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• Assessment of metropolitan-scale food
system scenarios could enhance local
decisions.

• Localizing food production reduced im-
pacts more than following USA dietary
guidelines.

• Animal-based proteins were linked to the
greatest share of environmental impacts.

• Diets could be optimized to reduce environ-
mental impact and improve human health.
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Food systems are energy-intensive, causing≈25 % of anthropogenic global warming potential (GWP) and contribut-
ing to challenges across the food-energy-water nexus. The state of Iowa, USA, is of particular interest as a rainfed ag-
ricultural region of the upperMidwest; despite its highly productive landscape, a large proportion of food consumedby
Iowa residents is imported. This study focused on theDesMoinesMetropolitan Statistical Area (DM-MSA), a six-county
area in central Iowa with a 2020 population of ≈700,000. A life cycle assessment approach was used to quantify
environmental impacts (GWP, fossil energy and water consumption, land use); scenarios modeled provision and con-
sumption of 50% of nutritional requirements for the current DM-MSA population by food group (e.g., grains, proteins,
vegetables). The four DM-MSA food system scenarios were: 1) current conditions (baseline), 2) local production for
50 % of food, 3) consumption changed to follow USA dietary guidelines, and 4) combined changes to production
and consumption. Localizing food production reduced all environmental impacts more than following USA dietary
guidelines. Compared to the baseline, 50 % local production scenarios reduced GWP and energy consumption
(18–24 %) and water use (35–41 %) annually. Decreases by food group were least for protein (−10 % GWP) and
greatest for fruits and vegetables (−58–62 % GWP). Local scenario alternatives could further reduce some environ-
mental impacts if paired with a nutritionally- and environmentally-optimized diet (EAT-Lancet) providing the greatest
change (−30–38 % for GWP and energy use) compared to the local scenario. A 50 % local production scenario for the
DM-MSA could decrease GWP by 102 million CO2eq yr−1 and water use by 44 billion L yr−1. However, this would re-
quire dietary changes based on seasonal food availability. Further development and co-simulation with other
metropolitan-scale biophysical and socialmodelswill enhance understanding of food system drivers and support effec-
tive decision-making for urban food system improvements in the Midwest.
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1. Introduction
Food systems currently account for just over a quarter of global carbon
emissions (Poore and Nemecek, 2018). By 2050, the global human popula-
tion is projected to increase to 9 billion, and related food needs and agricul-
tural production are expected to increase by up to 70% (FAO, 2010). Much
of the greenhouse gas emissions that create global warming potential
(GWP) from food systems are directly related to fossil energy use: in the
USA, about 15 % of total fossil energy demand is related to the food system
(Mohareb et al., 2017). Life cycle assessment (LCA) studies have been con-
ducted to assess the potential effect of increasing the amount of local foods
available, particularly in urban areas, to reduce GWP and moderate energy
inputs (Benis and Ferrão, 2017; Kulak et al., 2013; Rothwell et al., 2016). In
an increasingly urban world (the global human population clustered in
urban areas is at 50 % and rapidly rising), urban and peri-urban agriculture
(UPA) has been proposed as an important path to reducing energy inputs
and GWP from food systems (Kulak et al., 2013).In North America, 82 %
of the human population lived in urban areas in 2018 (UN, 2019). Many
areas in the USA rely heavily on food “imports” from outside state bound-
aries for the majority of their diet. In Iowa, for example, approximately
90 % of human food is shipped into the state from other locations, and in
the DesMoines area approximately 95% is imported. However, the optimal
path toward reducing food system environmental impacts remains heavily
debated (Krouse and Galluzzo, 2007).
1.1. LCA approaches to metropolitan-scale food system scenarios

Food system LCA studies commonly examine carbon emissions, fossil
energy consumption, and water use across the supply chain. Modeling
with LCA is useful to examine the externalities associatedwith complex sys-
tem dynamics (Djekic et al., 2019). However, LCA does have limitations.
Researchers can define different system boundaries depending on their ob-
jectives, which can lead to profoundly different results. For example, food
system studies commonly use production inputs (cradle) as a starting
point with differing end points of analysis (farm gate, retailer, grave). In
this context, Pernollet et al. (2017) compared the effect of different system
boundaries on GWP and found that changing food system boundaries from
cradle-to-grave to cradle-to-farm gate reduced the GWP estimate by 70 %,
and by 30 % for cradle-to-retailer. The International Organization for Stan-
dardization (ISO) has set standards for LCA studies (ISO 14040, ISO 14044;
Pryshlakivsky and Searcy, 2013). In spite of the standards, it remains diffi-
cult to draw comparisons among various LCA studies based on differences
in their spatial scales, methods, functional units, and system boundaries
in addition to bona fide regional differences (Clune et al., 2017).

While national-scale food system LCA models are important, they are
not as useful for large countries like the United States or China, for example,
for which regional variations are considerable. Conducting LCAs for indi-
vidual regions or cities could providemore precise information on the char-
acteristics of local food systems. Increased specificity at local scales could
also provide important insights into local challenges and opportunities to
reduce GWP associated with food systems. Several such city-scale food sys-
tem LCA studies from Spain, Portugal, the UK, and China have been con-
ducted (Benis and Ferrão, 2017; Kulak et al., 2013; Pérez-Neira and
Grollmus-Venegas, 2018; Yue et al., 2018). Although studies at the state
(e.g., New York; Peters et al., 2009) and city scale (e.g., Chicago; Costello
et al., 2021) have connected human populations to food production and
local land requirements, we are not aware of metropolitan-scale food sys-
tem LCA studies in the USA being used to develop scenarios for decision
making. This is an important gap and conducting this type of study could
inform food system policymaking in the Midwest region through a deeper
understanding of food systems at this scale. Current conceptual frameworks
designed to reduce environmental impacts for food systems in previous
studies have led to different conclusions about the impacts of localizing
food production (see Section 1.2 below) and of changing food consumption
patterns (see Section 1.3 below). Our study presents a novel metropolitan-
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scale model that compares consequences of both localizing food production
and changing patterns of human food consumption. We use our analyses to
identify effective policy interventions to support potential environmental
impact reductions for Midwest USA food systems.

1.2. Previous findings on environmental impacts of near-urban local food pro-
duction in the Midwest

Although there is no consensus regarding the definition of local food it
continues to receive political support and local markets have experienced
continued growth (Low et al., 2015). This is true especially in response to
the Covid-19 pandemic, which exposed low food system resilience and
lack of social equity of conventional food systems in cities in the USA and
across the supply chain (Klassen and Murphy, 2020; Wu, 2020). UPA may
provide a promising alternative to current conventional food systems,
which are often associated with increased environmental costs, greater in-
cidence of foodborne illnesses, and reduced food quality, in addition to
the larger scale energy-related drawbacks already mentioned (Reich
et al., 2018). Opportunities for UPA have been studied for cities across
the USA, including those in the Midwest such as Chicago, IL, Cleveland,
OH, Detroit, MI, and Madison, WI (Saha and Eckelman, 2017). UPA could
lead tomany positive environmental and social outcomes by potentially re-
ducing GWP, improving health and food security, and bolstering local econ-
omies (Enshayan, 2009; Gray et al., 2014; Guitart et al., 2012; Kirkpatrick
and Davison, 2018; Kulak et al., 2013; Opitz et al., 2016; Telesetsky,
2014). However, Enthoven and Van den Broeck (2021) found that benefits
of local food are often case specific, and although evidence supports that
consumer access to healthy food increased with local prodcution, it did
not support the common view that reducing transportation distance of
foods reduces food system GWP.

UPA is not universally accepted as an effective means to reduce food
GWP. For example, investigators for one LCA study found that local UPA
did not result in the magnitude of GWP reductions that were anticipated
for northern cities – they suggested that efforts should focus instead on re-
ducing foodwaste (whichmay include up to one-third of all food produced)
or on producing rooftop solar power rather than using roof spaces for gar-
dens (Goldstein et al., 2016a). Researchers conducting an international
study found that UPA has limited potential and recommended improving
employment and income generation to enhance long-term food security
(Badami and Ramankutty, 2015). Similarly, researchers examining city-
scale food system models for two cities in the USA and two in India found
that doubling urban agriculture produced few environmental benefits
(Boyer and Ramaswami, 2020).Investigators of additional studies have
found likewise (Clinton et al., 2018; Goldstein et al., 2017). However, suc-
cessful examples of UPA have also been described for some cities, including
Shanghai, China, where 60 % of vegetables and 90 % of eggs are produced
within the city itself (Lovell, 2010)). Researchers conducting another study
concluded that small-scale UPA could feed a significant number of people
globally, although food production knowledge and employment opportuni-
ties associated with UPA are two possible barriers to increasing UPA
(Nicholls et al., 2020).

1.3. Near-urban food consumption changes may lead to different environmental
impacts in the Midwest

Investigators using LCA have shown that dietary choices can signifi-
cantly affect food system GWP, with lower meat consumption generally
corresponding to lower GWP (Curran, 2016; Gava et al., 2018; Goldstein
et al., 2016b; Heller et al., 2018; Notarnicola et al., 2017; Rehkamp et al.,
2017). Pernollet et al. (2017) found that GWP related to food consumption
could be reduced by about 30%without decreasing nutritional quality, cul-
tural acceptability, or affordability of the diet. The exact impacts of dietary
changes are difficult to assess – they variedmore than six-fold in one review
of LCA studies, largely due to variation in system boundaries used in indi-
vidual studies (Pernollet et al., 2017). In their review of studies conducted
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between 2009 and 2014, Benis and Ferrão (2017) found potential reduc-
tions of 50 % for GWP as diets changed. In Lisbon, Portugal, meat, fish,
and eggs were responsible for approximately 55 % of the global warming
potential, making food selection a significant environmental impactmitiga-
tion strategy fora city-scale food system. Researchers in the USAwho devel-
oped a biophysical model of human carrying capacity for ten different diets
found the highest carrying capacity for lacto-vegetarian (i.e., including
dairy) or ovolacto-vegetarian (i.e., including dairy and eggs) diets com-
pared to vegan diets (Peters et al., 2016).

Current human consumption patterns place demands on environmental
systems that exceed global capacity to adequately feed the human popula-
tion over time (Wang, 2022). Countries with greater affluence, together
with certain cultural preferences, are responsible for more GWP and
water impacts per capita based primarily on higher animal product (espe-
cially red meat) consumption (D’Odorico et al., 2018; Kim et al., 2020).
Typical food consumption patterns in the USA have relatively high environ-
mental impacts, based on consumption of more meat and fewer fruits and
vegetables compared to those in guidelines provided by the U.S. Depart-
ment of Health & Human Services (HHS) and U.S. Department of Agricul-
ture (USDA) (HHS-USDA, 2015). However, the HHS-USDA guidelines
were developed to target nutritional health and wellbeing and do not
explicitly address environmental impacts. In response to social and bio-
physical concerns, alternative diets have been proposed to enhance sustain-
ability, many of which recommend plant-based alternatives for animal-
based foods and attempt to balance environmental protection with
human nutrition (Fanzo, 2019). For example, “EAT-Lancet” is a quantita-
tive reference diet developed by a cross-disciplinary commission to develop
scientific targets that balance human health with environmental sustain-
ability based on six key parameters, including GWP, water use and land
use (Willett et al., 2019). The EAT-Lancet diet includesmore legumes, fruits
and vegetables, and less meat and dairy than is currently consumed on av-
erage in the USA.

1.4. Objectives

Our overall objective of this study was to use an LCA approach to assess
the Des Moines Metropolitan Statistical Area (DM-MSA), IA, USA food sys-
tem. This area is considered representative of many metropolitan areas in
the Midwest (e.g., Lansing, MI, Omaha, NE, Dayton, OH, Madison, WI),
which have similar population sizes and are surrounded by rainfed agricul-
tural landscapes (Thompson et al., 2021). We sought to assess current pro-
duction and consumption patterns and examine potential scenarios in
which local food production was increased to meet 50 % of residents' cur-
rent nutritional intake and those for which food consumption was adjusted
to reflect HHS-USDA dietary guidelines (Table 1).

The first study objective was to compare four food system scenarios
using an LCA approach for 50 % of the dietary intake of the DM-MSA pop-
ulation including: BASE (current production of 45 % distant and 5 % local
and current consumption), DIET (current production; consumption follows
a diet constructed according to 2015–2020 dietary guidelines for
Americans (per US-HHS and USDA, 2015), LOCAL (production is locally
grown within the DM-MSA for current consumption), and LOCAL DIET
(food production is local within the DM-MSA and consumption for
Table 1
Four food system scenariosa were used to represent ch
food system to understand how localizing production
MSA) and changing diets to healthy consumption p
would affect environmental impacts.

a See Section 2.1. for an overview of scenarios.
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residents follows HHS-USDA dietary guidelines). The second objective
was to assess three potential alternatives (Alt) based on the LOCAL scenario
within the DM-MSA (Fig. 1). For Alt 1 we did not incorporate fruit or veg-
etable processing locally as we did in the LOCAL scenario; this more closely
resembles the status quo of little or no produce processing in Iowa. For Alt 2
we included small-scale and extensive (increased land use, free range or
pasture based) animal production practices for all meat products (extensive
dairy production was not included) since livestock production methods
cause a large portion of food system environmental impacts and regenera-
tive agriculture using rotational livestock grazing has been promoted exten-
sively by state organizations such as the Practical Farmers of Iowa (Practical
Farmers of Iowa, 2022). For Alt 3 we incorporated the EAT-Lancet diet for
the DM-MSA population; this diet represents a much larger shift in con-
sumption patterns than HHS-USDA dietary guidelines (Willett et al.,
2019). The third objective was to determine LCA model sensitivity to
three key variables: food consumption patterns, transport, and food waste.

2. Materials and methods

We used FoodCarbonScope™ (CleanMetrics, 2020) LCA modeling soft-
ware to develop food system scenarios for current production and con-
sumption in the DM-MSA compared to a scenario in which 50 % of the
nutritional intake was produced locally, a scenario in which consumers
followed 2015–2020 HHS-USDA dietary guidelines, and a scenario with
both production and consumption alterations. FoodCarbonScope™ includes
many USA datasets and complies to IPCC Guidelines for National GHG In-
ventories and current international standards for LCA analyses (e.g., ISO
14040) (Penman et al., 2006; Pryshlakivsky and Searcy, 2013). Environ-
mental impacts (GWP, energy, water) were estimated across the food sys-
tem cycle based on geographical location (e.g., California for produce)
and production practices (e.g., livestock confinement systems versus pas-
ture access), providing primary inputs for the BASE scenario. Adjustments
to account for differences in the LOCAL scenario are described below
(Section 2.1.2).

Global warming potential (GWP) included warming impacts from all
greenhouse gas emissions normalized to carbon dioxide equivalents. En-
ergy use included energy from both fuel and electricity throughout the
food system under current USA conditions. Water use included only water
withdrawn from freshwater sources, rainfall was not included in the
model. Two functional units were selected for assessing food system im-
pacts GWP (kg CO2eq), energy (MJ) and water (L), all calculated on a
(1) per kg food consumed per person for the DM-MS and (2) per land
area (ha), both reported on an annual basis. The system boundaries in-
cluded the entire life cycle of a system from raw resource extraction (cradle)
to product disposal (grave) for 50 % of the nutritional intake for food con-
sumed within our study area; we excluded environmental impacts for stor-
age and cooking at the consumer level. Foods were selected by food group
to reach 50 % of total consumption within the DM-MSA food system for all
scenarios regardless of production location (distant or local) (Table 1). The
food types were held constant in all four scenarios, though total amounts
differed based on current consumption compared to modeled consumption
where HHS-USDA dietary guidelines were followed in our study area. Indi-
vidual foods were included in the current 50 % diet based on the following
anges in production and consumption across the
within the Des Moines Metropolitan Area (DM-
atterns based on HHS-USDA dietary guidelines



Fig. 1.Two conditions (production and consumption) are adjusted to create fourDesMoinesMetropolitan (DM-MSA) food system scenario analyses. The LOCAL scenariowas
further adjusted to describe three local alternatives designed to understand how these specific local food system changes impact GWP, energy, water use and land use to
enhance decision-making at the metropolitan scale.
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characteristics: 1) feasibility for on-farm production within the DM-MSA,
and 2) relatively high consumption levels by food group. The four LCA sce-
narios were then examined to assess the importance of local production
(LOCAL) and healthy consumption (DIET) for GWP, energy, water use
and land use impacts. Thirty-nine food types were included within 13
food groups (Table 2).

2.1. Scenario overviews

The BASE and LOCAL scenarios used the same dietary assumptions by
food type and quantity. For the DIET and LOCAL DIET scenarios, a diet
that followed HHS-USDA recommended dietary guidelines was assembled
using the same food types with modified quantities (HHS-USDA, 2015).
To capture the most frequently consumed food types only those equal to
or greater than 0.001 servings per person daily were included (USDA-
ERS, 2016). The protein food category included animal proteins (chicken,
beef, pork and eggs) as well as dried beans (which were included in two
food categories, both as a protein and a vegetable). For the BASE scenario,
dried beans were split equally between these two categories; for the DIET
scenario, dried beans were distributed to meet nutritional guidelines for
both categories with 50.4 % included as protein and 49.6 % as vegetable.
Fish were excluded from this study due to low current local fish production
in our study area. Fruit and vegetable processing was included for the
LOCAL and LOCAL DIET scenarios to make seasonality less of a barrier to
Table 2
Foods modeled by food group in current (BASE and LOCAL) and healthy (DIET and LOC
FoodAvailability. The diets were assembled to represent 50%of the nutritional requirem
per day. The percent of individual foods included in each food group was based on three
food group, and 3) the same percent of each item by group was included to equal 50 %

Food groups BASE / LOCAL (% by food group) BASE / LOCAL (servings/pp./d

Protein 50.07 7.71
Protein legumes 50.00 0.32
Dairy 50.34 1.51
Fruit 49.89 0.88
Vegetable 50.16 1.85
Vegetable dark green 0.15
Vegetable red orange 0.20
Vegetable starchy 0.30
Vegetable legumes 50.00 0.05
Vegetable other 0.25
Grains 50.21 6.64
Oil 50.02 63.90
Sugar 50.33 22.40
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increasing local production to 50%. Household cooking and cooled storage
in the household were not included in the model because they were ex-
pected to be consistent across the four scenarios. The four scenarios were
analyzed and compared to determine the importance of local production
and dietary change at the metropolitan scale. Scenario assumptions were
set based on available datasets at applicable scales. Assumptions by food
system stage are summarized here (Table 3) and explained in detail in sup-
plemental material (Appendix 1).
2.1.1. Current production and consumption (BASE)
The USDA dataset “food available per capita” was incorporated to ap-

proximate current food production, and the same dataset with loss adjust-
ments was used to approximate current food consumption in the DM-
MSA food system (USDA-ERS, 2016). These datasets are a proxy for food
consumption at the national level and were compared to consumption
data available through the Iowa State University Extension and Outreach
Expanded Food and Nutrition Education Program (EFNEP) for low-
income families in Polk County, IA (location of the City of Des Moines;
EFNEP, 2020). Local and national data were very similar for consumption
by food group, so national datasets were retained in the model. The BASE
scenario assumed that locally produced food (within the DM-MSA) made
up 5 % of the total consumption for our study area (Chase, 2020 - personal
communication).
AL DIET) diet scenarios. Food consumption was based on USDA 2016 Loss-Adjusted
ent for the DM-MSAby food group,with quantities given in servings per person (pp)
criteria: 1) it could be grown outdoors in Iowa, 2) it had the highest consumption by
of total consumption.

ay) DIET / LOCAL DIET (% by food group) DIET / LOCAL DIET (servings/pp./day)

50.46 5.50
50.40 0.21
49.95 3.00
50.05 2.00
50.13 2.50
50.07 0.21
50.10 0.79
50.40 0.71
49.61 0.21
50.05 0.57
50.28 6.00
49.67 27.00
50.00 12.50



Table 3
Modeling approaches and assumptions across the food system cycle for each sce-
nario. The BASE scenario included current production and consumption in the
DM-MSA, LOCAL incorporated local production and current consumption, DIET
used current production and healthy consumption. LOCAL DIET was modeled by
using production assumptions from the LOCAL scenario and consumption assump-
tions from the DIET scenario.

BASE and DIET scenarios LOCAL and LOCAL DIET
scenarios

Local
production

5 % of foods are produced and
consumed within local markets
(in the MSA); current production
categorized by 2017 Ag Census

50 % produced within the MSA,
production inputs based on
Iowa practices identified by
horticulture/agricultural
specialists

Transport Based on state cash receipts
(USDA ERS), by one-way,
semi-truck with exceptions
based on current production
quantity within the state
(e.g., beef, swine, eggs)

Direct-to-consumer and
wholesale included 160 km,
round-trip by single-unit truck.

Packaging Based on 11 package categories
that represent mean emissions
from an LCA literature review
(Poore and Nemecek, 2018)

Food sold direct-to-consumer
(67.5 %), did not include
packaging, for wholesale/retail
markets (32.5 %), packaging
assumptions were the same as
BASE assumptions

Wholesale/retail Based on GWP and energy
category means for
wholesale/retail from an LCA
literature review (Poore and
Nemecek, 2018)

Food sold direct-to-consumer
included no wholesale/retail
emissions, food sold via
wholesale/retail chains used
BASE assumptions

Food waste Based on waste by food group,
according to USDA including
both retail and consumer levels
(Buzby et al., 2014)

Direct-to-consumer waste by
food group included only
consumer-level waste,
wholesale/retail used
assumptions created for the
baseline (Buzby et al., 2014)

Table 4
Three diets were assembled for scenario and local alternative analyses. They were
compared based only on macronutrient content (micronutrients were not assessed
in this study). Each diet represents 50% of nutritional requirements for current con-
sumption (used in the BASE & LOCAL scenarios) following 2015–2020 Dietary
Guidelines for Americans (used in DIET& LOCAL DIET scenarios), or consumption
following the EAT-Lancet diet (used in Local Alternative 3 [Alt 3]).

Dietary nutrient summary Units BASE DIET Alt 3: EAT-Lancet

Total energy kcal/day 1356.02 1251.80 1233.34
Protein g/day 51.15 56.81 52.34
Fat g/day 57.12 40.69 45.45
Carbohydrate g/day 171.00 173.32 163.19
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2.1.2. Local scenario (LOCAL)
A food system scenariowith 50%of the nutritional requirements for the

DM-MSA population produced locally was constructed by selecting the
same foods by food group used in the BASE scenario, according to their rel-
ative level of production in Iowa and consumption per capita (USDA-ERS,
2016). The Iowa-grown foods with higher daily consumption by food
group were prioritized except for fruits. Given the high percentage of trop-
ical fruits that were not suitable for production in our study area, the com-
mon fruits that can be grown outdoors in Iowawere included to reach 50%
of the recommended nutrition guidelines. The LOCAL scenario included the
same proportion of fruits and vegetables that were preserved and processed
as did the BASE scenario. Environmental impacts for food processing were
based on an estimation tool for energy demand by food processing type for
canning, freezing, and juice production (Sanjuán et al., 2014). Adjustments
weremade tomatch scale and production practices for vegetables and fruits
typical for Iowa (Stone et al., 2021). For several animal products local pro-
duction levels are high but used primarily for markets outside of Iowa
(e.g., pork and eggs). For the local scenariowe assumed that some of the an-
imal products currently grown in Iowa were diverted to supply local mar-
kets. The feed necessary for these livestock was also considered to have
been produced within the DM-MSA for the LOCAL scenario.

A recent survey indicated that 54 % of fruit and vegetable producers in
Iowa sold direct-to-consumer, 19% used only wholesale markets, and 27%
used both market types (Enderton et al., 2017). We assumed local market
channels remained consistent and that the proportion of food sold to
foodservice and institutional sectors also remained consistent for all scenar-
ios. Producers using both market channels (27 % of producers) were split
equally between the two, with direct-to-consumer markets making up
67.5 % and wholesale markets making up 32.5 % of the LOCAL scenario.
Although only local fruit and vegetable producers were surveyed by
Enderton et al. (2017), we assumed that all foods produced within the
5

DM-MSA would be sold using the same market split. Different assumptions
were then developed for food system stages (e.g., production, distribution,
retail) based on the market type utilized (Appendix 1). Local crop and live-
stock yields were validated based on input from extension and horticulture
specialists at Iowa State University and Farm Service Agency estimates (Ap-
pendix 1 & 2).
2.1.3. Healthy diet scenario (DIET)
For the DIET scenario, foods were scaled according to the 2015–2020

Dietary Recommendations for Americans (US-HHS and USDA, 2015). The
amount of each food currently consumed by food group includes per capita
amounts for the entire DM-MSA. Although the dietary recommendations do
incorporate micronutrients, only macronutrients were assessed for model
validation (Table 4).
2.1.4. Local healthy diet scenario (LOCAL DIET)
This scenario combined assumptions from the LOCAL scenario for pro-

duction and the DIET scenario for consumption, as described above and
in supplemental materials (Appendix 1).
2.2. Alternative assessments

Three additional alternatives were assessed to determine how changes
to the LOCAL scenario would change environmental impacts. We included
three alternatives. Alt 1 included no fruit and vegetable processing. Because
there is currently very little fruit and vegetable processing infrastructure,
Alt 1 represents a LOCAL scenario closer to the current situation for process-
ing. In Alt 2, small-scale andmore extensive (increased land use for grazing)
livestock production systems were incorporated for local markets. Parame-
ters for GWP, energy use and water use were built into FoodCarbonScope.
Land use assumptions for extensive grazing in Alt 2 were based on conser-
vative average daily gains for feed from grazing and supplemental feeds
withmedium plant yields for perennial (grassland) and cultivated crop pro-
duction (Flachowsky et al., 2017). For Alt 3, consumption was based on the
EAT-Lancet dietary guidelines optimized for both human and environmen-
tal health (Willett et al., 2019). The EAT-Lancet diet was selected because it
is a flexible framework with strong empirical backing for scientific targets
and could be adopted across food cultures and production systems to pro-
vide adequate nutrition for a future global population of 10 billion persons
(Willett et al., 2019). This diet was also validated based on the macronutri-
ent profile (Table 4). Assumptions and sources for each local alternative are
provided in detail in supplemental materials (Appendix 2).
2.3. Sensitivity analyses

Sensitivity analyses were developed for three key independent vari-
ables: 1) food consumption patterns, 2) transportation, and 3) food waste.
To determine sensitivity, each variable was increased and decreased by
20% from the BASE scenario. Tornado plotswere used to visualize sensitiv-
ity for GWP, energy and water use.



Fig. 2. Comparison of GWP (A), energy use (B), water use (C) and land use (D) for four food system scenarios: BASE (current production and consumption), DIET (current
production, healthy consumption following HHS-USDA dietary guidelines), LOCAL (production localized within the Des Moines Metropolitan Statistical Area, current
consumption), and LOCAL DIET (local production, healthy consumption) on a per person per year basis.
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3. Results

3.1. Scenario comparisons

The BASE scenario produced slightly lower GWP (1.3 %) and energy
(2.5 %) impacts per person and required slightly more water (1.4 %)
compared to the DIET scenario (Fig. 2). The BASE scenario also used
less land (29 %) relative to the DIET scenario. The LOCAL scenario
had the least agricultural land use (LU), 10 % less than the BASE. The
LOCAL DIET had lower impact than the LOCAL scenario across all cat-
egories except land use, which required 32 % more agricultural land
than the LOCAL scenario. The LOCAL and LOCAL DIET scenarios both
produced less GWP and lower energy impact, the LOCAL scenario pro-
duced 18–20 % less GWP, and LOCAL DIET produced 23–24 % less,
compared to the BASE scenario. However, land use was a tradeoff, in-
creasing by 19 % for LOCAL DIET compared to the BASE. Water use
was significantly lower for the local scenarios decreasing by 35 and
41 % for the LOCAL and LOCAL DIET scenarios, respectively, compared
to the BASE.

By food group, environmental impacts per person were largest for
protein and dairy, which contributed an average of 76 % GWP, 63 % en-
ergy, 78 % water, and 60 % land use impacts across all four scenarios
(Fig. 3). For the scenarios with modified consumption patterns (DIET /
LOCAL DIET) the USDA the recommendation for decreased meat
consumption reduced impacts for GWP and energy use by about 42 %
compared to the BASE, and the recommendation for more dairy con-
sumption increased impacts for GWP and energy use by 97 %. Although
fruit and vegetable food group consumption and environmental impacts
increased for the DIET scenario (128 and 52 %, respectively) compared
to the BASE, this did not represent a large increase for the entire food
system. Land use was greater in the local scenarios due to the area re-
quired for dairy, which made up 52 % of land use for the DIET and
LOCAL DIET scenarios.
6

3.2. Local alternative assessments

The LOCAL scenario was compared to three alternatives (Fig. 4). Alter-
native 1 included no fruit and vegetable processing which resulted in re-
duced GWP and energy use (by about 0.12 %), but increased land use by
8 % compared to the LOCAL scenario. Changes in water use were not ac-
counted for in this comparison (we did not find peer-reviewed data for
quantities of water used for processing). Alternative 2 incorporated small-
scale and extensive animal production. This shift increased land use (by
7 %) and GWP (by 2 %) but decreased energy (by 10 %) and water use
(by 75 %) compared to the LOCAL scenario. Dairy production practices
were not altered (this information was not available in FoodCarbonScope).
Alternative 3 changed food consumption tomeet EAT-Lancet dietary guide-
lines which reduced all environmental impacts - GWP (38 % decrease), en-
ergy (30 % decrease), water (50 % decrease), and land use (81 % decrease)
compared to the LOCAL scenario.

By food group, protein and dairy produced the largest environmen-
tal impacts, making up 82 % of GWP, 70 % of energy use, 97 % of
water use and 53 % of land use for Alt 1 (Fig. 5). Alt 3 reduced animal
protein and increased dairy consumption. Protein and dairy made up a
smaller percentage of the food system environmental impacts (about
10 % less for GWP, energy use and land use). In this case, reduction in
impacts attributable to the protein food group were 65 % for GWP and
55 % for energy use and led to an overall reduction in impacts despite
a 29 % increase in GWP and energy use for dairy consumption compared
to the LOCAL scenario.

In Alt 1, only the vegetable and fruit food groups were impacted by the
absence of processing, and the GWP changeswereminor overall (−0.12%)
and by food group (vegetables (−3%) and fruits (−1%)) compared to the
LOCAL scenario. Changes in water use were not included in Alt 1. Land use
changed more for vegetables (+9 %) compared to fruits (+0.3 %) al-
though these changes represented just a 0.44% increase in land use overall.
Changes for Alt 2 impacted only the protein food group, forwhichGWPand



Fig. 3.Comparison of GWP (A), energy (B), water (C) and land use (D) for four food system scenarios: BASE (current production and consumption), DIET (current production,
healthy consumption following HHS-USDA dietary guidelines), LOCAL (production localized within the Des Moines Metropolitan Statistical Area DM-MSA, current
consumption), and LOCAL DIET (local production, healthy consumption) on a per person per year basis The assessment included 39 food types within seven food groups
(protein, dairy, fruit, vegetables, grains, oil, sugar).
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land use increased by 12% and 47% respectively; energy use andwater use
decreased by 17 % and 99.7 %, respectively, compared to the LOCAL sce-
nario. In Alt 3, altered consumption patterns led to decreased GWP associ-
ated with protein, vegetables, oil, and sugar, and increased GWP for dairy,
fruit, and grains compared to the LOCAL scenario. This pattern was the
Fig. 4. Comparison of GWP (A), energy (B), water (C) and land use (D) for the LOCAL s
MSA, current consumption) to three alternatives (Alt). Alt 1 incorporated no fruit an
production practices for all meat products; and Alt 3 incorporated the EAT-Lancet diet a
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same for energy use except for the vegetable food group, which used
more energy than the LOCAL scenario. Water use was higher for all food
groups except protein (reduced by 77 %), resulting in a 50 % total water
use reduction. Land use was reduced for all food groups and ranged from
34 % for vegetables to 96 % for sugar.
cenario (local production within the Des Moines Metropolitan Statistical Area DM-
d vegetable processing locally; Alt 2 included small-scale and extensive animal
cross the MSA on a per person per year basis.



Fig. 5. Comparison of GWP (A), energy (B), water (C) and land use (D) for the LOCAL scenario (local production within the Des Moines Metropolitan Statistical Area DM-
MSA, current consumption) and three alternative scenarios (Alt). Alt 1 incorporated no fruit and vegetable processing locally; Alt 2 included small-scale and extensive
animal production practices for all meat products; Alt 3 incorporated the EAT-Lancet diet across the MSA on a per person each year basis.
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3.3. Metropolitan-scale impacts

At the DM-MSA scale, the environmental impacts of changing con-
sumption to match HHS-USDA dietary guidelines for Americans (DIET
scenario) increased environmental impacts slightly compared to the
baseline (1 to 3 %) except for land use which increased by 29 % (an in-
crease of 56,000 ha) for the DIET scenario compared to the BASE. Re-
duction in environmental impacts associated with production of 50 %
of food within the area (LOCAL) was larger compared to the BASE and
generated 102 million kg less CO2eq (18%), used 703millionMJ less en-
ergy (20%), and used 44 billion fewer L of water (35%) for the DM-MSA
each year. The LOCAL DIET scenarios resulted in an additional 5–6% re-
duction in GWP and energy use, which amounts to 23 million kg CO2eq,
159 million MJ, and 7 billion L (a 9 % reduction) in water use for the
MSA each year compared to the LOCAL scenario. These additional re-
ductions could come at a cost of increased land use in the MSA by
32 % (54,000 ha) each year compared to the LOCAL scenario. The
LOCAL scenario would require use of 24 % of land zoned “agricultural”
in the DM-MSA (8 % in perennial forages, 16 % in row crops), while the
LOCAL DIET scenario would require 32 % of that land (14 % in peren-
nial forages, 18 % in row crops).

Among alternatives within the LOCAL scenario, Alt 3 (the EAT-Lancet
diet) had the largest reduction in environmental impacts. This diet reduced
GWP production by 181 million kg CO2eq, energy use by 837 million MJ,
water use by 40 billion L, and land use by 137,000 ha. Alt 3 required just
5 % of the agricultural land in the DM-MSA. Results were mixed for Alt 2,
which also reduced energy and water use compared to the local scenario
but increased GWP by 10 million kg CO2eq and land use by 12,700 ha, re-
quiring a total of 183,000 ha or 26 % of agricultural land in the DM-MSA.
Among the alternatives, Alt 1 produced least effect on parameters mea-
sured, with reductions in GWP (524,000 CO2eq), and energy use (3 million
MJ), but an increase in land use (13,000 ha) based on decreasedmarketable
yields of produce for fresh markets compared to yields for processed fruits
and vegetables.
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3.4. Sensitivity analyses

Sensitivity analyses were conducted to determine how environmental
impacts would be affected by a 20 % increase or a 20 % decrease in various
model inputs (Fig. 6). The three variables tested were food consumption by
food group, food waste, and food transport. The GWP and energy impacts
were most sensitive to changes in protein and dairy for both consumption
and food waste. This was expected based on the high environmental im-
pacts of these food groups. By food group, water use sensitivity for protein
and grain food groups were highest, followed by dairy and vegetables. For
food waste, cheese was more sensitive than chicken or pork for both GWP
and energy use, and soybean oil was more sensitive than chicken for
GWP. The water use impacts of food waste were also greatest for changes
in beef and cheese, wheat flour and vegetables. Land use sensitivity analy-
ses were not conducted.

4. Discussion

4.1. Scenario comparisons

Results of our analyses indicate that local food production in our study
area would greatly reduce environmental impacts. Our results differ from
previous studies that defined local production based only on food miles
rather than including other aspects of production and market practices
that differ substantially from the national average, especially for fruits
and vegetables (Goldstein et al., 2017; Weber and Matthews, 2008). Benis
and Ferrão (2017) did not consider differences in local productionmethods
or scale, as we did in our study for fruits and vegetables. We found average
production-stage GWP reduction of 12 % for the LOCAL compared to BASE
scenario, althoughwewere not able determine local production differences
for other food groups. In their city-scale LCA study of Lisbon, Portugal,
Benis and Ferrão (2017) found that localizing food production within
30 km reduced GWP by 2.6 % for average consumption and 3.5 % for a
diet that followed dietary recommendations (Benis and Ferrão, 2017).



Fig. 6. Sensitivity analyses for food group (A), food waste (B), and transport distance (C). Individual variables were adjusted by +/− 20 % to assess model sensitivity. For
food waste and transport selected foods within each food group were assessed. Transport distance (C) did not impact water use, this is not shown.
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Conversely, we found that local production is more impactful than follow-
ing HHS-USDA dietary recommendations.

Food consumption following HHS-USDA dietary guidelines in our DIET
scenario led to minimal energy use reductions, similar to a nationwide
study of food system energy use conducted by Canning et al. (2017):
Their result was a 3%decrease and ourswas a 2.5% decrease. Eight studies
focused on European dietary guidelines and healthy diet scenarios pro-
duced much greater reductions than those focused on HHS-USDA dietary
guidelines for Americans, at 8 % to 32 % for GWP and 18 % to 38 % for
land use, compared to current average national diets (Benis and Ferrão,
2017). As agricultural production methods that better address greenhouse
gas emissions and changing climate conditions become more popular
9

revision of dietary recommendations for Americans based on a broader
set of health and environmental criteria will likely be required.

We investigated impacts associatedwith three diets constructed tomeet
50 % of average nutritional needs based on current food availability per
capita for the BASE, combined with dietary requirements for macronutri-
ents (DIET, LOCALDIET, Alt 3). However, intake differences by age, sex
and activity level were not separated in our analyses. In addition, certain
micronutrients can be difficult to procure or provide locally. Costello
et al. (2021) found that specific micronutrients (e.g., vitamin D, vitamin
B12, calcium) in their local production optimization model for Chicago
could not be fully satisfied locally without much greater land use; these nu-
ances were not included in our study.
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The results of our study considered by food group highlight the effects
of protein and dairy food groups for all environmental parameters, which
are well established in the literature (Section 1.3). Altering consumption
to follow HHS-USDA dietary guidelines required less meat and more fruit
and vegetable consumption; however, a reduction in environmental im-
pacts did not occur due to recommendations for increased milk and cheese
consumption compared to current consumption in the USA (Canning et al.,
2017). This added significantly to environmental impacts for the DIET and
LOCAL DIET scenarios. Dairy represents 40% of food systemGWP, 26% of
energy used, 40 % of water used, and 52 % of land used. By contrast, fruits
and vegetables represent just 13 % of land use for the DIET scenarios. Re-
ducing the recommended amount of dairy consumption and replacing it
with plant-based protein, such as milk substitutes, could decrease the envi-
ronmental costs of this recommended diet.

Per capita GWP emissions in our model were 780 CO2eq yr−1 for the
BASE scenario, 791 CO2eq yr−1 for the DIET scenario, 636 CO2eq yr−1

for the LOCAL scenario, and 602 CO2eq yr−1 for the LOCAL DIET scenario.
Boehm et al. (2018) estimated that 50 % of current consumption
(for system boundaries from cradle to consumer) would produce
1879 CO2eq yr−1 based on an Economic Input-Output (I\\O) LCA model,
about 2.4 times the GWP impact of the 50%diet we considered. Other stud-
ies using I\\O LCA and the same system boundaries we used also had
higher results compared to our findings, at 1022 CO2eq yr−1 (Jones and
Kammen, 2011), 1223 CO2eq yr−1 (Canning et al., 2017), and 1533
CO2eq yr−1 (Weber and Matthews, 2008). Although I\\O LCA analyses
can model entire economic sectors at large scales (e.g., the entire USA),
and incorporate important interconnections between sectors, accounting
for these interconnections might explain the larger estimated food system
impacts compared to our results (Mattila et al., 2013; Yang et al., 2017).
Process-based LCA methods on the other hand, can provide more targeted,
scenario-specific results (Cucurachi et al., 2019). Based on compilations of
LCA studies researchers have estimated that food system GWP would vari-
ously be less, at 475 CO2eq yr−1 (Soret et al., 2014), slightly higher at 858
CO2eq yr−1 (Heller et al., 2018), or similar to our study, at 657 CO2eq

yr−1 (Heller and Keoleian, 2015). Results most similar to our observations
were for the study that also used the USDA food availability data set, com-
bining this estimated consumption with emission factors based on a meta-
analysis for various food types (Heller and Keoleian, 2015). Future research
comparing different LCA methods and results in a food system context
would be useful to identify strengths, weaknesses, and proper application
of analytical approaches.

TheGWPproduced and fossil energy used for production are highly cor-
related in the context of food systems and changes for these parameters in
our study were similar to each other, as expected (D’Odorico et al., 2018).
Following HHS-USDA dietary guidelines increased per person GWP and en-
ergy impacts slightly compared to the baseline - one possible explanation
for this could be the increase in dairy consumption. Heller et al. (2013)
found that a shift to follow HHS-USDA dietary guidelines could increase di-
etary GWP by 6 % for a diet meeting 50 % of dietary requirements, while
our analysis indicated only a 1.3 % GWP increase. Changes in GWP for
both situations were primarily due to recommendations formore dairy con-
sumption. Although the LOCAL DIET scenario followed HHS-USDA dietary
guidelines, it produced less GWP and used less fossil energy per person,
even compared to the LOCAL scenario. In this case, the reduction in GWP
from lower meat (42 %), grain (10 %), and oil (58 %) consumption in the
LOCAL DIET scenario offset increased dairy consumption and led to a 5 %
to 6 % overall GWP reduction compared to the LOCAL scenario.

Reduced water use for the LOCAL and LOCAL DIET scenarios was also
expected since the DM-MSA, like much of the Midwest, relies primarily
on rain to supply water. Climate change is altering temperature and precip-
itation patterns, which will likely have different impacts on yields by crop
type (Jabal et al., 2022). In our study area we anticipate a greater number
of high-intensity rain events that are less frequent (Takle and Gutowski,
2020). This may impact planting dates and could increase the need for irri-
gation in the summer months, particularly for specialty crops (Johnson and
Morton, 2015). Climate change is also expected to reduce precipitation
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amounts in California, where over 50 % percent of fruits and vegetables
currently consumed in our study area are produced, adding to pressing
water scarcity issues at that location (Johnson and Cody, 2015). These
changing weather and precipitation patterns could make the localization
of food systems increasingly desirable for the Midwest, USA.

An increase in land use for the DIET scenarios in our studywas primarily
due to areas needed to produce perennial forages necessary for increased
dairy consumption to meet the HHS-USDA dietary guidelines. Dairy made
up 52 % of food system land use for the DIET and LOCAL DIET scenarios.
Of the land necessary for dairy production, 81 % was for growing forages
(e.g., hay, alfalfa), which compared to row crops would be in perennial
cover with lower nutrient inputs and could be grown on land that has
high erosion potential. The environmental impacts of perennial forage pro-
duction in terms of erosion and nutrient runoff would be mitigated com-
pared to similar increases in row crop production (row crops increased by
just 2% in the DIET scenarios). It is important to note that livestock produc-
tion practices for meat and dairy for these four scenarios were not altered
from the current large-scale intensive livestock operations, and though a
large proportion of these products are exported from the state we assumed
some would be diverted to a local stream within the scenarios (USDA,
2019). To specifically explore the integration of extensive, small-scale live-
stock production (for meat products only) we developed local Alt 2
(Section 2.2).

In our study, information about production and retail practices were in-
corporated to build a novel LOCAL food scenario based on available litera-
ture and information from extension specialists at Iowa State University.
This led to larger differences between the BASE and LOCAL scenarios be-
cause of the concentration of impacts in the production and manufacturing
food system stages (28 % of GWP for fruits and nuts) and retail (27 % of
GWP for fruits and nuts) compared to truck transportation (19 % of GWP
for fruits and nuts, 13 % for fresh vegetables and melons) (Boehm et al.,
2018). Consideration of the difference between local/regional and
national/global food systems across the food system cycle together
with more comprehensive sets of biophysical and social indicators
(e.g., measures of resilience and social equity) would lead to more holistic
food system assessments, accounting for important tradeoffs (Berardy
et al., 2020). This could also minimize efficiency bias of LCA analyses,
which can cause valuable food system characteristics such as social equity
and resilience to be overlooked. Some of these food system characteristics
were brought to light in the Midwest during the Covid-19 pandemic
when supply chain issues led to large amounts of food waste (Bellamy
et al., 2021; Berardy et al., 2020). A study of food waste in local Midwest
food systems or local food systems with similar market channels would be
of great value and could inform and refine our scenarios. Based on earlier
research, political support through national waste management systems
and initiatives were influential for waste minimization across Europe and
could provide a useful model for post-pandemic food systems in the Mid-
west (Grinberga-Zalite and Zvirbule, 2022).

4.2. Local alternative assessments

Building novel alternatives to the local scenario based on biophysical
and sociopolitical food system characteristics enabled an insightful and
more nuanced evaluation of possible future scenarios. Alt 1, which ex-
cluded fruit and vegetable processing from our LOCAL scenario, presented
additional challenges, particularly related to the seasonality of Iowa agri-
culture and the perishability of some fruits and vegetables. Alt 1 was se-
lected because the infrastructure to process fruits and vegetables is
extremely limited in our study area, even though processed produce
makes up about 32% of fruit and 26% of vegetable consumption in current
diets. Although including fruit and vegetable processing (Alt 1) minimally
changed food system environmental impacts, produce processing reduces
food waste and increases local produce consumption year-round. These im-
pacts were not accounted for due to the lack of available data at appropriate
scales. It is important to note that we did not incorporate year-round pro-
duction (e.g., using greenhouses) in any of the models we considered.
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Although this would reduce the need for processing and increase fresh pro-
duce availability, greenhouse production in our region is very energy- and
GWP-intensive. For example, in previous LCA studies investigators found
that GWP associated with growing 1 kg of tomato in a greenhouse in north-
ern regions was large, between 1.27 and 1.97 CO2eq compared to 0.27
CO2eq in our LOCAL scenario (Goldstein et al., 2016a).

The greatest difference between Alt 1 and the LOCAL scenario was for
land use. This 9 % increase in land use for vegetables was primarily due
to lower yields for fresh fruits and vegetables compared to processed
ones. Produce processed for wholesale markets can achieve much higher
marketable yields based on USDA standards compared to fresh markets in
which consumer preferences typically require unblemished produce. For
tomatoes, average marketable yields for fresh consumption are about
34,000 kg ha−1 yr−1 compared to a yield of 86,000 kg ha−1 yr−1 for proc-
essed tomatoes. This represents an average increase of 150%,which can ac-
count for the increase in land use for production based on lower expected
fresh market tomato yields.

Alt 2 was important to elucidate how changes in livestock production
practices could change food system environmental impacts. Extensive prac-
tices requiremore land for grazing and led to an increase in perennial cover
for grazing. GWP increased for grass-fed ruminants (e.g., cattle) due to the
time it takes to raise animals tomarket weight since a byproduct of their di-
gestion is the greenhouse gas methane. Heller and Keoleian (2015) found
that although beef accounted for 4 % of retail food supply by weight, it
made up 36 % of GHG. Grass-fed or extensive beef production results for
our Alt 2 were similar to other LCA studies, with grass-fed beef requiring
more land (47 % increase), almost all of which was in perennial forage,
compared to about 34 % of land use based on conventional feeding in the
LOCAL scenario. This increase could be an important opportunity to in-
crease biodiversity and stabilize erodible soils based on perennial land
cover with diverse plant mixes compared with row crop production used
to produce conventional feed (corn and soy in Iowa) (Tichenor et al.,
2017). Although several studies have indicated that shifting toward grass-
fed beef increased the carbon footprint of the system, this shift was also as-
sociated with lower eutrophication and acidification per unit of land, illus-
trating important tradeoffs (Pelletier et al., 2010; Tichenor et al., 2017).
Our findings for Alt 2 are similar to those for other livestock studies with
free-range poultry and eggs, resulting in a GWP increase of about 10 % in
both cases (Nijdam et al., 2012). Assessing additional environmental im-
pacts for livestock beyond GWP, energy use, water use and land use could
be important to understanding other impacts of using more extensive and
smaller-scale livestock management practices. Incorporating other norma-
tive improvements such as animal welfare and livestock supply chain resil-
ience could provide a better understanding of impacts beyond decreased
energy use and water use (Berardy et al., 2020; de Boer et al., 2011).

Alt 3 reduced environmental impacts more than the other scenarios we
assessed. The large shift in consumption associated with the EAT-Lancet
diet is not likely to be adopted in the DM-MSA if meat consumption remains
near current levels (consumers in the USA eat three times as much meat as
the global average; Chemnitz et al., 2021). However, consideration of this
alternative diet could enhance decision makers' understanding of environ-
mental impacts that could be avoided by developing a new set of dietary
recommendations that balance human and environmental goals (and to
better align with UN Sustainable Development Goals (UNDP, 2020)). To
further optimize production and consumption, additional testing using
combinations of local alternatives could be useful, such as combining ad-
justments in Alt 3 (consumption) with those in Alt 2 (livestock production)
to possibly further reduce environmental impacts for the DM-MSA local
food system.

4.3. Metropolitan scale impacts

With a population of approximately 700,000, the DM-MSA is similar to
many other metropolitan areas. If food system changes were made to re-
duce environmental impacts across the Midwest, this could also increase
food system biodiversity and resilience in the region, an important
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weakness of current food systems as highlighted by the Covid-19 pandemic
(Prokopy et al., 2020). For perspective on how much agricultural land
would be required to increase local production from 5% to 50 % of dietary
requirements on a metropolitan scale, the LOCAL scenario would require
approximately 170,260 ha (25 % of land zoned “agricultural” in the
MSA); 33 % of that area would be for perennial forage. By contrast, the
LOCAL DIET scenario would require 232,590 ha (32 % of agricultural
land in the MSA) to meet the same requirement, with 44 % of that quantity
of agricultural land used for perennial forage. However, a shift to Alt 3
(EAT-Lancet diet) would reduce the land requirement to just 32,980 ha
(or 5 % of agricultural land in the MSA). Importing livestock feeds from
nearby counties could also decrease land use by about 51 % for the
LOCAL scenario and 66 % for the LOCAL DIET scenario.

Although Alt 1 did not produce large environmental impact changes
based on model output, the true impact of produce processing would include
availability of additional markets for producers and year-round provisioning
of local fruit and vegetables. Alt 2 produced variable results among environ-
mental impacts assessed, and additional environmental impacts should be
considered. The Alt 3 (EAT-Lancet) local alternative had the lowest environ-
mental impacts for which DM-MSA scale reductions were 260 million kg
CO2eq yr−1 for GWP (−47 %), 1.5 billion MJ yr−1 for energy (−44 %),
85 billion L yr−1 for water (−68 %), and 156,148 ha yr−1 for land use
(−83 %) compared to the BASE scenario. In our study area and in the Mid-
west in general city planners and practitioners interested in increasing envi-
ronmental sustainability should consider the role of local food production
and consumption patterns, while advocating for revising USA dietary recom-
mendations to fulfill social and environmental sustainability objectives.

4.4. Sensitivity analyses

In our study, meat consumption had large environmental impacts. Con-
suming fewer animal products is important to both human and environ-
mental health as described in many studies in the USA and worldwide
(Chemnitz et al., 2021; Curran, 2016; Heller et al., 2018; Rehkamp et al.,
2017). Food waste is a large source of inefficiency and causes environmen-
tal impacts across the food-energy-water nexus (Proctor et al., 2021). Our
model wasmost strongly impacted by animal product foodwaste. Although
estimates of food waste in the USA vary, recent studies have found that be-
tween 37 and 89 Mt. are wasted each year, and the stage at which food is
wasted also changes the magnitude of associated environmental impacts
(Muth et al., 2019; Read et al., 2020). In this study we used average food
waste percentages by food group and stage for the USA, which did not ac-
count for waste that might be specific to local market channels (Buzby
et al., 2014). Information regarding the amount of food waste in the Mid-
west or local food markets more generally would be important for reducing
model uncertainty and of great value in future studies. Transport sensitivity
was greatest for fruits and vegetables since these foods travel long distances
(over 50 % come from California) to the Midwest; thus increasing the dis-
tance by 20% in our sensitivity analysis produces the largest impact. Local-
izing fruit and vegetable production, in particular, could lead to
environmental impact reductions, improve food system resilience. and cre-
ate economic benefits for producers and consumers alike (Enshayan, 2009).
In Iowa, where many livestock and commodity crops are produced, reduc-
ing transport distances for these products by 20 % had only a negligible ef-
fect on environmental impacts. Instead, livestock inputs at production and
food waste stages should be carefully assessed to evaluate impacts.

5. Conclusions

Results of this study indicate that localizing food production would be
more impactful than changing consumption to follow dietary recommenda-
tions for Americans provided by the federal government. Increasing local
food production to meet 50 % of nutritional requirements for macronutri-
ents based on food availability per capita in an important metropolitan
area in the Midwest USA decreased global warming potential (GWP), en-
ergy and water use within the food system by 19, 20, and 35 %,
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respectively. It should be noted that in this study we used values for current
consumption based on averages determined at the national scale and did
not incorporate specific differences in consumption requirements for sub-
groups (by age, sex, or activity level) or for micronutrients. Future studies
could address identity-based consumption patterns.

Local food production decreased land use by 10 % and would require
approximately 25 % of land currently zoned for agricultural use to provide
for 50 % of current food consumption. However, changing to a diet opti-
mized for human and environmental health could provide 50 % of the die-
tary requirements for the metropolitan area using just 5 % of current
agricultural land and decreasing GWP by 47 % compared to the baseline.
In the context of climate change and increased environmental degradation,
understanding the consequences of food system changes to support deci-
sion making at a metropolitan scale could be an important catalyst for ap-
propriate planning near growing urban centers.

Food production and consumption are important drivers of environmen-
tal impacts, and urban and peri-urban agriculture could play an important
role in improving food system sustainability. Local government policies and
decisions can strongly influence local food systems. These systems are highly
context-specific, and partnerships can lead to creation of food systems that
produce positive environmental and social outcomes. For successful food sys-
tem changes, place-based policies should be built based on regional and cul-
tural context, ideally with participation from transdisciplinary teams using
stakeholder engagement. It would also be valuable toworkwith local govern-
ment and institutional partners to continue building food systems based on
the integration of socio-political and biophysical realities to build resilient
and sustainable food systems at the MSA scale and beyond.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.161095.
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