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Abstract: Although vegetables are important for healthy diets, there are concerns about the
sustainability of food systems that provide them. For example, half of fresh-market vegetables sold
in the United States (US) are produced in California, leading to negative impacts associated with
transportation. In Iowa, the focus of this study, 90% of food is imported from outside the state.
Previous life cycle assessment (LCA) studies indicate that food consumption patterns affect global
warming potential (GWP), with animal products having more negative impacts than vegetables.
However, studies focused on how GWP, energy, and water use vary between food systems and
vegetable types are less common. The purpose of this study was to examine these environmental
impacts to inform decisions to buy locally or grow vegetables in the Midwest. We used a life cycle
approach to examine three food systems (large-, mid-, and small-scale) and 18 vegetables commonly
grown in/near Des Moines, Iowa. We found differences in GWP, energy, and water use (p < 0.001
for each) for the three food systems with the large-scale scenario producing more emissions. There
were also differences among vegetables, with the highest GWP for romaine lettuce (1.92 COzeq/kg
vegetable) approximately three times that of leaf lettuce (0.65 COzeq/kg vegetable) at the large scale.
Hotspots and tradeoffs between GWP, energy, and water use were also identified and could inform
vegetable production/consumption based on carbon and water use footprints for the US Midwest.

Keywords: food-energy-water systems (FEWS) nexus; climate change action; carbon footprint;
water footprint; LCA approach; local vegetable production; environmental impact mitigation;
vegetable supply chain

1. Introduction

Mitigating the effects of climate change is a key challenge of our time (per the UN
Sustainable Development Goal 13 [1]). Climate change currently threatens both human
and natural systems [2]. Although the US Department of Defense and the
Intergovernmental Panel on Climate Change (IPCC) rank climate change as one of the
most serious threats to life on the planet, only about 50% of Americans view climate
change as a personal risk [3]. Activists of all ages in the US and around the world have
taken to the streets to raise awareness and support policies that will reduce carbon
emissions [4,5]. To hit the target of less than a total increase of 1.5 °C as set by the IPCC,
carbon emissions need to be reduced by 45% over the next ten years [6]. Food systems are
a major source of greenhouse gases, and they contribute between 19% and 29% of total
anthropogenic greenhouse gas emissions (GHGE) world-wide [2]. Food systems include
growing and harvesting plants and animals, processing, packaging, transporting,
marketing, consuming, and disposing of food-related waste [7].

Dietary choices are an important contributing factor to food system GHGE, and they
have been the focus of a number of studies—for example, Heller et al., in a literature
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review, found 48 studies examining the environmental impacts of different dietary
patterns between 1998 and 2013 [8]. Life cycle assessment (LCA) studies in particular
indicate that dietary choices can greatly affect GHGE at various scales [9-14]. Animal-
based food products require significantly more carbon, energy, and water for production
than fruits, vegetables, and grains [7,15-22]. Mohareb et al. [22] found that animal-based
foods made up 77% of US food-related GHGE in 2010. An analysis of 14 studies conducted
by Hallstrom et al. [23] found that broader adoption of vegan or vegetarian diets could
reduce GHG production by up to 53% compared to reference scenarios. Weber and
Matthews found that reducing meat consumption could reduce GHGE more than buying
local food [24]. However, it is less clear how GHGE might vary between vegetable types
and production scenarios, such as distant large-scale versus local medium- and/or small-
scale food systems, and whether these alternatives could reduce carbon emissions at city
or household scales.

1.1. Large-Scale (Conventional, Distant) Food Systems

Large-scale (conventional, often distant) food systems are important worldwide. In
the US, large-scale farms produce the greatest proportion (42%) of food [25]. Important
regional differences in GHGE associated with large-scale production are based on the
local climate where foods are grown. For example, there is an almost seven-fold increase
in energy used for pumping irrigation water for vegetable and fruit production in
northern California compared to southern California [26].

Though important, food production processes themselves make up only about 25%
of total food system energy use in high-income countries [27]. Transportation is another
important component of the globalized food system. A conservative estimate is that
typical grocery store produce items travel 2,400 km from farm to consumer [28-32].
Researchers who conducted another study found an average food transportation distance
for the US of 6760 km [24]. In fact, in the US, 50% of fresh-market vegetables sold in 2016
were produced in California, despite water shortages there [33].

The potential negative impacts of increasingly globalized food trade have led to
greater interest in local food production to reduce food miles and support for the idea that
shorter food supply chains might mitigate this problem [32]. However, the importance of
local food production in this regard may be overstated. Kreidenweis et al. found that only
4% of global warming potential (GWP) was associated with food delivery from producer
to retailer, with greater impact at the food production stage [34]. It is also important to
note that context matters: for northern cities such as those in the US Midwest, carbon
emissions associated with heating greenhouses to grow produce during winter can be
greater than carbon emissions associated with transportation of food from non-local
production areas which grow outdoors year-round [35].

In 2018, it was estimated that 103 million tons of food was wasted in the US with
residential waste making up about one quarter of the total [36]. Food waste is a key
obstacle to reducing food system emissions. Landfills and wastewater treatment of food
waste contributed about 12% of total US food system carbon emissions in 2010 [22].
Vegetables rank second among food groups for waste production, contributing about 19%
of total food waste in the US and surpassed only by meat (including poultry and fish),
which contributes to 30% of total food waste [37]. Enhancements of local food systems
could help reduce food waste by using shorter supply chains, reducing both distance and
time from farm to fork [32].

1.2. Mid-Scale (Commercial, Local) Food Systems

The mid-scale (commercial, local) food system includes urban and peri-urban
agricultural production (UPA) of vegetables sold to local markets. According to the
USDA, there is no standard definition for local; it can differ based on a variety of social
and spatial factors [38]. However, in one US study, investigators found that consumers
were willing to pay more for local when it was defined as production within 25 to 100
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miles versus production at a distance of 400 miles [39]. UPA constitutes about 6% of all
cropped land areas [40]. This land is found in a variety of settings. In one study of US
UPA, researchers found that about 45% of UPA was in residential gardens, 21% in
community gardens, and 27% on vacant lots [41]. There is enormous potential to
strengthen UPA food production by increasing land availability for UPA. Local food
systems could be further strengthened by localizing food manufacturing strategically
based on the potential to improve environmental and social outcomes [42]. Growing food
for local markets in the Midwest could reduce emissions by reducing transportation
distances, food waste, water withdrawal, packaging, and emissions from cooling in
transportation and retail [18].

A wide range of social, economic, political, and health benefits are also linked to UPA
[43-45]. For example, a community economic impact assessment in northeast lowa found
that every USD 1.00 spent on local food helped to create USD 14.60 of investments in local
food and farm operations [46]. Other social benefits of UPA can include increased food
resilience, food security, and environmental justice for marginalized and low-resource
populations [47,48]. Health benefits include reducing blood cholesterol levels and
maintaining a healthy blood pressure [49,50].

1.3. Small-Scale (Home Garden) Food Systems

Household gardens are an important piece of the local food puzzle. In 2014, about
31% of US households engaged in their own garden food production [44]. Home gardens
have many health, social, and financial benefits, such as increasing vegetable consumption
(by two servings each day for gardeners compared to non-gardeners), reducing food costs,
and maintaining family food culture [42,49,50]. Although motivations for producing food
in home gardens vary widely, access to a home garden was found to be positively
correlated with increases in both number of servings and diversity of fruit and vegetables
consumed (based on data from a survey of over 500 residents in Iowa [51]). These survey
results also indicated that a smaller number of urban residents had access to a home
garden than did residents in rural areas.

Despite the significance of home garden production, the connection between home
gardens and food security in the literature is unclear [52]. In one study conducted to
examine home gardening and food insecurity in the Midwest, researchers were unable to
conclude that there was a relationship between them, raising questions as to whether
home gardening can have an impact on household food security [53]. In another set of
studies, investigators found that food production in home gardens and nutritional status
of children less than five years old were also not closely correlated, although the strength
of the relationship varied by both city and personal circumstances of respondents [54,55].

1.4. Using a Life Cycle Assessment Approach for Food Systems Modeling

The ability to assess food systems is an important first step to enable the design of
systems that produce less environmental impact. Life cycle assessment (LCA) can be used
to measure emissions produced by food systems (among other things) from production
to transportation and consumption, identifying environmental impacts at each stage [9].
LCAs can have varying system boundaries which can span from cradle to grave (raw
resource extraction to product disposal) or more recently from cradle to cradle (raw
resource recycled back to raw resource) [56,57]. Lack of uniformity between studies (in
definition of functional units and system boundaries) is an important challenge to making
valid comparisons among previous LCAs conducted for food system analysis [9,21]. In
addition to standardizing system components, combining LCA with other assessment
tools that integrate social and economic factors (e.g., LCA with technoeconomic
assessment (LCA-TEA)) could provide results that more directly apply to policy
development and decision-making [12].

Trade-offs between food production, water use, and energy requirements within
UPA food systems can be identified using an LCA approach. In many cases, UPA may not
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reduce food system energy demands [26]. Selling directly to consumers without
packaging can reduce energy use and GHGE associated with local foods, especially fresh
fruits and vegetables for which packaging is a large portion of total energy use [58].
However, with limited resources, some local governments may find that UPA is not the
most effective way to confront issues such as food insecurity, finding that focusing on
employment policies could more quickly improve food access and community health [59].
Higher prices for locally grown produce could also deter buyers, especially those affected
by food insecurity.

Many LCA studies have been conducted to examine the carbon footprint of
individual foods at a variety of scales [18,21,35,60,61]. Selecting foods based on
information on emissions uncovered through LCA is an important step for reducing the
climate change impact of food systems [60]. In one study, investigators found that, if
populations in the north ate more seasonal diets (e.g., more fruits and vegetables when
they are in season) and consumed less meat, additional local food production could result
in reduced environmental impacts [21]. Providing a comprehensive comparison of
vegetables for current food systems could help producers and consumers alike make
better informed decisions that have fewer negative environmental impacts.

1.5. Objectives

The purpose of this study was to understand the environmental impacts of
vegetables within three different types of food systems to inform more sustainable
decision-making based on carbon and water footprints. We analyzed the emissions of
vegetables throughout their lifecycle, from cradle to grave (seed to disposal). Using the
Des Moines Metropolitan Statistical Area (a six-county area surrounding Des Moines, IA:
the DM MSA) as a case study that is representative of other urban areas in the rainfed
upper Midwest, we used an LCA approach to examine carbon emissions, energy
consumption, and water use for eighteen vegetables commonly grown and sold
commercially in Iowa. We assessed the vegetables under three food system scenarios; a
large-scale (conventional, distant: LS) food system was compared to two alternative food
system scenarios, a mid-scale (commercial, local: MS) and a small-scale (home garden: SS)
system. Next, we identified hotspots and tradeoffs for GWP, energy, and water use by
food system component and vegetable type. Finally, we compared vegetable types to
develop a comprehensive analysis of carbon and water footprints to inform producers,
policy makers, and educators in a variety of contexts. The results could also be useful for
commercial producers who sell locally and/or by home gardeners to design their own
production systems based on carbon and water footprints. The information generated
could also be used to assist consumers who wish to reduce their own environmental
footprint through selection of certain foods or other forms of targeted local purchasing.

2. Materials and Methods

The focus of this research was to provide reasonable estimates for vegetable
emissions throughout the food system for 18 vegetables and three scenarios using an LCA
approach. Carbon, energy, and water footprints were developed using the modeling
platform FoodCarbonScope™ (CleanMetrics, 2020). This software incorporates many
proprietary US datasets and developed life cycle impact assessment (LCIA) methods that
comply with current international standards (e.g., ISO 14040 [62]). FoodCarbonScope™
also uses data from the IPCC Guidelines for National GHG Inventories to inform baseline
models through research-based methods for estimating anthropogenic GHG emissions
[63]. The system boundary was cradle to grave, including production, packaging,
transportation, and food waste (Figure 1). Processing and cooking were not included in
this LCA because all vegetables we assessed are typically sold fresh, and variation in
cooking methods would make comparisons between vegetable types and scenarios more
difficult. All comparisons were made based on emissions created or resources used per 1
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kg of food consumed as the functional unit and incorporated a level of food waste that
was constant within each scenario.

K Production
Fertilizer & pesticides,
fuel & electricity, water use

Large-Scale Conventional (LS)

Mid-Scale Commercial Local (MS)

Small-Scale Home Garden (SS)

Packaging Food Waste
LS: Carton and produce bags LS: Set at 31% based on USDA
estimates of 30 to 40%
MS: No packaging MS: Set at 24%
SS: No packaging SS: Set at 21%

Transportation

Processing LS: From location with highest
not included| = Production, one-way, semi-truck

Cooking not
included

MS: 180 km round-trip single unit
truck
SS: No transport

\/

Figure 1. Food system schematic of carbon, energy, and water footprints used an LCA approach
and included evaluation of large scale (LS), mid-sized scale (MS), and small-scale (SS) vegetable
production systems. System boundaries for this analysis were cradle to grave. Production, packag-
ing (for LS only), transportation, and food waste were included and adjusted for each scale. In this
analysis, one-way transportation was accounted for in the LS scenario because semi-truck trailers
shipping food long distances often transport additional goods on return trips. Whereas, in the MS
scenario, scale and distances are smaller, and over half of the vegetables are sold directly to con-
sumers, thus roundtrip transportation was accounted for. Only unprocessed fresh vegetables were
considered in order to provide direct comparison by scale scenarios and vegetable types (processing
and cooking were omitted).

Vegetables were chosen as the target food group for this study for three reasons. First,
vegetables make up 22% of US food consumption and contribute to nutritional security
by providing important micronutrients. Vegetables support a host of important health
benefits, such as reducing blood cholesterol levels and maintaining a healthy blood pres-
sure [47,48]. Second, vegetable production systems are easy to integrate into urban envi-
ronments where about 80% of the US population currently resides [64]. Third, the shorter
shelf-life of most vegetables make them more likely to be wasted in long supply chains
than other food crops and therefore important to study from an environmental impact
perspective.

Specific vegetables selected for this study were those that met three criteria: (1) they
are currently grown by farmers in Iowa according to their relative production areas in the
2017 United State Department of Agriculture (USDA) Census of Agriculture by State [65];
(2) there are relevant US field models included in the FoodCarbonScope™ LCA modeling
software; and (3) US consumption data indicate their importance according to the USDA
2016 loss-adjusted food availability (per capita) data system [66]. Eighteen vegetables which
met all three criteria were analyzed based on the three production scenarios (Table 1).
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Table 1. Vegetable scenario assumptions for this LCA were adjusted within FoodCarbonScope™ by scale (large, mid, and
small) for packaging, transportation, and food waste using data available from USDA, Agricultural Extension, and a Hor-
ticulture Specialist at lowa State University [author AN]. Additional adjustments for pesticides, electricity, irrigation, and
fuel use were applied to capture regional differences in production practices and scale that were not included in the base-

line LCA model.

Food System Scenarios

Large-Scale Conventional Mid-Scale Commercial Local Small-Scale Home Garden

Fertilizer/Pesticides

Iowa vegetable farm pesticide =~ Home garden pesticide as-
assumptions based on estimates sumptions based on USDA
by a horticulture extension spe- household pesticide use av-

cialist erages

Assumptions for conven-
tional production from Food-
CarbonScope™

. Iowa vegetable farm fuel as- Home garden electricity and
Assumptions for conven- . . .
sumptions based on estimates  fuel assumptions based on

Electricity/Fuel tional production from Food- . . -
by a horticulture extension spe- rototilling for one hour/sea-
CarbonScope™ .
cialist son/garden
Shipping carton and plastic
Packaging produce bags based on ship- No packaging No packaging
ping conventions
Travel was 160 km round tri
Travel was of variable dis- . . P
by single-unit truck (round trip
tance (km from state and
. s was assumed based on the .
Transportation county with highest produc- . No transportation
. smaller scale, shorter distances,
tion for each vegetable) by . .
. . and selling the majority of
semi-truck trailer >
vegetables direct-to-consumer)
Estimated t 31% f .
stmated waste was 517 10T potimated waste was 24% ac- .
retail and consumer based on . . Estimated waste was 21% ac-
. counting for consumer and dis- .
USDA estimates of between tribution waste. Waste was counting for consumer waste
Food Waste 30% and 40%. Waste was ' only. Waste was transported

inele uni
transported 90 km by single transported 90 km by single unit

unit truck to an uncatego-
rized landfill

90 km by single unit truck to

truck to an uncategorized land-
& an uncategorized landfill

fill

2.1. Large-Scale (LS) Scenario

In the large-scale (conventional, distant; hereafter referred to as LS) scenario, we as-
sumed vegetables were produced in the state and the county with highest production for
each of the 18 vegetables sold fresh in the US. Most vegetables were produced in Califor-
nia (14), with additional vegetables grown in Florida (2), Minnesota (1), and Idaho (1), all
US. Production practices and yields were integrated into the model based on a combina-
tion of available literature and extension publication. Assumptions in the LCA models in
FoodCarbonScope™ that did not match these production scenario locations available in
the model were adjusted for water use and electricity (for pumping water) using state-
specific USDA agricultural census data [67,68] and are explained in the supplemental ma-
terials (Spreadsheet S1: Additional Model Assumptions). Four out of 18 vegetables mod-
eled required state-specific adjustments. Pesticide and fuel use were adjusted for three
vegetables for which state-level data were not available using proxies from the scenario-
specific state and scale. Snap beans were assessed as green beans of the “Blue Lake” variety
grown conventionally in California (CA) USA, and cucumber and pumpkin were assessed
as “summer squash” grown conventionally, also in CA.

Packaging weights in the LS scenario were determined using extension resources and
online catalog lists of typical shipping container materials and sizes [69,70]. To make com-
parisons between vegetables, we assumed all vegetables were shipped in bulk without
additional in-store consumer packaging aside from a produce bag commonly used in
fresh produce sections in grocery stores in the Midwest US. Wooden pallets common for
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transportation by semi-truck trailer were not included because they are often reused
and/or recycled, and this packaging material was not available in the modeling software.
We also assumed that all packaging material waste would be transported 90 km by single-
unit truck and disposed of in an uncategorized landfill.

Typical transportation distances for the LS scenario were selected based on the state
with the highest production for each vegetable. Again, for most vegetables in this study,
this was California. The county with the highest production of this vegetable within the
state was set as the starting point to measure distance using Google Maps. We chose cen-
tral Des Moines as the common end point (at the intersection of 6th Avenue and Locust
Street) for all vegetables [71]. We assumed all vegetables were cooled in transport and
stored without cooling in retail settings.

In the LS food system scenario, waste was set as constant for all vegetables at the
national average of 31% [37]. This source may overestimate food waste by combining
household and food service waste streams and by using a mass balance method instead
of direct measurements of food waste [72]. We used this source because we were able to
choose both the food waste type (fresh vegetables) and the food system stage (retail versus
consumer), a level of specificity which was not available in more recent studies. We as-
sumed all food waste and packaging materials were transported 90 km by a single-unit
truck to an uncategorized landfill.

2.2. Mid-Scale (MS) Scenario

The mid-scale (commercial, local; hereafter referred to as MS) scenario was adjusted
from the large-scale conventional scenario (Table 1) with a full explanation of the adjusted
assumptions available in supplemental materials (Spreadsheet S1: Additional Model As-
sumptions). Given the scale of individual vegetable operations in lowa, 75% to 80% of
growers sell their produce direct-to-consumer, usually through either community sup-
ported agriculture (CSA) or farmer’s markets without use of packaging [73]. For the MS
scenario, we assumed all food was produced within the DM MSA, and 180 km in a sing]le-
unit truck was included to account for round-trip transport from the edge of the MSA
spatial boundary to the urban center.

Pesticide use in the MS scenario is lower for lowa growers than for those in other
areas in the upper Midwest due to their smaller operations. Horticultural crop farms in
Iowa are, on average, 3.20 ha, with a median size of 0.81 ha [74]. Among pesticides, fun-
gicides are used sparsely, although insecticides and herbicides are more widely used [74].
We estimated pesticide use for each vegetable type based on the amount used in a “typical
year” in lowa by category (herbicide, fungicide, insecticide). The amount prescribed and
the units of active ingredients (a.i.) vary based on the formulation of specific pesticides, as
does the energy used to produce 1 kg a.i. between and within pesticide categories. The
assumptions for this study were developed by author AN based on pesticides commonly
used in the state of lowa. We developed an estimate for the “typical” amount of energy
used to produce 1 kg a.i. pesticide/ha/year for each vegetable type based on average pes-
ticide production energy of 370 MJ/kg a.i., which is close to previous estimates of 361
M]J/kg a.i. [75]. To make conversions, each kg a.i. pesticide was assumed to produce 25.50
kg CO2[75], and a factor of 0.069 kg CO2eq/M] a.i. pesticide energy was applied to account
for the standard 100 year GWP [27]. An average pesticide density of 1.078 kg/L was also
applied.

Assumptions for fuel use for the MS scenario were estimated based on Iowa State
Horticultural Research Station records and field trials with Iowa producers. Use of trac-
tors/fuel consumption can vary based on operation characteristics (e.g., mechanical tilling,
spraying, laying plastic mulch as weed control), condition of the soil, and equipment size
(e.g., two- vs. six-row sprayer/harvester). We used fuel assumptions based on differences
that arise due to farm operations but did not include variation due to soil condition and
equipment size. Fuel use was assessed based on a 2.74 m (9.00 ft) tiller mounted on a 50-
horsepower tractor, averaging 1.63 L diesel fuel/h.
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Average Midwest yields were used when available; otherwise, USDA average yields
for the US were used by vegetable type [76,77]. Manual harvest was assumed for all crops
except snap beans, sweet corn, potato, peas, and carrot based on typical lowa vegetable
production practices. Onions and leafy greens were assumed to be direct seeded, not on
black plastic mulch. For carrots and potatoes, mechanical digging was assumed to be fol-
lowed by manual harvest. The same assumptions were used in both the MS and the SS
scenarios for water use and electricity for irrigation. Water use and irrigation were both
estimated based on USDA irrigation and energy expense information for horticulture op-
erations by state [67,78].

For food waste, 21% of consumer-level waste and an additional 3% for distribution-
level waste were added to account for potential loss in distribution (for a total of 24%) [37].
We assumed all waste was transported 90 km by single-unit truck to an uncategorized land-
fill. The MS scenario was also adjusted to account for regional and scale-based differences
in the use of pesticides, fuel, water, and electricity (for water pumping) for vegetable pro-
duction in the DM MSA (Spreadsheet S1: Additional Model Assumptions).

2.3. Small-Scale (SS) Scenario

The small scale (home garden; hereafter SS) scenario assumed that production in-
cluded rototilling for one hour/season/garden with all planting and harvesting activities
done by hand. The SS scenario used the same yield assumptions as the MS scenario and
did not include packaging or transportation. Scale adjustments were made for pesticide
and fuel use based on the average home garden size for Des Moines (168 m? for each gar-
den [79]).

Pesticide use for the SS scenario was based on typical use in US home gardens at the
national scale using EPA home and garden pesticide use data and National Gardening
Association estimates for home garden area in the US [80,81]. We made the same key as-
sumptions for CO:2 conversion and MJ/kg a.i. pesticide as for the MS scenario (Section 2.2,
above). Assumptions for fuel use in the SS scenario include one hour using a walk-behind
rototiller/garden/year at 0.47 L fuel/hour and an average yield of 167 kg/m? based on the
authors’ own gardening experience. We used the same state-level USDA irrigation and irri-
gation energy use assumptions for the SS scenario that were used for the MS scenario. For
waste, we maintained the same 21% of food waste at the consumer level [37]. All waste was
assumed to be transported 90 km by single-unit truck to an uncategorized landfill.

2.4. Linear Model

Linear models were developed in R to assess variance in scenarios using the “Im”
function [82]. Each environmental impact (GWP, energy, and water use) was fit to the
model for each scale without incorporating differences due to vegetable type. Model fit
was assessed based on a t-test; p-values were reported to display the statistical differences
based on scenario.

2.5. Hotspots and Tradeoffs

Hotspots refer to relatively high environmental impacts. Hotspots were identified by
food system component and vegetable type and were compared for the three food system
scenarios. For GWP, hotspots for production inputs including water pumping, pesticides,
fertilizers, other farm inputs, electricity, and fuel (for tillage and pesticide application)
were identified. COz2and N20 are emitted due to soil tillage and were accounted for sepa-
rately, and inputs beyond the farm gate such as fuel for transportation, packaging, and
waste were also considered separately. Hotspots for each of the environmental impacts
were examined using a “heat map” developed in R, with values increasing from dark
blue (low impact) to bright yellow (high impact) [82]. Separate heat maps were created for
each environmental impact to enable easy comparison by vegetable types.
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Tradeoffs were assessed to identify environmental impacts by category (GWP, en-
ergy, and water). For example, a single vegetable can require high water quantity but low
energy use (or vice versa). First, the correlation between the three impact categories were
identified using a Pearson linear correlation by scale on a per-kg vegetable basis. High cor-
relation indicates that the environmental impacts are not likely to produce tradeoffs,
whereas low levels of correlation could produce tradeoffs. Next, vegetables were grouped
using the Dietary Guidelines for Americans [83] to examine environmental impacts by
group and to explore potential tradeoffs by impact category using a smooth histogram.

2.6. Environmental Impact Scores

An impact score was developed to capture carbon and water footprints for each veg-
etable by weight. This enabled a simplified incorporation of tradeoffs for each food system
scenario assessed. The score was established based on fractional ranking; a mean rank was
used for each equal rank value. This rank sum was then divided by two to give the impact
score for each vegetable by scale. Equal weights were assigned to GWP and water use.
The values were then categorized as low impact, moderate, and high impact.

3. Results
3.1. Global Warming Potential, Energy, and Water Use by Scale

Total GWP, energy, and water use/kg vegetable differed by scale based on linear
models: GWP (p =1.87 x 1012), energy (p = 1.91 x 10-12), and water use (p = 3.98 x 10-6). The
LS scenario produced greater total GWP/kg vegetable (coefficient estimate 0.92, p = 2 x
10-16) compared to the MS scenario (coefficient estimate —0.57, p = 9.28 x 10-11) and the SS
scenarios (coefficient estimate -0.61, p = 8.06 x 10-12). The MS and the SS scenarios had
many overlapping values which varied considerably by vegetable type (Figure 2). The
largest differences between scenarios were for water use. Both MS and SS scenarios used
the same irrigation assumptions, and their water use average was 65.12 L/kg vegetable,
whereas the LS irrigation assumptions were embedded in the LCA modeling software
based on field studies, and the water use was 573.64 L/kg vegetable on average.

B I C

2000

o
=
a

1000

Total Energy Use (MJ/ kg vegetable)
5

=

Total Water Use (Lf kg vegetable)

. ‘ | | | w00
n, ¢'$ == == T

0

Small Large Medium Small Large Medium Small

Food System Scale Food System Scale Food System Scale

Figure 2. Food system scale differences for total GWP (A), energy (B), and water use (C). The large-scale conventional, distant
(LS) scenario produced greater GWP and used more energy and water than both the mid-scale commercial, local (MS) and
the small-scale home garden (SS) food system scenarios. The SS scenario was also lower, on average, than the MS scenario,
although results varied more by vegetable type at these scales. Variations for individual vegetable types are included in boxes
for 50% of values; whiskers represent maximum and minimum values; outliers are represented as single points.

3.2. Hotspots and Tradeoffs for GWP, Energy, and Water Use by Scale and Vegetable Type
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The LS scenario was associated with higher GWP than the MS and the SS scenarios
for all food system components. There were several notable hotspots where the differ-
ences in average emissions for the three scales were high (Figure 3). Fuel use was a hotspot
for which the COzq released in the LS scenario was about 15 times higher than that of
either the MS or the SS scenarios. Packaging was another hotspot because it was a rela-
tively large contributor to GWP in the LS scenario, but neither the MS nor the SS scenario

included packaging.

0.4
0
8 Scale
]
‘éﬂ LS

02 Ms
v
~ S8
g
o)
18]
w

0.1

Other farm
Electricity Farm CO; Farm NyO Fertilizers Fuel inputs Packaging Pesticides Waste

Food System Components

Figure 3. Average GWP by food system component and scale highlighting emissions associated with different stages in
the food system. Production inputs include pesticides, fertilizers, other farm inputs, electricity (using the average US en-
ergy mix), and fuel (for tillage and pesticide application). COz2and N2O are also emitted due to soil tillage and are ac-
counted for separately. Packaging, a portion of fuel use (to cool and transport vegetables), and waste all cause emissions
beyond the farm gate. GWP (COzeq)/kg vegetable consumed is separated by food system component and food system
scenario: large-scale conventional, distant (LS), mid-scale commercial, local (MS), and small-scale home garden (SS). Fuel
use for transportation and packaging were major GWP hotspots for the LS scenario compared to the MS and SS scenarios.

There was variation in GWP, energy, and water used to produce 1 kg of the different
vegetable types. Because of strong correlation between GWP and energy use, we did not
detect tradeoffs or the hotspots for these similar variables (Figure 4). Romaine lettuce had
a larger footprint for GWP and energy compared to all other vegetable types for all sce-
narios on a per-kg basis. The most marked difference was for the LS scenario where 1 kg
of romaine lettuce was associated with 1.92 COzeq and used 29.27 MJ energy. By contrast,
for the LS scenario, 1 kg of leaf lettuce was estimated to be 0.65 COzq and 11.79 MJ of
energy use, between a 2.5 and 3-fold decrease. Water use, however, was characterized by
different hotspots that were only present in the LS scenario. Sweet corn and cauliflower
used 2205 and 1629 L of water/kg vegetable, respectively, well above the average for the
LS scenario (570 L/kg vegetable).
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Figure 4. Identifying hotspots for total GWP (A), energy (B), and water use (C) by vegetable. The dark blue (low) to yellow
(high) color scale highlights hotspots for each environmental output. Although the scale varies, romaine was a hotspot for
both GWP and energy in all food system scenarios. For water use, only the large-scale scenario used a measurably different
amount of water, and the two hotspots with greatest water use were sweet corn and cauliflower.

To better understand tradeoffs for GWP, energy, and water use for different food
system scenarios for vegetables, linear correlations were developed for each output type
and scale (Figure 5). There was correlation between GWP and energy use (1> = 0.95) but
less so for GWP and energy use with water use (12 = 0.57 and 0.54, respectively).

In addition to differences for the three production scales, there were large ranges of
GWP, energy, and water outputs on a per-kg basis by vegetable type. Vegetable categories
from the 20152020 Dietary Guidelines for Americans (starchy, red and orange, other,
dark green) were used to assess if differences in environmental outputs varied by vegeta-
ble groups which are nutritionally similar [83]. The difference within each vegetable cate-
gory was greater than variation between vegetable categories for all outputs and scenar-
ios, thus vegetable category was an ineffective way to assess environmental output (Fig-
ure 6).
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Figure 5. Total GWP, energy, and water use for vegetables. The upper right-hand corner cell de-
scribes the Pearson linear correlations among all outputs (GWP, energy, and water) for which ***
indicates that p <0.001 on a per-kg vegetable consumed basis. GWP and energy are highly correlated
overall (r2 = 0.95) and by scale (12 = 0.86 for LS, large-scale conventional, distant; r> = 0.96 for MS,
mid-scale commercial local; r> = 0.81 for SS, small-scale home garden). Water use was not as closely
correlated with other variables overall or at any of the three scales. Density plots (diagonal, middle)
illustrate frequency of each output by scale (LS = red, MS = blue, SS = yellow). The MS and the SS
scenarios had much less variation than the LS scenario for all outputs. Water use was low for the
MS and the SS scenarios; the LS scenario indicated greater water use and a wider spread of values.
Scatter plots (lower left) indicate correlations between outputs at each scale, which were strongest
for GWP and energy (left column, second row).

>

Starchy Starchy

o ]
o o
o \ scale o / scale
 Red & Orange LS I~ Red & Qrange s
E / B e 3 V\ B te
© Other [ ss © Other ss
g ¢ Pk VoV AN
o o
£ DarkGreen M—A & Dark Green
00 05 1.0 15 20 0 10 20 30
Total GWP (kg CO2eq/ kg vegetable) Total Energy Use (MJ/ kg vegetable)
o
% Starchy scale
: Red & Orange Ots
o [] ms
*E Other []ss
o
=  Dark Green
0 500 1000 1500 2000 2500

Total Water Use (L/ kg vegetable)

Figure 6. Total GWP (A), energy (B), and water use (C) by vegetable category based on dietary guidelines with colors to
indicate the food system scale scenarios (LS, orange = large-scale conventional, MS, blue = mid-scale commercial local, SS,
yellow = small-scale home garden). Peak height indicates the number of individual vegetables within a category having
environmental outputs within that range. There was little variation between outputs based on vegetable category.
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3.3. Environmental Impact Score by Vegetable Type

Environmental impact scores were developed by combining carbon and water foot-
prints into a comprehensive score. Impact scores were greatest for all vegetable types in
the LS scenario. Between the MS and the SS scenarios, there were many overlapping val-
ues. Vegetables were categorized from lowest to highest impact score in three categories
(Table 2). Leaf lettuce, head lettuce, onion, and carrot were all in the low environmental
impact category in all scenarios. Additional vegetables in this category included potato in
the LS and the MS scenarios and cabbage for both the MS and the SS scenarios. Aside from
the lettuces, these are all less perishable vegetables, with the exception of tomato in the SS
scenario. Cucumber and squash were within the moderate impact category for all scenar-
ios. The LS and the MS scenarios both included tomato, while the MS and the SS scenarios
had sweet corn, pumpkin, and bell pepper in the moderate impact category. The LS and
the SS scenarios had no additional vegetables in common. The high impact category in-
cluded romaine, broccoli, cauliflower, and snap bean for all scenarios. Romaine in the LS
scenario had the highest impact score overall, though snap bean had the highest impacts
within the MS and the SS scenarios. Vegetables in this category were generally more per-
ishable than those in the low environmental impact category. The majority of vegetables
in the MS and the SS scenarios fell into the same impact categories, though the specific
rankings within each category did vary. The LS scenario showed larger variation in rank-
ings compared to MS and SS.

Table 2. Vegetable environmental impact scores by scale. Impact scores were calculated by summing fractional rankings
for total GWP and water use footprints and dividing by two to achieve equal weighting. Vegetables are grouped horizon-
tally by scale of production and top to bottom by impact score. Many of the same vegetables fall into low, moderate, or
high environmental impact categories regardless of scale.

Impact Score Large Scale Mid-Scale Small-Scale
Potato 37 Leaf lettuce 9 Head lettuce 7
Head lettuce 39 Onion 11 Carrot 8
Leaf lettuce 40 Head lettuce 12 Leaf lettuce 8
Low Impact . .
Onion 41 Carrot 12 Onion 9
Pumpkin 41 Cabbage 16 Tomato 10
Carrot 42 Potato 16 Cabbage 11
Cabbage 44 Sweet corn 18 Pumpkin 15
Pea 44 Pumpkin 19 Squash 16
Moderate Cucumber 44 Bell pepper 20 Sweet corn 17
Squash 45 Squash 21 Cucumber 18
Spinach 46 Tomato 21 Potato 19
Tomato 47 Cucumber 24 Bell pepper 19
Bell pepper 48 Romaine lettuce 24 Romaine lettuce 23
Snap bean 48 Cauliflower 26 Pea 25
. Cauliflower 50 Peas 27 Cauliflower 25
High Impact . . .
Broccoli 51 Broccoli 28 Broccoli 27
Sweet corn 52 Spinach 29 Spinach 27
Romaine lettuce 53 Snap bean 31 Snap bean 31

4. Discussion

We assessed GWP outputs and energy and water inputs for three food system sce-
narios and 18 vegetable types commonly grown in Iowa to guide more environmentally
conscious vegetable production and consumption. We found differences in environmen-
tal outputs by scale and identified hotspots and tradeoffs for them. Finally, the
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environmental impact score we developed in this study highlights some of the strengths
and the weaknesses of the LCA approach and our carbon and water footprint framework.

4.1. Environmental Outputs by Scale

In this study, we found that the LS scenario had higher GWP and greater energy and
water use than the MS and the SS scenarios on a per-kg vegetable basis for 18 vegetable
types commonly grown in the Midwest US. Although we were unable to find similar LCA
studies for vegetables produced in this region of the US, our results are similar to a fruit
and vegetable LCA conducted in Sutton, South London, UK [18]. For that study, research-
ers compared output from an urban community garden to conventional commodity crop
production. These researchers found that, for 16 fruit and vegetable types considered from
production to point of retail, the community garden produced lower GHGE than the con-
ventional food system with one exception (polytunnel strawberries) [18].

In another food system LCA conducted for the Lisbon, Portugal region, investigators
found that local UPA food systems (including production to retail) modestly reduced
GHGE compared to more conventional food systems, primarily through reductions in
food waste and transportation. However, these researchers found that the most important
GHGE reductions were associated with changes in consumption patterns, in this case, for
diets changing to include less meat consumption and greater fruit and vegetable con-
sumption [7]. The importance of relying less on meat consumption and emphasizing more
fruit and vegetable-based diets to reduce environmental outputs is well supported in the
literature [15,16,19-21]. However, local UPA vegetable production in cold climates (such
as those in the upper Midwest) can also have important drawbacks and tradeoffs. Reduc-
tions in GWP and energy inputs for local vegetable production may be countered by the
necessity for heated indoor production in such areas [11,84,85]. In this study, we did not
assess the impacts of indoor production; all analyses were instead based on seasonal veg-
etable production outdoors.

4.2. Hotspots and Tradeoffs for Environmental Outputs

We detected GWP hotspots for packaging and fuel use stages of the LS scenario. Since
neither the MS nor the SS scenarios included packaging, the difference between scenarios
was important even though we included only bulk packaging for shipping and single
produce bags at the point of retail for the LS scenario, a relatively conservative approxi-
mation. The GWP associated with clamshell or polystyrene tray packaging used for toma-
toes was estimated to be 25% and 100% greater, respectively, by weight compared to loose
packaging [86]. The GWP from fuel use in the LS scenario was almost 15 times higher than
for the MS and the SS scenarios. In the US, transportation accounts for only about 10% of
GWP in the food system [26]. However, since fresh vegetables, on average, produce the
lowest GWP compared to all other food groups, increasing the transportation distance
increased the GWP output/kg more substantially [21]. Fuel is also used for vegetable pro-
duction (e.g., cultivation and harvest). Differences in fuel use for production were only a
fraction of the total difference in fuel use based on our assumptions; however, incorporat-
ing vegetable production methods that we did not consider in this study (e.g., no till or no
machinery) could reveal greater variation in energy use. Exploring additional possible
production scenarios could elucidate variation in fuel use, especially for vegetable pro-
duction in Iowa, which is typically small in scale and relatively low input [26].

Hotspots for environmental output for different vegetables included romaine for
GWP in the LS scenario and sweet corn and cauliflower for water use, also in the LS sce-
nario. Although inputs on a per hectare basis were similar for different types of lettuce,
yield per hectare for romaine was low compared to the other lettuce types, which may
explain the relatively high environmental outputs for GWP and water. Romaine hearts in
particular are much smaller than other head lettuces at the time of harvest. Estimates for
romaine lettuce yields (14,800-22,200 kg/ha) are low compared to those for iceberg lettuce
(28,200-56,600 kg/ha), which requires similar inputs [87,88]. Water use is high only in the
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LS scenario because, in this food system, the majority of vegetables are produced in Cali-
fornia in areas for which precipitation is often limited and must be supplemented with
irrigation. Water needs vary substantially both spatially and due to the irrigation method
applied [89]. For example, for cauliflower production in California, the average irrigation
per hectare (ha) ranges from 0.10 to 0.15 ha-m using sprinklers in the central coast during
the summer to 0.20 ha-m using furrow irrigation in southeastern California [90]. Switch-
ing to drip irrigation could reduce water use by up to 25% [90].

Tradeoffs were observed between water use and GWP. The strong relationship be-
tween GWP and energy use was expected, as much of the GHGE for food systems is fossil
fuel based, with the exception of GHGE released from soil due to tillage and fertilizer use
[2]. For this reason, GWP was used as a proxy for energy, since including both would
overemphasize their effect compared to the effects of water use and/or other potential
variables [86].

4.3. Environmental Impact Score by Vegetable Type

For this analysis, grouping vegetables by nutritional category was not an effective
way to determine whether vegetables have a low environmental impact. However, we
did observe large differences in GWP and water outputs by individual vegetable type.
The assumptions we used to develop an environmental impact score applied equal
weights to GWP (0.5) and water use (0.5). These weights contributed importantly to the
impact score results. Impact scores were highly variable, similar to earlier findings by Ku-
lak et al. [18] who found that changes in GHGE were achievable based on strategic diver-
sification. In their work, a focus on prioritizing local production for the most GHGE-in-
tensive crops was proposed as a means to diminish food system impacts. These GHGE-
intensive crops were found to be more perishable based on the impact score we devel-
oped, which could make this effort of reducing handling and transportation even more
promising. Other potential criteria to consider when determining the value of more local-
ized food production include improved food access, nutritional security, in addition to
potential reductions in urban heat island effects [26,44].

5. Conclusions

We developed an LCA to evaluate GWP, energy, and water used to produce 18 types
of common vegetables at three scales. Environmental impacts were tracked from produc-
tion to disposal. Comparisons for food system scale scenarios and vegetable types re-
vealed that the LS scenario produced greater environmental impacts for all vegetable
types, whereas much overlap was found between the MS and the SS scenarios. Although
no trends were found based on grouping vegetables by nutritional guidelines, when
tradeoffs between impacts were accounted for using an environmental impact score, leaf
and head lettuces and vegetables that were the least perishable were found to have the
least impact in all three scenarios. This information could be useful to both producers and
consumers to guide efforts to grow and consume vegetables with smaller carbon and wa-
ter footprints.

Our research demonstrates the importance of both scale of production and distance
between producers and consumers for GWP, energy, and water use. We found that mid-
scale (commercial, local) and small-scale (home garden) vegetable production were asso-
ciated with much lower environmental outputs. Vegetable type also played a role in the
amount of environmental outputs with most perishable vegetables producing greater out-
puts by weight. This study and further related analyses could be used to support shifts
toward production and consumption of vegetables with smaller environmental footprints
within food systems of the upper Midwest US.

Further research could also include scenarios designed to represent even more spe-
cific local food or farming systems in the US Midwest. These scenarios could incorporate
more refined estimates for vegetable production inputs, irrigation, yields, and transpor-
tation distances. In addition, scenarios could be designed to capture a more precise subset
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of local food production by market and/or scale. Further research could also include
changes in the way environmental outputs are weighted based on the particular situation.
For example, if GWP were the primary concern for rain-fed vegetable production, inves-
tigators could vary the relative weights for GWP (e.g., set this at 0.8) and water use (e.g.,
set it at 0.2). From another perspective, water conservation could be the primary driver,
and the weightings could be reversed. An interactive spreadsheet or application could
help producers and consumers fine tune and manage tradeoffs on an individual basis.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/su132011368/s1.
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