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ARTICLE INFO ABSTRACT

Keywords: Agricultural systems face growing demand to support global population growth within sustainable limits of
Agriculture resource consumption and environmental impacts. Plastic use in food production is a complex part of this
Plastics challenge: plastics can increase crop yields, extend growing seasons, and decrease manual labor, but their
Material consumption . . . . .

- production, use, and waste leads to environmental and human health impacts. Circular economy solutions to
Horticulture e . . o . . . .
Mulch films minimize these impacts are emerging, but are limited by the lack of reliable information about the magnitude

and nature of agricultural plastics use. This study therefore aimed to model plastic consumption at each stage of
U.S. agriculture and identify priorities for reducing use and waste. A modeling framework was created to account
for the annual demand for crops and agricultural commodities that use plastic and the operational practices and
functional requirements that govern the type, amount, and lifespan of plastics used. We estimate that 1.56
million tonnes of agricultural plastics are consumed each year in the U.S., representing 2.7 % of total domestic
plastic use. The largest demands for plastics are in horticultural containers, mulch films, and silage storage, with
LDPE, HIPS, and HDPE making up the most prevalent polymers in use. Even accounting for uncertainties,
agricultural plastics represent a significant sustainability challenge due to the magnitude of polymer use, the
variability in form and material, and the difficulty recovering plastic products at end-of-life. Results also high-

Circular economy

light research priorities for sustainable interventions, including material substitution, reuse, and recycling.

1. Introduction

Feeding a growing global population will require significant expan-
sion of agriculture (Sands et al., 2023) and food production systems
(Yang et al., 2024). However, meeting this demand using conventional
practices is likely to increase environmental impacts associated with
agriculture, including greenhouse gas emissions (Basheer et al., 2024),
soil degradation (Sumberg and Giller, 2022), water contamination
(Srivastav et al., 2023), pesticide resistance (Mansfield et al., 2024), and
on-farm food loss and waste (O’Connor et al., 2023). While new tech-
nologies and farming practices offer potential solutions to expand and
intensify food production (Adisa et al., 2024; Javaid et al., 2023; Nath,
2024), they may also introduce new environmental risks that are diffi-
cult to anticipate.

One such example is the widespread use of plastics in food produc-
tion. Agricultural plastics, also called “plasticulture” or “agriplastics,”
were first used in the 1940s, when cellophane replaced glass panels on
greenhouses (Scarascia-Mugnozza et al., 2011). Plastic use has now
become integral at every stage of conventional agriculture, driving im-
provements in production efficiency. For example, thin films of plastic
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mulch spread across soil can double crop production and improve plant
quality (Zhang et al., 2024). Flexible plastic tunnels protect crops from
frost damage and regulate soil temperatures (Janke et al., 2017). While
70 % of freshwater withdrawals worldwide are for agriculture
(Pérez-Blanco et al., 2020), plastic irrigation systems have helped halve
water demand (Chu, 2017) and reduce pollution through targeted fer-
tilizer delivery (Abdi et al., 2021).

However, potential benefits of plastic use may come at a steep sus-
tainability cost. Agricultural plastic production contributes to fossil
resource demand (Maraveas, 2020), climate impacts (Sharma et al.,
2023), and ozone depletion (Villagran et al., 2023). Degradation of
plastic products during use can form microplastics (Deng et al., 2024),
which may harm soil organisms (Tian et al., 2022), interfere with
nutrient cycling (Huang et al., 2022), limit soil water holding capacity
(Wang et al., 2022), reduce root permeability and growth (Ullah et al.,
2021), and become assimilated into plants (Li et al., 2020). Microplastics
taken up into fruits and leaves of plants (Tariq et al., 2024) can then be
ingested (Mamun et al., 2023), leading to potential impacts to human
and animal health (Prata et al., 2021), including respiratory disorders
(Winiarska et al., 2024), gastrointestinal and cardiovascular diseases
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(Yu et al., 2022), and immune responses (Blackburn and Green, 2022).
Documented agricultural sources of microplastics include biodegradable
mulches (Zhou et al., 2023), plastic films for tunnels or silage wrapping
(Jin et al., 2022), and plastic particles in fertilizers (Zhang et al., 2022).

Environmental risks of agricultural plastics are further compounded
due to difficulty managing these materials at end-of-life. Although these
plastics can technically be reused or recycled (Lawrence, 2017), many
are discarded after just a single application or growing season (Empson
et al., 2021) due to operational decisions (Briassoulis et al., 2013a,
2013b) or lack of waste management infrastructure (US EPA, 2024).
Local material recovery facilities are ill-equipped to handle the extreme
organic matter contamination that often accompanies used agricultural
products (Baker et al., 2021). Mulch films, for example, can have a total
mass at EOL that is 60-80 % adhered soil, causing the cost of cleaning
and recycling these plastics to exceed potential profit (Dong et al., 2022;
Jones, 2018). Although recycling programs exist in the U.S., their
adoption remains low (Hofmann et al., 2023). Farmers store used plas-
tics on-farm, pay tipping fees to landfill plastic waste, or burn remnants
on fields (Levitan and Barros, 2003), potentially leading to release of
heavy metals (Kim and Lee, 2022), dioxins (Sarpong et al., 2024), and
particulate matter (Gullett et al., 2012).

To minimize and manage agricultural plastics, we first need to un-
derstand the amount, form, and nature of plastics used, in order to create
and prioritize solutions that can meaningfully address the greatest
drivers of consumption and waste. For the U.S., no current, compre-
hensive data about agricultural plastics consumption are available.
Because agricultural plastics represent a smaller sector of demand, they
are not included in recent studies of U.S. plastic stocks and flows (Di
et al., 2021; Hendrickson et al., 2024; Kan et al., 2023). U.S.-specific
estimates are “few and inconsistent” (FAO, 2021), and typically
extrapolate from global trends (D. Briassoulis, Hiskakis, et al., 2013;
FAO, 2021; Levitan and Barros, 2003; Scarascia-Mugnozza et al., 2011),
rather than primary data. Current information about U.S. agricultural
plastics is from industry-led studies on specific plastic products con-
ducted 30 years ago (Amidon Recycling, 1994; Jones, 2018), but to our
knowledge, no current estimates have been generated with recent data
that fully reflects the array of plastics used in modern agriculture.

Therefore, this study aims to create a detailed, up-to-date, and data-
driven analysis of the plastic footprint of U.S. agriculture. A “plastic
footprint” conveys the amount of plastic material consumed, used, and
wasted (Boucher et al., 2019; Liu et al., 2023; Senese et al., 2023).
Applying this approach to the U.S. agricultural sector responds to calls
for quantifying plastic flows (FAO, 2021), increasing material circularity
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(Gerassimidou and lacovidou, 2024), and reducing environmental im-
pacts (King et al., 2023). Research presented herein aims to identify the
agricultural products and applications responsible for the highest plastic
consumption, in order to identify potential circular economy solutions
that improve plastic life cycle management.

2. Methods

To estimate the U.S. agricultural plastic footprint, a “bottom-up”
model was developed (Fig. 1), which accounted for the annual demand
(D) for crops and other agricultural end-use applications that typically
use plastic materials, the fraction of those end uses utilizing each plastic
(n), and the material intensity (M) of plastic required to meet demand
according to material properties and farming practices in the U.S. The
total agricultural plastic footprint was calculated according to Eq. (1), as
a product of these factors and normalized by plastic product lifespan (L)
to provide results on an annualized basis:

Agricultural plastic footprint = z ZM

il jeJ

€Y)

Y

where [ is the set of all plastic products and J is the set of all end-use
applications. In total, 26 plastic products and 221 end-use applications
(crops and agricultural commodities) were analyzed. The following
sections detail data collection and estimation for each of these param-
eters; additional data are provided in the Supplementary Information
(SD) file.

This framework covered five stages of agriculture: 1) preparing soil,
2) planting seed, 3) growing crops, 4) harvesting products, and 5)
storing crops and animal feed, which collectively represent the pro-
duction systems within the oversight of the U.S. Department of Agri-
culture (USDA). This scope also reflects the definition of modern
agriculture as providing sustenance to humans (Harris and Fuller, 2014)
through the cultivation of soil for farming (Magdoff and van Es, 1993),
growing feed for the rearing of livestock (Mottet et al., 2017), and
production of “specialty crops” such as honey and horticultural plants
(USDA AMS, 2024). This scope did not include any downstream food
processing or manufacturing activities or the packaging and sale of food
direct to consumers. To determine which plastic materials and products
to include in the analysis, a structured search of academic and trade
literature was carried out using a combination of keywords related to
plastics, agricultural stages, and specific crops and commodities iden-
tified by the USDA Census of Agriculture (see SI). This process identified
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Plastic required per application based on
product dimensions, capacity, functionality
(e.g., baling twine, tree pot, mulch film)

Material intensity (M) and lifespan (L) of
product i used for end-use j

Cumulative
plastic
consumption
for all plastic
products and
end-uses

2

Annual demand (D) for end-use j with
utilization (n) of product
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P4 P ; \ PrObabllllstIC
uncertainty

Total demand for crops or commodities using analysis
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Fig. 1. Methodological framework for estimating the agricultural plastic footprint, including identification of plastic products used by agricultural stage (left),
estimation of material intensity, lifespan, demand, and utilization parameters by plastic product and end use (center), and computation of cumulative plastic

consumption with uncertainty analysis (right). Photos taken by the authors.
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Table 1

Agricultural plastics analyzed, by agricultural stage and product category.
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Agricultural stage

Product category

Plastic products

Polymer and form

Soil preparation

Planting

Growing

Harvest

Storage

Mulch films
Irrigation tubing

Seed packaging

Chemical containers

Horticultural containers

Protection structures

Sweetener production

Forage and silage baling

Silage storage

Grain storage
Animal feed packaging

Mulch films

Surface drip tape
Subsurface drip tubing
Microsprinklers with tubing
Seed boxes

Seed bags

Seed FIBCs

Chemical jugs and drums
Chemical RIBCs
Propagation liners and trays
Large transplant pots
Small transplant pots
Greenhouses

High tunnels

Shade structures

Low tunnels

Beehives

Maple syrup lines

Baling net wrap

Baling twine

Silage bale wrap

Silage silo bags

Silage bunker tarps
Grain silo bags

Animal feed bags

Animal feed FIBCs

LDPE film

LDPE tubing

LDPE tubing

LDPE tubing

HDPE rigid container
PP woven fabric

PP woven fabric

HDPE rigid container
HDPE rigid container
HIPS semi-rigid container
HIPS semi-rigid container
PP semi-rigid container
PC rigid panels

LDPE film

HDPE woven fabric
LDPE film

HIPS rigid panels
HDPE tubing

HDPE woven fabric

PP woven fabric

LDPE film

LDPE film

LDPE film

LDPE film

PP woven fabric

PP woven fabric

Table abbreviations: LDPE: low density polyethylene; HDPE: high density polyethylene; PP: polypropylene; PC: polycarbonate; HIPS: high impact polystyrene; FIBC:

flexible intermediate bulk container; RIBC: rigid intermediate bulk container.

11 major categories of agricultural plastics mapped across the five
agricultural stages and comprising 26 specific plastic products (Table 1).

The above framework was parameterized by the most recent,
representative, and reliable public data available at the time of analysis,
largely drawn from the 2022 USDA Census of Agriculture (USDA NASS,
2024) and 2019 Census of Horticultural Specialties (USDA NASS, 2020).
Because the most recent available data were consolidated from sources
published from 2019 to 2024, the presented results are a snapshot of
practices and products of this time period. In addition, much of the
available data focused only on common polymer types, and thus the
model omitted specialty plastics and related materials that may be used
in agriculture, such as composites (Huang et al., 2024), multi-layer films
(Briassoulis et al., 2018), additives (Cao et al., 2023) and bio-based
polymers (Lewis, 2018). While results are certainly sensitive to data
quality and availability, the underlying model and code are flexible and
freely available (Malarkey and Babbitt, 2025), meaning results can be

Table 2

updated as new data become available.

2.1. Material intensity of plastic use in agricultural applications

The first step in estimating total plastic consumption was deter-
mining material intensity, which represents the total mass of plastic
needed to meet functional requirements of each end-use application,
annualized according to product lifespan. As explained in the following
sections, methods of estimating material intensity varied by product
category (Table 2), largely according to the nature of available data. For
a few products, industry data reported unit mass per product. For the
majority of products, however, material intensity was derived from
functional properties of the plastic product and typical farming prac-
tices. The following sections and the SI provide detail about how this
approach is applied for each product, but we illustrate the idea here with
the example of plastic mulch films used on row crops to reduce weeds

Approaches and key parameters required for estimating material intensity and annual demand.

Product category

Material intensity unit

Material intensity estimation parameters

Annual demand unit

Mulch films
Irrigation tubing

Seed packaging
Chemical containers

Horticultural
containers

Protection
structures

Sweetener
production

Forage and silage
baling

Silage storage

Grain storage

Animal feed
packaging

kg/acres mulched crop
kg/acres irrigated crop

kg/kg seed contained
kg/container
kg/container

kg/area crop under
protection

kg/quantity of colonies
or taps

kg/kg baled crops

kg/kg silage stored
kg/kg grain stored

kg/kg feed stored

Dimensions and number of mulched rows per acre; mulch thickness; LDPE density
Dimensions and number of irrigated rows per acre; tubing thickness; microsprinkler mass;
LDPE density

Dimensions and mass of containers; fabric weight; capacity of container; seeding rate by
crop; seed density; storage capacity required

Dimensions and mass of containers; HDPE density; relative usage by container size

Mass of container; relative usage by container type and size

Dimensions and surface area of structure; film thickness; polymer density

Mass per frame and foundation; tubing dimensions; HDPE density

Dimensions and mass of net wrap and twine; polymer density; storage capacity per bale
Dimensions of storage container; capacity of container by type; film thickness; LDPE density
Dimensions of storage container; capacity of container; film thickness; LDPE density; storage
capacity required

Dimensions of container; capacity of container; feeding rate by livestock animal; feed
density; storage capacity required

Total acres of mulched crops
Total acres of irrigated crops

Total mass of seed required
Total quantity of containers
manufactured

Total quantity of containers sold
Total area of crops grown under
protection

Total quantity of colonies or taps

Total mass of baled crops

Total mass of silage crops
Total mass of grain stored

Total mass of animal feed stored
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and conserve moisture (Salama and Geyer, 2023): Mulch film material
intensity (kg plastic per acre mulched crop) could be estimated from the
required mulch thickness; the length, width, and spacing of mulch
coverage required for each row crop; and the density and dimensions of
commercially-available polyethylene films.

The U.S. produces over 200 crops and agricultural products (USDA
NASS, 2020, 2024) in farms that operate at varied scales and locations,
where plastic use is influenced by local climate (Anunciado et al., 2021),
conditions (Vox et al., 2016), and policies (Church et al., 2020). Data
used to calculate material intensity are not sufficiently disaggregated to
capture all possible permutations of local plastic use practices. Thus, the
approach was to select baseline values representing most commonly
observed agricultural practices in regions most representative of an
end-use application. Following on the example given above, if plastic
mulch films were determined to be used when growing tomato crops,
and 90 % of tomato production occurred in five states, then baseline
material intensity of mulch films for tomato crops was estimated from
average data collected for those states (and so forth for all crops using
mulch films). This process was repeated for all plastic products and their
respective crops or end uses, as described below, where end uses are
discussed according to the agricultural stage in which they occur.

2.1.1. Soil preparation

Preparing soil for planting crops involves the use of mulch films and
irrigation tubing. Thin plastic mulch films are used to control weeds,
increase soil temperatures, and reduce water loss, generally improving
yields, plant quality, and harvest timing (Fl-Beltagi et al., 2022).
Commercially available options are typically made of LDPE (Qi et al.,
2020) and most often used on fruit and vegetable cash crops (Lamont,
2017). Material intensity of mulch film is based on crop bed type (which
can be flat, raised, or wrapped) (BTC, 2023), the associated bed heights
and widths, the “running length” and number of crop rows per acre,
required mulch thickness, and polymer density (Table 2, Table SI-2).

Irrigation plastics are typically applied at the same time as mulch
films along the lengths of crop rows to convey water from on-farm
pumphouses (Zeng and Ren, 2022) in order to increase plant growth,
extend growing seasons, provide frost protection, and reduce labor costs
(Frisvold and Bai, 2016). Irrigation is common in cultivation of fruit and
nut trees (Anderson et al., 2023), perennials (Rogers et al., 2018), and
row crops like berries, melons, and herbs (Lamont et al., 2023). The
study excluded permanent water infrastructure and other widely-used
irrigation systems (e.g., furrow or field sprayers) (Mpanga and Idowu,
2021) that do not typically use plastic (USGS, 2018). The three styles of
LDPE irrigation plastics are surface drip tape, subsurface drip tubing,
and micro-sprinklers with mainline tubing. Material intensity was based
on irrigation style by crop, length and number of crop rows per acre,
common tape and tubing dimensions, polymer density, and component
mass (Table 2, Table SI-3).

2.1.2. Planting

The planting stage includes sowing seeds and applying chemicals like
pesticides and fertilizers (Wang et al., 2024). While farms increasingly
use on-site bulk seed drop-offs that do not require plastics (Moore,
2018), seed packaging still includes reusable HDPE bulk seed boxes,
durable PP flexible intermediate bulk containers (FIBCs), and single-use
woven PP bags. Seed boxes are primarily used to transport corn, cotton,
and soybeans (Spangler et al., 2020; W. Dartnell, personal communi-
cation, 2022), whereas bags are typically used for fruit, vegetable, and
grass seeds (Crowley et al., 2022). Material intensity was determined
from industry data for each packaging type relative to polymer type,
density, typical dimensions, and seed storage capacity (Table SI-4).

Planting also involves application of chemicals such as fertilizers to
augment soil nutrients (Bamdad et al., 2022) and pesticides to control
weeds and limit infestations or damage from pests (Tudi et al., 2021).
Chemicals are generally packaged in jugs (<5-gallon) or drums (15-55
gallon) (ACRC, 2023) made of rigid HDPE (Ramsay, 2023) or delivered
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in reusable HDPE rigid intermediate bulk containers (RIBCs) kept on
farm. Material intensity was determined from industry-provided
container sales and mass data, typical container dimensions, and poly-
mer density (Table SI-5).

2.1.3. Growing

Cultivating or growing crops typically uses plastic to contain and
protect plants. Plastic use in horticulture, the agricultural sector that
cultivates food crops, medicinal plants, and ornamental plants (Dixon
and Aldous, 2014), is primarily for containers used to propagate seeds,
grow plants, and transplant trees and plants to soil. Propagation typi-
cally uses HIPS liners and trays for growing seedlings
(Soulliere-Chieppo, 2020), while transplanting uses small PP pots for
foliage plants and large HDPE pots for larger trees and shrubs (Michael,
2017). Material intensity for each container type was adapted from in-
dustry data (Schrader, 2013) with in-lab measurements of
commercially-available container masses (Table SI-6).

Plastics are also used in protection systems, including greenhouses,
high tunnels, low tunnels, and shade structures, which buffer against
harsh conditions and provide climate control to extend the growing
season (Gerovac et al., 2015). Large greenhouses are constructed with
rigid PC panels (Gupta et al., 2024), while high tunnels, sometimes
called hoop houses, use LDPE film stretched over a metal frame (Janke
et al., 2017). Shade structures have a similar design, but use dark HDPE
woven polymers to control lighting (Laur et al., 2021). Low tunnels, or
row covers, are designed to seasonally enclose single rows of low-height
field crops within a short hoop of LDPE film (Harris et al., 2021). Ma-
terial intensity of each protection type was estimated from typical
structure dimensions, the coverage extent and surface area of plastic
components, and polymer thickness and density (Table SI-7).

2.1.4. Harvest

Containing and transporting harvested materials utilizes a variety of
plastics. One application is the collection of natural sweeteners (maple
syrup and honey). Beehives have used plastics since the 1970s (Tew,
2022) in internal frames and foundations (Cook et al., 2021). Harvesting
maple syrup uses flexible HDPE tubing to draw sap from maple trees
(Thomas, 2021). Material intensity was determined from manufacturer
mass data (Peck, 2022), polymer density, and the dimensions of plastics
per collection system (Table SI-8).

Plastics are also used to collect and contain bales of forage crops
grown for animal feed, including switchgrass, corn, sorghum, mis-
canthus, and hay (USDA NASS, 2024). Forage is commonly contained in
large round bales (Shinners et al., 2009) with either PP baling twine (75
% of bales) (Jones, 2021) or HDPE woven mesh net wrap (25 % of bales)
(Shaffer, 2022). Material intensity was based on the length of material
required to encase a standard-size bale and manufacturer data on
polymer spool weight, length, and density (Table SI-9).

2.1.5. Storage

The final agricultural stage is storing harvested products for later
use. Silage is produced by encasing crops like silage corn, miscanthus,
and sugarbeets (USDA NASS, 2024) in plastic to facilitate fermentation
for improved storage and nutrient content (van den Oever et al., 2021).
Silage is stored in bale wrap (20 %), silo bags (15 %), and bunkers (55
%), with the remainder in non-plastic on-farm silos (Panke-Buisse,
2022) (Table SI-17). Round bales of wrapped silage, or “marshmallows,”
are first baled with twine or net wrap and then wrapped in LDPE film
(Baxter et al., 2019), while silo bags use long air-tight tubes of LDPE
plastic (Bartosik et al., 2024). Most silage is stored on farms in open-top
concrete bunkers (Amaral-Phillips, 2023) covered with plastic tarps
(Saxe, 2016). Material intensity is estimated from bale, bag, or bunker
dimensions, storage capacity, polymer density, and wrap or tarp thick-
ness (Table SI-10).

The storage of overflow grains that cannot be accommodated in
permanent storage bins is also supported by plastics (Hellevang, 2020).
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Grain silo bags are similar to silage bags (Loftness, 2022), and material
intensity is estimated comparably, relative to bag dimensions, packing
capacities, and LDPE thickness and density (Table SI-11). Plastics are
also used to store and deliver compound animal feed to livestock oper-
ations (Roy, 2024). While most feed (90 %) is delivered in bulk and
stored in permanent structures on farms, the remaining 10 % uses either
PP woven bags or FIBCs (Martin, 2022). Material intensity is based on
typical container dimensions, storage capacity, and polymer weight or
density (Table SI-12).

2.2. Annual demand for agricultural applications that use plastic

Material intensity estimates represent the annualized mass of plastic
per unit of end-use application (e.g., kg plastic per acre or per
container). To determine cumulative plastic consumption, material in-
tensity values were scaled-up by the total annual demand for each
agricultural end use (e.g., acres planted or number of containers) as
shown in Table 2. Following the earlier example of mulch films, where
material intensity is reported as kg plastic per acre mulched crop, the
associated demand would be total acres of mulched crops. Annual de-
mand estimates were made in one of three ways, depending on the na-
ture of available data: 1) total acres of crops that used a given plastic
product (e.g., mulch, irrigation), 2) total amount of materials that need
to be contained or stored in plastic (e.g., seeds, forage), or 3) total
quantities of plastic products manufactured for or used by the agricul-
tural industry (e.g., horticultural and chemical containers). The primary
sources of data for annual demand were the 2022 USDA Census of
Agriculture (USDA NASS, 2024) and 2019 Census of Horticultural Spe-
cialties (USDA NASS, 2020), as well as a limited number of industry
reports. Because of the extensive number of end uses included (n = 221),
the annual demand estimates and references for each are provided in the
accompanying data repository (Malarkey and Babbitt, 2025).

Annual demand also incorporated a plastic utilization factor, which
reflects the relative extent to which each crop or agricultural application
uses a plastic product. In the baseline model, the utilization factor was
binary (0 % or 100 %) based on best available information (Table SI-13;
Malarkey and Babbitt, 2025). For example, surface drip tape is widely
used for irrigating orange trees (Kallsen et al., 2021; Vashisth et al.,
2023), so utilization was assumed to be 100 % for this product and crop
(i.e., all orange tree acreage contributed to annual demand for this
plastic product). On the other hand, forage crops like field corn rarely
use drip tape (Sui et al., 2015) and thus were assigned utilization of 0 %.
Realistically, agricultural practices are not binary, but since available
data were insufficient to characterize every permutation of plastic and
crop, this parameter was examined through probabilistic uncertainty
analysis (Section 2.3).

2.3. Uncertainty analysis and sensitivity scenarios

Baseline estimates for material intensity and annual demand use the
best currently-available data on conventional U.S. agricultural opera-
tions, but many underlying parameters may vary by location, crop,
material, and practice. For example, thickness of irrigation plastics
fabricated by different companies varies by up to 10 mm (Grow Irriga-
tion, 2023; Netafim, 2023), resulting in a 40 % difference in material
intensity for irrigation tubing. Plastic baling twine can be applied at
rates varying from 20 up to 30 wraps per forage bale (Shaffer, 2022;
Shinners et al., 2009), and associated differences in material intensity
would be amplified across 246 million t of forage baled in the U.S.
annually. In addition, underlying data may have unavoidable un-
certainties associated with self-reporting methods used in the USDA
Agricultural Census, although this agency verifies data to the extent
possible (USDA NASS, 2024).

To understand the implications of such uncertainty, a Monte Carlo
sensitivity analysis simulated distributions surrounding key variables,
including product lifespan, dimension and mass, and end-use utilization
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factor. Triangular distributions were applied, with minimum and
maximum values corresponding to the practical range of real-world
specifications documented for each product (Table SI 2-12). The peak
value corresponded to the baseline described in Sections 2.1 and 2.2.
Uncertainty analysis was based on 50,000 iterations on all parameters
simultaneously, for the full plastic footprint. To determine the influence
of individual parameters and the sensitivity of individual product re-
sults, these iterations were repeated one-at-a-time and for each plastic
product. All calculations were performed in R version 4.2.2 with pack-
ages “tidyverse”, “measurements”, and “EnvStats” (Birk, 2023; Millard,
2013; R Core Team, 2021; Wickham et al., 2019), see Malarkey and
Babbitt (2025).

The overall results and the sensitivity analyses were used to identify
specific products and applications with the highest plastic consumption
and the most sensitivity to changes in parameters characterizing mate-
rial intensity and annual demand. The four plastic products with the
highest mass and sensitivity (see Results) were then used for an initial
exploration of how circular economy (CE) strategies might reduce
plastic consumption. Specific CE strategies examined were: 1) reducing
plastic demand by use of non-plastic alternatives; 2) dematerializing
plastic use through product choices with the minimum product mass or
dimension possible that meets functional requirements; or 3) extending
the lifespan of each product by one year. The specific rationale and
references for each scenario are provided in SI Table 21. These scenarios
are simplistic and theoretical; they do not account for realistic in-
efficiencies or barriers to adoption. Recycling is treated qualitatively in
the discussion, but was not included in a quantitative estimate, as
agricultural plastics are likely to be managed in an open-loop system,
where recovered materials go into other downstream markets and would
therefore not reduce net consumption. While a full analysis of CE stra-
tegies applied to all products and end uses is outside the scope of this
study and not currently feasible with available data, this initial scenario
analysis is intended to highlight emerging opportunities and future
research priorities.

3. Results and discussion
3.1. Total annual baseline plastic consumption

The main result of this study is that the U.S. agricultural sector
consumes an estimated 1.56 million tonnes of plastics annually. This
plastic footprint is 530 % greater than the first estimate of domestic
agricultural plastic use made 30 years ago (Amidon Recycling, 1994).
This increase is likely due, in part, to the present study having a broader
scope (more plastic products covered) and a more comprehensive
analysis that links plastic consumption to all crops and activities covered
by the USDA (the prior study interviewed a sample of plastics manu-
facturers and recyclers to estimate amounts produced or recovered at
EOL). However, this increase is also likely due to an intensification in
agricultural practices that rely on plastic products over the last 30 years.
Between 1992 and 2022, total harvested cropland in the U.S. only
increased by 1.6 %, while market value of agricultural products grew
over 230 % (USDA NASS, 2024). Our estimate of agricultural plastics
represents 2.7 % of total reported U.S. plastic demand (Hendrickson
et al., 2024), although plastic flow studies don’t typically include this
specific sector (Di et al., 2021). Results also suggest that the proportion
of agricultural plastics in the U.S. is comparable to available estimates
for Europe (about 2-3.5 % of total plastic use) (D. Briassoulis, Babou,
etal., 2013; Horodytska et al., 2018) and globally (FAO, 2021; Vox et al.,
2016).

Results show that plastics are widely used across agricultural stages,
but a limited set of products are responsible for the greatest total mass
(Fig. 2). The largest categories of plastic use are horticultural containers
(42 %), silage storage (19 %), and mulch films (17 %). All remaining
categories contribute less than 7 % each to total annual consumption,
with the four smallest categories — chemical containers, grain storage,
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Fig. 2. Total annual agricultural plastic consumption (tonnes) by agricultural stage and usage category.

seed packaging, and sweetener collection — together contributing just
4.6 % (full data provided in SI Tables 18-19). While horticultural con-
tainers represent the highest estimated demand for plastics, these
products are comparatively understudied, as 89 % of papers on agri-
cultural plastics focus on plastic mulch, tunnels, and greenhouses (Yates
et al., 2021). This mismatch suggests a need for future research on so-
lutions that better aligns with agricultural products most responsible for
plastic demand.

Within these categories, the largest contributors to the plastic foot-
print are end-use applications that functionally require more material
and/or have shorter lifespans. For example, horticultural containers
weigh up to 0.5 kg per large transplant plot (Schrader, 2013), as this
application requires sturdy, durable materials to support growing trees
(Michael, 2017). While the relative durability of horticultural containers
means they could technically be reused, most farms discard them after a
single use, increasing waste and materials required for replacement
containers (Soulliere-Chieppo, 2020). Conversely, rigid plastic green-
houses have a high baseline mass (>830 kg plastic per structure), but are
used for over 10 years (USGR, 2019), leading to low annualized plastic
consumption.

3.2. Plastic consumption by agricultural end use

Plastic consumption is also linked to the ultimate demand for agri-
cultural end uses. For most categories, a small subset of crops or prod-
ucts are responsible for the highest plastic use by mass (Fig. 3). For
example, almost 50 % of plastic mulch film is attributed to just four
crops - sweetcorn, tomatoes, broccoli, and watermelon - mainly due to
the vast acreage dedicated to these crops; the remaining 50 % is asso-
ciated with 36 other crops. The highest irrigation plastic demand is for
fruit and nut production - particularly almonds - reflecting the signifi-
cant land and water required to grow these crops (USDA NASS, 2024)
and their use of plastic (as opposed to metal) irrigation (Lamont et al.,
2023). Nut crops have previously been implicated for intense agricul-
tural water demand (Marvinney and Kendall, 2021), suggesting the need
to further explore a “food-water-plastic” nexus of resource use. Simi-
larly, the largest driver of plastic silage films is acreage of corn and
haylage (USDA NASS, 2024), which are used for cattle feed (Ates, 2023;
Panke-Buisse, 2022). Thus, curbing beef and dairy consumption would
not only cut plastic consumption but also reduce agricultural waste and
climate impacts (Putman et al., 2023; Rotz et al., 2019).

End-use demand also dictates the nature of plastic products most

commonly used and the mass requirements thereof. For example, most
mulched crops use a “wrapped” bed style (110 kg LDPE/acre), rather
than flat beds (95 kg LDPE/acre), because it provides greater soil sta-
bility and coverage (BTC, 2023; Schrader, 2000). Material intensity of
microsprinklers is about seven times that of drip tape, however the two
products have comparable net consumption because drip tape is used on
more crop acreage and replaced each year, while microsprinklers are
primarily used in establishing orchards (Godin and Broner, 2013) and
have much longer lifespans. For silage categories, bale wrapping is the
most plastic-intense way to contain silage (1.5 kg plastic/bale), while a
plastic-covered bunker requires 570 kg of plastic but holds about 3900
bales (about 0.15 kg plastic/bale). Each of these examples underscores
the need to design agricultural products that use less plastic but still
functionally meet farming requirements.

3.3. Plastic consumption by polymer type and product form

U.S. agricultural plastics are a varied mix of polymer materials and
product forms (Fig. 4). LDPE represents the highest share by mass, ac-
counting for 742,000 t, or 48 % of total plastic consumption (Table SI-
20), primarily due to flexible films used in plastic mulch, high and low
tunnels, and silage wraps, as well as flexible tubing for irrigation. For
context, LDPE is also one of the most prevalent polymers in overall U.S.
plastic use, although it represents less than 20 % of total domestic plastic
flows (Heller et al., 2020). The next highest contributions are from HIPS
(26 %), HDPE (15 %), and PP (11 %), respectively, which are primarily
associated with horticultural and chemical containers. PC is just 0.3 % of
total plastic use, solely associated with rigid plastic greenhouses in this
study.

The polymers and product forms used in agriculture directly influ-
ence end-of-life management. Polymers like LDPE and HDPE have a high
tolerance for recycling (Lahoz, 2023), but actual feasibility depends on
product shape (Ding and Zhu, 2023) and cleanliness (Filipe et al., 2023).
Woven HDPE fabrics and flexible LDPE films and tubing are particularly
challenging to recycle because recovery facilities are ill-equipped to
handle lightweight, flexible materials (Reed et al., 2018), especially
when they contain adhered dirt and organics (Salama and Geyer, 2023).
Recycling and reuse of rigid HDPE is more likely (Gandhi et al., 2021),
but many agricultural HDPE containers hold chemicals or plant matter,
requiring cleaning and sterilization before reuse or downstream man-
agement (Garbounis et al., 2022).
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Fig. 3. Plastic consumption by end use and product type. Each chart is scaled to 100 % of total annual mass per category (noted at top of each graph). Highest
individual end uses of each product are disaggregated, with remaining crops or products summed under other (n=number of remaining end uses not shown).

3.4. Sensitivity and scenario analysis

Baseline results represent most likely parameters of plastic use, but
uncertainties surround plastic properties, lifespan, and use by crop.
Underlying data used in the model may also have uncertainties, largely
stemming from how government agencies collect agricultural informa-
tion and the extent to which literature values can represent U.S. prac-
tices. Monte Carlo uncertainty analysis shows that over the widest
distributions of parameter variability, total plastic consumption could
vary from 640,000 to 6 million tonnes (Fig. 5 and SI-1). However, such
edge cases reflect extreme scenarios that are unlikely in reality. For
example, low estimates are linked to product lifespans up to eight times
longer than the baseline. Conversely, extreme high estimates reflect
utilization of mulch film on row crops, such as soybeans, which does not
widely happen in practice (Knott et al., 2023; Liang et al., 2020). Over
60 % of all iterations return values within 25 % of the baseline result

reported above. Future research may be able to further constrain
remaining uncertainties, such as including products not yet captured
here due to lack of data (e.g., livestock feed tubs; Borreani and Tabacco,
2017).

Sensitivity analysis by product shows that some uses, such as horti-
cultural transplant pots and irrigation surface drip tape, have narrow
ranges of uncertainty because underlying data on product mass and
utilization are more consistent (Fig. 5, Fig. SI-2). Conversely, products
like mulch films, low tunnels, propagation trays, and silage bale wrap
have wide distributions of possible results (Fig. 5), due to high vari-
ability in product dimensions, lifespans, and utilization factors reported
in scientific and agricultural trade literature. One-at-a-time parameter
sensitivity analyses (Fig. SI-3) helped identify plastic uses most sensitive
to material, behavioral, and operational variables, which represent
promising leverage points for reducing plastic consumption and waste,
although the extent of change depends heavily on the product and
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application in question.

To theoretically explore how these parameters can be leveraged to
reduce the plastic footprint of four high-mass products, three circular
economy strategies were explored: dematerialization, demand reduc-
tion, and lifespan extension (Fig. 5). For all four products, extending
lifespan from the baseline of one to just two years can halve plastic
consumption. Reducing consumption by dematerialization is estimated
to offer the greatest potential in the case of mulch films, where thinner,
lighter options are commercially available and may meet functional
needs of the agricultural applications. In the case of demand reduction,
non-plastic alternatives are available for horticultural propagation trays
and mulch films, such as straw (Munoz et al., 2022) or paper mulch
(Sintim et al., 2022), but low uptake limits the degree to which these
options could feasibly reduce plastic demand (Fig. 5). In the case of

silage bale wrap and low tunnels, demand can potentially be reduced by
shifting usage to other plastic products with lower material intensity,
namely storing silage in bunker tarps and growing greens in high tun-
nels, respectively. While both of these cases show a decrease from the
baseline plastic footprint (Fig. 5) because they provide comparable
functionality with less plastic, net reduction potential is somewhat offset
by the increased use of plastic by the replacement products. These re-
sults underscore the need to deploy reusable, non-plastic options
(Munch, 2023) that could eliminate plastic storage completely (Smith,
2022).

Even with efforts to reduce, quantify, and explore sensitivities within
the underlying data and model, we anticipate that a number of un-
certainties still exist. For example, there are few available benchmarks
for validating the model, although the 1994 analysis does report similar
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trends in terms of plastic products with the highest uses (Amidon
Recycling, 1994). Results oversimplify the mix of plastics used, as data
availability constrained the analysis to common polymers, while many
agricultural plastics in use may be composites, have multiple layers, or
contain additives. In addition, some end uses or small-scale practices
that are not well characterized are omitted from the analysis. However,
the current model and estimates provide a practical compromise be-
tween waiting for fully refined data and taking action to mitigate the
growing impacts of agricultural plastic consumption and waste. The
extensive documentation in the SI and data repository (Malarkey and
Babbitt, 2025) can be adapted to extend and improve the analysis as
more data become available.

4. Implications and future research needs

Results presented herein highlight key opportunities for circular
economy strategies to minimize consumption of agricultural plastics and
reduce their life cycle impacts (LeMoine et al., 2021). A detailed analysis
of CE interventions is not yet possible, as available data do not cover the
full extent of how such strategies might realistically be deployed for all
the products and end uses analyzed here. However, results can be
interpreted in the context of what is currently known about challenges
and opportunities associated with applying CE to agricultural plastics by
narrowing, slowing, and closing resource loops (Babbitt et al., 2022).

Narrowing resource loops involves reducing net production and
consumption of plastics by, for example, decreasing the mass of plastic
required per product to provide required functionality (dematerializa-
tion), substituting incumbent products with non-plastic alternatives,
and cutting demand for the product altogether by reducing demand for
the agricultural application in which it is used. For many of the products
analyzed, lighter (Willden et al., 2022), plastic-free (LeMoine et al.,
2021), bio-based (Kratsch et al., 2015; Fuentes et al., 2021), and
waste-derived (Hernandez-Charpak et al., 2024) alternatives are avail-
able, but are not widely used at scale. Farmers may perceive such op-
tions as unproven technology (Goldberger et al., 2019) having poor cost,
aesthetics, and durability (Harris et al., 2020; Shcherbatyuk et al.,
2024), and they may create new challenges stemming from incomplete
degradation (Samuelson et al., 2022) and increased microplastic release
(LeMoine et al., 2021).

Slowing resource loops refers to retaining the value of plastic prod-
ucts in use for as long as functionally possible. The majority of products
found to contribute most to total plastics use have a lifespan of just a
single year or even a single growing season, after which they are typi-
cally landfilled (Soulliere-Chieppo, 2020). Extending product lifespan,
therefore, offers a promising pathway to reduce plastic demand. Take,
for example, the case of horticultural containers, which represent about
42 % of the total plastic footprint. Extending the lifespan of all con-
tainers by one year (doubling the baseline value) would reduce net
plastic use by over 300,000 t (about 22 % of the total baseline estimate).
Lifespan extension offers direct cost savings from avoiding the purchase
of new products, but can potentially increase labor and operational costs
associated with collection and cleaning, especially if products contain
chemicals or organic matter and must be sterilized before reuse
(Garbounis et al., 2022).

Closing resource loops focuses on recovering material and energy
value in agricultural plastics at end-of-life, often through recycling
products into new agricultural uses (Korol et al., 2021; ACRC, 2023) or
other applications, such as plastic lumber (Filipe et al., 2024). While
accurate data on recycling rate by product and polymer is challenging to
determine (Ritchie, 2018), one estimate suggests that up to 10 % of U.S.
agricultural plastics can be recycled (Cassou, 2018), which would
correspond to about 156,000 t of the estimated plastic footprint poten-
tially diverted from disposal. Other value recovery pathways include
thermochemical conversion of agricultural plastics to biochar (Cisse
et al.,, 2022) and energy recovery (Madrid et al., 2022), which can
handle soil-contaminated films (Tan et al., 2023). Chemical recycling
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methods are also used to recycle materials from agricultural plastics
(Chinchkar et al., 2024), and may be better suited to process multi-layer
films that are used in greenhouses (Dehbi et al., 2017) and mulch (Wells,
2021), but which are challenging to mechanically recycle (Cabrera et al.,
2022; Seier et al. 2024). A European assessment suggests that up to 44 %
of agricultural plastic waste can be chemically recycled (Lase et al.,
2023), and if that held for the U.S. case, it would correspond to about
680,000 t of plastics diverted from disposal. However, chemical recy-
cling is often viewed to have performance and financial barriers to
viability (Schade et al., 2024).

The strategies noted above face a wide array of technical, cost, and
behavioral barriers to wider adoption. For example, there are high costs
and logistical challenges associated with managing soil and chemical
contamination (Sarpong et al., 2024) and transporting EOL plastics from
scattered farms (Lark et al., 2021) to centralized recycling facilities
(Filipe et al., 2023). Farmers may perceive recycling as costly and
inconvenient or lack knowledge of or access to recovery pathways (King
et al., 2023). Overcoming these barriers may require policy in-
terventions, such as extended producer responsibility (Leal Filho et al.,
2019), tax credits (Galati and Scalenghe, 2021), or “pay-back” programs
(Pazienza and De Lucia, 2020) that incentivize farmers to recycle. In the
U.S., programs have been funded to increase recycling (Bonhotal, 2020),
but ended, in part due to a lack of markets for plastic waste (Bonhotal
and Bonacquist-Currin, 2017). There is clearly a need for future research
to better understand technical, economic, and stakeholder barriers and
then create and scale up circular business models that effectively address
the growing challenge of agricultural plastics.

5. Conclusions

This study provides a comprehensive model of the U.S. agricultural
plastic footprint and demonstrates that this material system has grown
in both mass and complexity over the past three decades. The agricul-
tural sector is estimated to use about 1.56 million tonnes of plastics per
year, most of which is concentrated in a limited set of end-use applica-
tions, such as horticultural containers, protection structures, and mulch
films, which have short lifespans, high functional material requirements,
and are associated with significant agricultural activity. In many cases,
the highest demands for plastics can be traced to a small set of crops or
agricultural commodities. Such results help identify sectors within U.S.
agriculture where circular economy strategies may offer the greatest
potential to reduce plastic consumption and waste. Scenario analysis
suggests that dematerialization, material substitution, and lifespan
extension can theoretically reduce demand for certain plastics by up to
60 %, but such strategies face major technical, economic, and behavioral
barriers. For example, the majority of plastics used in agriculture are
flexible films, tubes, and fabrics, which are challenging to reuse and
recycle. There is clearly a need for future research to both resolve
remaining uncertainty and better understand how to enable circular
management of agricultural plastics. Continued efforts to measure and
minimize plastic use and impact in the agricultural sector are critical to
future sustainability of food production.
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