberger JR, DeVetter LW, Dentzman
KE. 2019. Polyethylene and biodegrad-
able plastic mulches for strawberry pro-
duction in the United States: Experiences
and opinions of growers in three regions.
HortTechnology. 29:619–628. https://
doi.org/10.21273/HORTTECH0439
3-19.

Goldberger JR, Jones RE, Miles CA,
Wallace RW, Inglis DA. 2015. Barriers
and bridges to the adoption of biode-
gradable plastic mulches for US specialty
crop production. Renew Agric Food Syst.
30:143–153. https://doi.org/10.1017/
S1742170513000276.

Griffin-LaHue D, Ghimire S, Yu Y,
Scheenstra EJ, Miles CA, Flury M. 2022.
In-field degradation of soil-biodegradable
plastic mulch films in a Mediterranean cli-
mate. Sci Total Environ. 806:150238.
https://doi.org/10.1016/j.scitotenv.2021.
150238.

Hayes DG, Anunciado MB, DeBruyn JM,
Bandopadhyay S, Schaeffer S, English M,
Ghimire S, Miles C, Flury M, Sintim HY.
2019. Biodegradable plastic mulch films
for sustainable specialty crop production,
p 183–213. In: Guti�errez TJ (ed). Poly-
mers for agri-food applications. Springer
International Publishing, Cham, Switzerland
https://doi.org/10.1007/978-3-030-19416-
1_11.

Hayes DG, Flury M. 2018. Summary and
assessment of EN 17033:2018, a new
standard for biodegradable plastic mulch
films. https://biodegradablemulch.tennessee.
edu/wp-content/uploads/sites/214/2020/
12/EU-regs-factsheet.pdf. [accessed 9 Jun
2023].

Ibarra L, Flores J, D�ıaz-P�erez J. 2001.
Growth and yield of muskmelon in re-
sponse to plastic mulch and row covers.
Scientia Hortic. 87:139–145. https://doi.
org/10.1016/S0304-4238(00)00172-2.

Jones G. 2018. Recovering agricultural
plastics: Obstacles and opportunities. https://
wasteadvantagemag.com/recovering-agri
cultural-plastics-obstacles-and-opportunities/.
[accessed 28 Feb 2023].

Kasirajan S, Ngouajio M. 2012. Polyethyl-
ene and biodegradable mulches for agri-
cultural applications: A review. Agron Sustain
Dev. 32:501–529. https://doi.org/10.1007/
s13593-011-0068-3.

Lamont WJ. 2005. Plastics: Modifying the
microclimate for the production of vegeta-
ble crops. HortTechnology. 15:477–481.
https://doi.org/10.21273/HORTTECH.
15.3.0477.

Larochelle C, Alwang J, Travis E, Barrera
VH, Dominguez Andrade JM. 2019. Did
you really get the message? Using text re-
minders to stimulate adoption of agricultural

462 � October 2023 33(5)

https://doi.org/10.1002/jsfa.6504
https://doi.org/10.17660/ActaHortic.2021.1309.95
https://doi.org/10.17660/ActaHortic.2021.1309.95
https://journals.ashs.org/horttech/view/journals/horttech/20/6/article-p1043.xml
https://journals.ashs.org/horttech/view/journals/horttech/20/6/article-p1043.xml
https://www.atai-research.org/wp-content/uploads/2016/08/Working-Paper_Technology-Adoption_ESadoulet-June2016.pdf
https://www.atai-research.org/wp-content/uploads/2016/08/Working-Paper_Technology-Adoption_ESadoulet-June2016.pdf
https://www.atai-research.org/wp-content/uploads/2016/08/Working-Paper_Technology-Adoption_ESadoulet-June2016.pdf
https://doi.org/10.4060/cb7856en
https://doi.org/10.4060/cb7856en
https://pubs.extension.wsu.edu/economic-feasibility-of-using-alternative-plastic-mulches-a-pumpkin-case-study-in-western-washington
https://pubs.extension.wsu.edu/economic-feasibility-of-using-alternative-plastic-mulches-a-pumpkin-case-study-in-western-washington
https://pubs.extension.wsu.edu/economic-feasibility-of-using-alternative-plastic-mulches-a-pumpkin-case-study-in-western-washington
https://pubs.extension.wsu.edu/economic-feasibility-of-using-alternative-plastic-mulches-a-pumpkin-case-study-in-western-washington
https://doi.org/10.21273/HORTSCI14667-19
https://doi.org/10.21273/HORTSCI14667-19
https://doi.org/10.21273/HORTSCI12630-17
https://doi.org/10.21273/HORTSCI12630-17
https://doi.org/10.21273/HORTTECH04393-19
https://doi.org/10.21273/HORTTECH04393-19
https://doi.org/10.21273/HORTTECH04393-19
https://doi.org/10.1017/S1742170513000276
https://doi.org/10.1017/S1742170513000276
https://doi.org/10.1016/j.scitotenv.2021.150238
https://doi.org/10.1016/j.scitotenv.2021.150238
https://doi.org/10.1007/978-3-030-19416-1_11
https://doi.org/10.1007/978-3-030-19416-1_11
https://biodegradablemulch.tennessee.edu/wp-content/uploads/sites/214/2020/12/EU-regs-factsheet.pdf
https://biodegradablemulch.tennessee.edu/wp-content/uploads/sites/214/2020/12/EU-regs-factsheet.pdf
https://biodegradablemulch.tennessee.edu/wp-content/uploads/sites/214/2020/12/EU-regs-factsheet.pdf
https://doi.org/10.1016/S0304-4238(00)00172-2
https://doi.org/10.1016/S0304-4238(00)00172-2
https://wasteadvantagemag.com/recovering-agricultural-plastics-obstacles-and-opportunities/
https://wasteadvantagemag.com/recovering-agricultural-plastics-obstacles-and-opportunities/
https://wasteadvantagemag.com/recovering-agricultural-plastics-obstacles-and-opportunities/
https://doi.org/10.1007/s13593-011-0068-3
https://doi.org/10.1007/s13593-011-0068-3
https://doi.org/10.21273/HORTTECH.15.3.0477
https://doi.org/10.21273/HORTTECH.15.3.0477


technologies. J Dev Stud. 55:548–564.
https://doi.org/10.1080/00220388.2017.
1393522.

Li C, Moore-Kucera J, Miles C, Leonas
K, Lee J, Corbin A, Inglis D. 2014. Deg-
radation of potentially biodegradable plastic
mulch films at three diverse U.S. locations.
Agroecol Sustain Food Syst. 38:861–889.
https://doi.org/10.1080/21683565.2014.
884515.

Liu M, Lu S, Song Y, Lei L, Hu J, Lv W,
Zhou W, Cao C, Shi H, Yang X, He D.
2018. Microplastic and mesoplastic pollu-
tion in farmland soils in suburbs of Shanghai
China. Environ Pollut. 242:855–862. https://
doi.org/10.1016/j.envpol.2018.07.051.

Lwanga ES, Beriot N, Corradini F, Silva V,
Yang X, Baartman J, Rezaei J, Van Schaik
L, Riksen M, Geissen V. 2022. Review of
microplastic sources, transport pathways
and correlations with other soil stressors: A
journey from agricultural sites into the
environment. Chem Biol Technol. Agr.
9:1–20. https://doi.org/10.1186/s40538-
021-00278-9.

Madrid B, Goldberger JR, Miles CA,
DeVetter LW. 2022. Risk and uncertainty
of plastic mulch adoption in raspberry pro-
duction systems. Renew Agric Food Syst.
37:660–671. https://doi.org/10.1017/S1
742170522000291.

McKay O, Pold G, Martin P, Sistla S.
2022. Macroplastic fragment contamination
of agricultural soils supports a distinct micro-
bial hotspot. Front Environ Sci. 10:838455.
https://doi.org/10.3389/fenvs.2022.838455.

Miles C, Wallace R, Wszelaki A, Martin J,
Cowan J, Walters T, Inglis D. 2012. De-
terioration of potentially biodegradable al-
ternatives to black plastic mulch in three
tomato production regions. HortScience.
47:1270–1277. https://doi.org/10.21273/
HORTSCI.47.9.1270.

Miles C, Madrid B, DeVetter L, Weiss B.
2023. Soil-biodegradable plastic mulch
for organic production systems. https://
smallfruits.wsu.edu/documents/2023/05/
soil-biodegradable-plastic-mulch-for-organic-
production-systems.pdf/. [accessed 24 May
2023].

Norton GW, Alwang J. 2020. Changes in
agricultural extension and implications for
farmer adoption of new practices. Appl
Econ Perspect Policy. 42:8–20. https://
doi.org/10.1002/aepp.13008.

Orfaly RA, Frances JC, Campbell P,
Whittemore B, Joly B, Koh H. 2005.
Train-the-trainer as an educational model in
public health preparedness. J Public Health
Manag Pract. 11:S123–S127. https://doi.
org/10.1097/00124784-200511001-
00021.

Particka CA, Stafne ET, Martinson TE.
2018. Assessment and valuation of the
northern grapes project webinar series.
HortTechnology. 28:524–528. https://doi.
org/10.21273/HORTTECH04088-18.

Selener D, Chenier J, Zelaya R. 1997.
Farmer to farmer extension: Lessons from
the field. https://edepot.wur.nl/425677.
[accessed 21 Jul 2023].

Sintim HY, Bandopadhyay S, English ME,
Bary A, Liquet y Gonz�alez JE, DeBruyn
JM, Schaeffer SM, Miles CA, Flury M.
2021. Four years of continuous use of soil-
biodegradable plastic mulch: Impact on soil
and groundwater quality. Geoderma. 381:
114665. https://doi.org/10.1016/j.geo
derma.2020.114665.

Tofanelli MBD, Wortman SE. 2020.
Benchmarking the agronomic perfor-
mance of biodegradable mulches against
polyethylene mulch film: A meta-analysis.
Agronomy (Basel). 10:1618. https://doi.
org/10.3390/agronomy10101618.

US Department of Agriculture, Agricul-
tural Marketing Service. 2021. National
Organic Standard Board recommendations.
https://www.ams.usda.gov/sites/default/
files/media/CSBiodegradBiobasedFinalRec.
pdf. [accessed 28 Feb 2023].

Velandia M, Smith A, Wszelaki A, Galinato
S, Marsh T. 2020. The economics of
adopting biodegradable plastic mulch
films. https://extension.tennessee.edu/
publications/documents/w650.pdf. [accessed
5 Nov 2022].

Wallace RW, Wszelaki AL, Miles CA,
Cowan JS, Martin J, Roozen J, Gundersen
B, Inglis D. 2012. Lettuce yield and quality
when grown in high tunnel and open-field
production systems under three diverse
climates. HortTechnology. 22:659–668.
https://doi.org/10.21273/HORTTECH.
22.5.659.

Washington State University. 2023. Small
Fruit Horticulture Research and Extension
Program. https://smallfruits.wsu.edu/plastic-
mulches/. [accessed 15 Jun 2023].

Xu B, Liu F, Cryder Z, Huang D, Lu Z,
He Y, Wang H, Lu Z, Brookes PC, Tang
C, Gan J, Xu J. 2020. Microplastics in the
soil environment: Occurrence, risks, interac-
tions and fate – A review. Crit Rev Environ
Sci Technol. 50:2175–2222. https://doi.
org/10.1080/10643389.2019.1694822.

Zhang M, Xue Y, Jin T, Zhang K, Li Z,
Sun C, Mi Q, Li Q. 2022. Effect of long-
term biodegradable film mulch on soil
physicochemical and microbial properties.
Toxics. 10:129. https://doi.org/10.3390/
toxics10030129.

Zoumenou V, Sigman-Grant M, Coleman
G, Malekian F, Zee JMK, Fountain BJ,
Marsh A. 2015. Identifying best practices
for an interactive webinar. J Fam Consum
Sci. 107:62–69.

� October 2023 33(5) 463

https://doi.org/10.1080/00220388.2017.1393522
https://doi.org/10.1080/00220388.2017.1393522
https://doi.org/10.1080/21683565.2014.884515
https://doi.org/10.1080/21683565.2014.884515
https://doi.org/10.1016/j.envpol.2018.07.051
https://doi.org/10.1016/j.envpol.2018.07.051
https://doi.org/10.1186/s40538-021-00278-9
https://doi.org/10.1186/s40538-021-00278-9
https://doi.org/10.1017/S1742170522000291
https://doi.org/10.1017/S1742170522000291
https://doi.org/10.3389/fenvs.2022.838455
https://doi.org/10.21273/HORTSCI.47.9.1270
https://doi.org/10.21273/HORTSCI.47.9.1270
https://smallfruits.wsu.edu/documents/2023/05/soil-biodegradable-plastic-mulch-for-organic-production-systems.pdf/
https://smallfruits.wsu.edu/documents/2023/05/soil-biodegradable-plastic-mulch-for-organic-production-systems.pdf/
https://smallfruits.wsu.edu/documents/2023/05/soil-biodegradable-plastic-mulch-for-organic-production-systems.pdf/
https://smallfruits.wsu.edu/documents/2023/05/soil-biodegradable-plastic-mulch-for-organic-production-systems.pdf/
https://doi.org/10.1002/aepp.13008
https://doi.org/10.1002/aepp.13008
https://doi.org/10.1097/0124784-200511001-00021
https://doi.org/10.1097/0124784-200511001-00021
https://doi.org/10.1097/0124784-200511001-00021
https://doi.org/10.21273/HORTTECH04088-18
https://doi.org/10.21273/HORTTECH04088-18
https://edepot.wur.nl/425677
https://doi.org/10.1016/j.geoderma.2020.114665
https://doi.org/10.1016/j.geoderma.2020.114665
https://doi.org/10.3390/agronomy10101618
https://doi.org/10.3390/agronomy10101618
https://www.ams.usda.gov/sites/default/files/media/CSBiodegradBiobasedFinalRec.pdf
https://www.ams.usda.gov/sites/default/files/media/CSBiodegradBiobasedFinalRec.pdf
https://www.ams.usda.gov/sites/default/files/media/CSBiodegradBiobasedFinalRec.pdf
https://extension.tennessee.edu/publications/documents/w650.pdf
https://extension.tennessee.edu/publications/documents/w650.pdf
https://doi.org/10.21273/HORTTECH.22.5.659
https://doi.org/10.21273/HORTTECH.22.5.659
https://smallfruits.wsu.edu/plastic-mulches/
https://smallfruits.wsu.edu/plastic-mulches/
https://doi.org/10.1080/10643389.2019.1694822
https://doi.org/10.1080/10643389.2019.1694822
https://doi.org/10.3390/toxics10030129
https://doi.org/10.3390/toxics10030129

