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Scant research focuses on the resiliency of food supply chain networks to outbreaks,

despite the estimated 600 million global foodborne illnesses annually. Outbreaks that

cross country, state and provincial lines are virulent due to the number of people they can

affect and difficulty controlling them. Research is needed on food supply chain networks,

which are not well-characterized in relation to foodborne illnesses or generally. This paper

introduces the United States Food, Energy, and State Transportation (US-FEAST) model

and demonstrates its applicability via analysis of a hypothetical demand shock resulting

from multistate food contamination. US-FEAST is an optimization-based model across

all fifty states with yearly timesteps to 2030. It is a framework integrating food system

data from multiple individual data sources. To calibrate, we develop a bilevel optimization

routine to generate synthetic, state-level data and provide estimates of otherwise

unavailable data at the intersections of the food and transportation systems. The results

of US-FEAST elucidate potential heterogenous state-level variations in response, regional

changes in food flows, vulnerabilities in the supply chain, and implications for food

system resilience. While the generated data and scenarios are not empirical evidence,

they provide insights to aid in planning by projecting outcomes and intervention effects.

Our results estimate a 23% beef production decrease and 4% price decrease provide a

road map toward data needs for quantifying food system resilience to foodborne illness.

US-FEAST and its framework may have global utility for studying food safety in national

and international food supply chain networks.

Keywords: food supply chain, resilience, food safety and quality, foodborne outbreak, prion agent

INTRODUCTION

A resilient food system should be able to provide sufficient accessible, affordable, and acceptable
food to the population it serves, with resilience to diverse shocks, including disease outbreaks
(Tendall et al., 2015; Chodur et al., 2018). Although interest in food system resilience is growing,
particularly since the onset of COVID-19, scant research has evaluated the ways in which
foodborne outbreaks and may play out across food supply chain networks and no identified
research explores impacts across individual states or provinces (Garnett et al., 2020). Yet,
the World Health Organization (WHO) estimates 48 million individuals contract a foodborne
illness every year (World Health Organization (WHO), 2015). Limited research has modeled
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resilience to foodborne outbreaks at a subnational level,
despite extensive research establishing the importance of area
geographies to a system or community’s resilience (Cutter et al.,
2010; Zhou et al., 2010). Subnational analysis of the resilience
of critical infrastructures and their interdependencies provides
a valuable tool to support mitigating the effects of future crises.
The preexisting characteristics, demographics, and priorities of
an area can influence the experiences of the population and
shape infrastructures’ ability to respond (Avraam et al., 2021a).
While a body of literature retrospectively assesses impacts of
specific outbreaks, modeling scenarios of concern can contribute
additional insights regarding the potential implications of
widespread or severe foodborne outbreaks.

Data limitations hinder empirical research. Comprehensive
data on supply chains at the subnational level are limited by
proprietary data from private food companies and their supply
chains, lack of data collection, and issues of data quality. There
are limited data on the food system’s essential interactions with
other systems, such as the energy and transportation sectors (Ng
and Popkin, 2012; Genge et al., 2016). Synthetic data generation
can address some of these challenges. Current synthetic data
generation modeling efforts tend to work on either national
scales or are focused on a limited geographic area (Zhou et al.,
2016; Spiegelberg et al., 2017). Few modeled data generation
efforts depict entire countries at a subnational level. When
comprehensive subnational data are available, the level of detail
within and between infrastructures is often limited. For example,
modeled food flows of the United States tend to use broad food
categories such as “meats, poultry and seafood” and to group
these food category flows together to provide more granular
geographic data (such as at the country level) (Konar et al.,
2018; Lin et al., 2019). In our framework, “synthetic data” refer
to state-level data on food production, processing, trade, and
consumption which are generated by us through numerical and
modeling methods to be consistent with state-level consumer
preferences, national food production records, and the profit-
maximizing behavior of market agents across food supply chains.
We use the term “synthetic data” to distinguish such regionally
disaggregated, generated food data from publically available food
data records at the national level. Therefore, our research models
specific food items’ production, trade, and consumption across
all fifty states.

The United States Food, Energy, and State Transportation
(US-FEAST) model serves as a framework for the integration
of food systems data from different data sources and applies
mathematical optimization methods to synthesize and generate
data, revealing interdependent and essential connections
between food, energy, and transportation systems. In this paper,
we focus on the food and transportation systems up to 2030. US-
FEAST addresses the vulnerabilities that come from partitioned
discussion of each system’s resilience by creating opportunities
to analyze linkages between systems and strengthen society’s
resilience as a whole. Even though US-FEAST is based on the US,
our framework is applicable to other national and international
food supply chain networks.

The representation of the broader US food supply chain in
US-FEAST requires the harmonization of multiple data sets

under the same framework. Demand-side modeling integrates
historical household consumption patterns from the “National
Health and Nutrition Examination Survey” (Food Commodity
Intake Database (WWEIA-FCID), 2022) with food preference
data from the International Model for Policy Analysis of
Agricultural Commodities and Trade (IMPACT) model, and
food waste data from the Food and Agricultural Organization
(FAO) and the United States Department of Agriculture.
Food supply incorporates data from FAO’s Statistical Database
(FAOSTAT), the Commodity Costs and Returns database, and
the USDA Economic Research Service. Data from the American
Transportation Research Institute inform the modeling of food
transportation. Finally, we use bilevel optimization to reconcile
inconsistencies between databases and generate synthetic data
within US-FEAST. The Supplementary Materials includes a
detailed description of all individual data sources and the bilevel
optimization routine.

While synthetic data generation methods such as those
presented in this paper can provide a baseline for current
estimates and yield valuable insights to “what if ” questions for
future scenarios, we should be careful to avoid interpreting these
data as empirical evidence toward concrete policy decisions. The
generated data are not observable findings but could serve as a
guide toward a range of possibilities and potential interventions
across different disease scenarios and contexts. The synthetic data
generated in this paper also provide a pathway for future research
and data collection methods, which could lead to empirical
verifications of the ideas presented in this paper.

In this paper, we model potential ramifications of an outbreak
of a novel foodborne pathogen we’ll refer to as “novel prion
disease” (NPD), based loosely on the characteristics of Bovine
Spongiform Encephalopathy (BSE) (popularly known as “mad
cow disease”). BSE is a fatal, foodborne, neurodegenerative
disease found in cattle that is transmissible to humans (CDC,
2018a; CFS, 2019). BSE is thought to be caused by misfolded
proteins called prions (CDC, 2018a). Concern first grew from
an epidemic of “Mad Cow Disease” in the 1980s in the
United Kingdom; the infection spread to cattle in other countries,
including the United States (EU, 2017; CFS, 2019). BSE has a six-
to-eight-year long incubation period in humans on average and
is always fatal (EU, 2017). BSE continues to be found in cattle
in the United States as recently as 2018 (CDC, 2018b). Unlike
other foodborne pathogens, prions like BSE cannot be controlled
through food safety measures such as pasteurization. As of yet,
there are no treatment options (Jin et al., 2004; NINDS, 2018).

The objective of this paper is to usemodeling to estimate state-
level production, retail, consumption, and transportation food
flows for all fifty US states under different resilience scenarios
by introducing the food and transportation components of the
US-FEAST model. For this paper, we hypothesized NPD would
shock the food system of all fifty states leading to: (1) decreased
retail price of cow meat, (2) changes in interstate food flows, (3)
increases in demand for other meat products, including chicken
and pork given their cross-price elasticity with beef and 4)
ultimately decreased beef production over the long-term.We rely
on two limited studies that have relevance for understanding how
a severe outbreak mirroring the clinical characteristics of BSE
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might unfold in the U.S over several years. Taylor et al.’s (2016)
work considers how beef demand at the household level might
change long-term in the event of a BSE contamination. We also
rely on Jin et al. (2004) model of short-term changes in export
and demand for beef when BSE is in the food system. Our model
assumes the outbreak is confined to the United States, though
our framework integrating food, energy and transportation
infrastructures is applicable to national and international food
supply chain networks. Our framework reveals the dependencies
between all states through food trade, thus enabling the study of
scenarios causing disparate impacts across states. Although the
BSE outbreak scenario assumes a similar effect on all fifty states,
trade dependencies lead to varying impacts on food production
and flows between states. For example, food production of self-
sufficient states is more resilient to variations in demand of
neighboring states compared to major food production of states
which cover demand from neighboring states. Similarly, changes
in food consumption for states relying on imports to cover
their demand will significantly affect trade with other states
and world regions. International trade complements domestic
trade and allows competitive low-cost producers to access
additional consumers, even when domestic demand saturates,
while consumers can choose between domestic producers and
imports for the lowest-cost alternative. A description of our
approaches and further assumptions used to inform this scenario
are detailed in the Methods section.

MATERIALS AND METHODS

US-FEAST Overview
The US-FEAST food model uses existing data combined with
optimization-based modeling to generate synthetic data to
represent and comprehensivelymodel the U.S. food supply chain,
consumer food demand, energy, and transportation systems at
the state level. The data sources for the US-FEAST food model
are publicly available government or agricultural research center
datasets. In this paper, the US-FEAST food model covers all
fifty states and contains an “international” region to capture
international trade. The international region ensures that net US
imports and exports of each food product are consistent with
state-level production, consumption and trade, i.e., international
production supplies net US imports, while net US exports cover
international consumption. The US-FEAST food model runs in
yearly time steps from 2016 up to 2030. The US-FEAST food
model comprises interacting agents across the food supply chain,
each maximizing their respective objective. Therefore, the US-
FEAST food model can be used to assess economic tradeoffs that
arise under a shock or a policy intervention. In this paper, our
methodology allows us to assess the tradeoff between a decrease
in food production and prices due to consumers’ concerns, and
cheaper food availability for those that opt to consume.

One of the model’s strengths is that it is equipped with
a bilevel optimization routine that uses existing data to
address data gaps. In section Bilevel Optimization Routine
for Synthetic Data Generation we explain how the bilevel
optimization routine synthetically generates data within and at
the interdependencies of the food and transportation systems

where data are unavailable. In addition, US-FEAST can facilitate
integration with other energy-economy models.

While the US-FEAST framework is applied to the US in
this paper, its generalizability to other countries and regions
goes beyond existing national and international food-modeling
frameworks to account for interactions across food supply chains.
Existing comprehensive food systems models include Aglink-
Cosimo used by the Food and Agriculture Organization of
the United Nations for the analysis in the yearly OECD-FAO
Agricultural Outlooks and The International Model for Policy
Analysis of Agricultural Commodities and Trade (IMPACT) of
the International Food Policy Research Institute (Organisation
for Economic Co-operation and Development Food and
Agricultural Association (OCED-FAO), 2015; Robinson et al.,
2015). In both models, food producers decide their output by
substituting between inputs based on changes in input prices
and countries trade individually with a single global market
instead of trading bilaterally. Therefore, our framework can
inform the introduction of agent-level detail in international food
system models. The proposed bilevel optimization routine can
generate data on bilateral food trade among countries, which
account for interdependencies between food products, to inform
international food trade policies beyond international meat
supply chains (Avraam et al., 2021b). Even though US-FEAST
focuses on the US food system, our framework is applicable to a
range of countries, including food security in Ethiopiaand sectors
with interacting agents across their supply chains, e.g., fuel
markets and electricity markets (Huppmann and Egging, 2014;
Brijs et al., 2017; Bakker et al., 2018; Sankaranarayanan et al.,
2020). The bilevel data-generation routine can disaggregate data,
however its accuracy depends on the inputs available to generate
it. Therefore, applying US-FEAST to more countries requires
collecting and compiling data on food consumption preferences
and national food production of specific food products, as
opposed to aggregate production of food categories. In addition,
the application needs to account for region-specific policies, e.g.,
subsidies and taxes on food production and consumption, and is
possible for regions and countries with competitive foodmarkets.
The US-FEAST framework is directly applicable to international
food supply chains as well (Avraam et al., 2021b).

Finally, the US-FEAST food model is set up to study long-
run changes in the operation of the food system at the regional
level, based on regulatory, supply-side, and/or demand-side
interventions. These include, but are not limited to, taxes
on production, consumption, and transportation; changes in
regional production potential; regional demand patterns; and
disruptions in inter-regional trade.

Description of Food Items and Data
Sources
Figure 1 presents a schematic of the US-FEAST model’s food
subcomponent at a high level. Seventeen food staples and selected
derivates of those food staples likely to be found in standard
American households comprise this list (Table 1). We include
food items across all main food groups, including meat, grains,
dairy, fruit and vegetables. Foods are categorized as minimally
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processed, moderately processed, or heavily processed. We also
include food products that constitute significant inputs in the
production of processed food staples. For instance, soybeans are
one of the 17 selected food items, and while Americans do not
consume soybeans directly in large quantities, soybean oil is used
in a number of commonly consumed heavily processed foods;
and soybeans are a key component of animal feed. In the model,
each state can trade with its neighboring states to supplement
their production or dispense surplus production.

TABLE 1 | US-FEAST food items.

Food item U.S. household

consumption (2012)

Processing level

Corn 4.08 kilotons per day Moderately processed

Tomatoes 6.14 kilotons per day Minimally processed

Potatoes 11.85 kilotons per day Minimally processed

Apples 11.78 kilotons per day Minimally processed

Soybean 2.69 kilotons per day Moderately processed

Sugar beets 6.91 kilotons per day Moderately processed

Wheat flour 26.36 kilotons per day Moderately processed

Cow meat 6.22 kilotons per day Minimally processed

Chicken meat 15.89 kilotons per day Minimally processed

Chicken eggs 5.71 kilotons per day Minimally processed

Pig meat 9.79 kilotons per day Minimally processed

Ground beef 5.92 kilotons per day Moderately processed

Fluid dairy milk 63.95 kilotons per day Minimally processed

Bread 13.77 kilotons per day Heavily processed

Corn flakes 0.24 kilotons per day Heavily processed

Dry powdered milk 0.14 kilotons per day Heavily processed

Tomato sauce 6.68 kilotons per day Heavily processed

The main data sources for the food system can be found
in Table 2. Food consumption for the 17 food items in US-
FEAST is derived using data from the Economic Research Service
Food Environment Data System (FEDS) of the United States
Department of Agriculture. Supplementary Tables S5–S7 in the
Supplementary Material detail all data sources for consumer
prices, production cost, and state-level production. We either
aggregate or perform computations to estimate state-level
production, consumption, and food loss and waste across the
United States up to 2030.

US-FEAST uses the own-price and cross-price elasticities
of the International Model for Policy Analysis of Agricultural
Commodities and Trade (IMPACT) of the International Food
Policy Research Institute (IFPRI) (Robinson et al., 2015;
Rosegrant et al., 2017). When an item is not included in any
of IMPACT’s food categories, we use the own-price elasticity of
“other food products” from USDA’s Economic Research Report
Number 174 (Sands et al., 2014). Supplementary Table S8 in the
Supplementary Material shows the source of the own-price and
cross price elasticity of every food product in US-FEAST.

US-FEAST Methods
The US-FEAST food model is rooted in a series of assumptions
that enable groups of market participants at all levels of the
supply chain to be modeled as profit maximizers (Avraam et al.,
2021b). We provide a detailed description of all US-FEAST
sets, variables and parameters in Supplementary Tables S1–S3,
respectively, of the Supplementary Material. Here, each “market
participant” should be thought of as a state-level aggregation of
market activities. For example, for each product, a representative
producer in each state decides the aggregate, state-level
production of that product. Food producers decide on optimal
production based on current and future profitability, as shown in

FIGURE 1 | State-level U.S. food supply chain representation in US-FEAST. Interacting agents in the US-FEAST food model are profit maximizers, while consumers

decide based on their preferences. We simplify or treat as exogenous additional features across the food supply chains and food system, from production to waste

and recycling.
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TABLE 2 | Main data sources for US-FEAST food component.

Name Source Purpose

Census of Agriculture United States Department of Agriculture (USDA,

2020a)

Production quantities

Commodity Costs and Returns United States Department of Agriculture: Economic

Research Service (USDA-ERS, 2019)

Production costs

Average Retail Food & Energy Prices Average Retail Food & Energy Prices Bureau of Labor Statistics (BLS, 2020)

Loss-Adjusted Food Availability Database United States Department of Agriculture: Economic

Research Service (USDA, 2021a)

Wasted food at the retail and consumer

level

Food Environment Data System United States Department of Agriculture: Economic

Research Service Food Environment Data System

(FEDS)

Consumption patterns

International Model for Policy Analysis of

Agricultural Commodities and Trade

(IMPACT)

International Food Policy Research Institute (IFPRI)

(Robinson et al., 2015; Rosegrant et al., 2017)

Household consumption own-price and

cross-price elasticities

Sands et al. (2014) Sands et al. (2014) Own-price elasticity for “tomato sauce”

Bergtold et al. (2004) Bergtold et al. (2004) Own-price elasticity for “bread”

USA Trade Online U.S. Census Bureau (USCB, 2022) International trade

FIGURE 2 | Generated data: baseline cow meat trade between selected states in 2020 in kilo-tons-per-day. Baseline cow meat production varies regionally. Food

trade in the US-FEAST food model is driven by the state-level mismatch between production and total consumption, and the difference of wholesale prices between

states.

Equation (1),

∑

t

[

∫ qP
f ,r,t

0

(

πF
f ,r,t − cPf ,r,t (s)

)

ds

]

(1)

We denote by qP
f ,r,t

the level of production, while πF
f ,r,t

is the

state-level wholesale price, and cP
f ,r,t

(s) is the marginal cost of

production of processed food item f ∈ F, in state r ∈ R, in
year t ∈ T. We denote by F the set of all food products, R
the set of all states, and T the set of all years. For minimally
processed food items, the marginal cost depends on the level
of production, while for moderately and heavily processed food
items, the marginal cost depends also on intermediate inputs

such as natural gas, electricity, and other production factors.
In both cases, the marginal cost of production is an increasing
function of the level of production. Food traders maximize their
profit by exploiting price differences between states, as shown in
Equation (2),

∑

t

[

∫ qT
f ,r,rr,t

0

(

πF
f ,rr,t − πF

f ,r,t − cTf ,r,rr,t (s)
)

ds

]

(2)

We denote by πF
f ,r,t

and πF
f ,rr,t

the wholesale price for traders

and retailers in the origin state r and destination state rr. The
transportation cost between states rr and r is cT

f ,r,rr,t
, and qT

f ,r,rr,t

is the quantity of livestock product f ∈ F, traded from state
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TABLE 3 | Scenario assumptions.

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Demand −20% −15% −10% −7.5% −5% −2.5% 0% 0% 0% 0% 0%

Exports −100% −100% −100% −100% −100% −100% −75% −50% −25% 0% 0%

Assumed Decreases in Consumer Demand and Exports of Cow Meat and Ground Beef, By Year.

TABLE 4 | Scenario results.

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Cow meat −4.2 −3.2 −2.3 −1.8 −1.3 −0.8 −0.3 −0.2 −0.1 0.0 0.0

Ground beef −4.3 −3.4 −2.4 −2.0 −1.5 −1.0 −0.4 −0.3 −0.1 0.0 0.0

Percentage change (%) in price of cow meat and ground beef by year under BSE outbreak scenario.

rr ∈ R to state r ∈ R, in year t ∈ T. International traders decide
on imports and exports to and from a state based on the same
rationale. Equation (2) grasps that traders will decide to trade
only when the retail price at the destination state rr is sufficient to
compensate for the cost of purchasing a product at a neighboring
state r and the cost of transportation. Households decide on their
consumption of each food product based on comparative prices;
households can substitute consumption between different food
items, as shown in Equation (3),

qCf ,r,t = qC
f ,r,t

·

(

πC
f ,r,t

πC
f ,r,t

)ǫf ,f ,t

·

∏

ff∈C(f )

(

πC
ff ,r,t

πC
ff ,r,t

)ǫf ,ff ,t

(3)

where C
(

f
)

is the set of food items that can substitute product f ,
ǫf ,f ,t is the own-price elasticity of the consumption of food item
f , ǫf ,ff ,t is the elasticity of substitution between food item f and

any other food item ff ∈ C
(

f
)

. Moreover, qC
f ,r,t

is the level of

consumption, qC
f ,r,t

is the baseline consumption, πC
f ,r,t

is the retail

price, πC
f ,r,t

is the baseline retail price of food product f ∈ F, in

state r ∈ R, in year t ∈ T.
Total consumption of livestock product f in each state r

and year t comprises household consumption, household waste,
and demand for food product f as input for the production
of processed food items ff . Equations (4) and (5) describe the
demand for product f from the processing sector and total
state-level consumption respectively,

qYf ,r,t =
∑

ff∈O(f )

1

iof ,ff ,r,t
· qPf ,r,t (4)

qSf ,r,t =
1

1− rW
f ,r,t

qCf ,r,t + qYf ,r,t (5)

We denote by qY
fp,r,t

the sum of the demand for product f ∈ F

by all processing sites that produce moderately- and heavily-
processed food products ff ∈ F, in region r ∈ R in year t ∈ T.
We assume that rW

f ,r,t
is the proportion of household consumption

that is wasted and so the term 1
1−rW

f ,r,t

qC
f ,r,t

is the total quantity

TABLE 5 | Top 10 states with cow meat, ground beef, and chicken consumption

(2012).

State Ground beef

consumption

(kilotons per day)

Cow meat

consumption

(kilotons per day)

Chicken

consumption

(kilotons per day)

California 0.73 1.20 1.94

Texas 0.48 0.80 1.29

New York 0.37 0.61 0.99

Florida 0.37 0.61 1.00

Illinois 0.25 0.41 0.66

Pennsylvania 0.23 0.39 0.63

Ohio 0.22 0.36 0.59

Michigan 0.19 0.32 0.52

Georgia 0.19 0.32 0.51

North Carolina 0.18 0.30 0.49

of food product f that is purchased by consumers in state r, in
year t. Hence, qS

f ,r,t
is the total quantity of food product f that is

required in region r and in year t for all purposes, i.e., household
consumption, household waste, and as intermediate input for the
production of heavily processed food items. Moreover,O(f ) is the
set of all food products that require f as an input, iof ,ff ,r,t is the
value share of food product f which is used in the production of
the processed food item ff ∈ F, in region r, in year t.

The wholesale prices in each state are such that the state-level
balance for each food product f and for every year t is met

qPf ,r,t − qSf ,r,t −
∑

rr∈N(r)q
T
f ,rr,r,t −

∑

rq
EXP
f ,r,t +

∑

rr∈N(r)q
T
f ,r,rr,t

+

∑

rq
IMP
fp,r,t = 0 (6)

We denote by qIMP
f ,r,t

and qEXP
f ,r,t

the international imports and

exports of food product f in region to and from r, in year t, and
by N(r) the set of all states rr that are neighbors of state r. The
retail price accounts for state-level taxes and subsidies

πC
f ,r,t = πF

f ,r,t ·

(

1+ r
mup

f ,r,t

)

(7)
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TABLE 6 | Scenario results.

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Chicken eggs −0.03 −0.02 −0.01 −0.01 −0.01 −0.01 0.00 0.00 0.00 0.00 0.00

Chicken meat −0.24 −0.18 −0.13 −0.11 −0.08 −0.06 −0.02 −0.02 −0.01 0.00 0.00

Pig meat −0.14 −0.11 −0.08 −0.06 −0.05 −0.03 −0.01 −0.01 0.00 0.00 0.00

Cow meat −22.54 −17.70 −12.86 −10.44 −8.02 −5.60 −2.38 −1.59 −0.79 0.00 0.00

Ground beef −23.79 −19.03 −14.27 −11.88 −9.50 −7.12 −3.55 −2.37 −1.18 0.00 0.00

Percentage change (%) in production of cow meat, ground beef, and selected food items that can be used as substitutes, compared to the baseline scenario.

FIGURE 3 | US-FEAST national change in production, compared to the baseline scenario, of cow meat, ground beef, and selected animal protein items.

We denote by r
mup

f ,r,t
the percentage markup to the wholesale price

of food product f , in region r, in year t.
The optimization problems of the individual agents, coupled

with the technological andmarket clearing constraints, are solved
jointly to compute a Nash Equilibrium (NE) of the market.
US-FEAST is formulated as a Mixed Complementarity Problem
and is implemented in the General Algebraic Modeling System
(GAMS). Section Mathematical Formulation of the US-Feast
Food Model of the Supplementary Materials provides a detailed
treatment of the model formulation and derivation of US-
FEAST equations.

Bilevel Optimization Routine for Synthetic
Data Generation
US-FEAST uses bilevel optimization to generate state-level data
inputs that are either unavailable or cannot be derived through
aggregation or computation using the existing data. The bilevel
optimization routine computes feasible state-level flows and
adjusts the production and transportation cost parameters in
Equations (1) and (2) to ensure that the balance of the physical
quantities in Equations (3)–(6). The routine comprises two
stages. At the first stage, a bilevel program computes equilibrium
state-level flows, and equilibrium marginal costs, wholesale
prices, and retail prices, for given baseline production and
consumption, up to 2030. At the second stage, we compute the
parameters of the marginal cost functions of all producers and
traders in the US-FEAST food model. We provide a complete

description of the data generationmethods in section Calibration
Routine of the Supplementary Materials.

Figure 2 shows one example result of our bilevel data
generation routine. Data on inter-state trade of specific food
products are often proprietary and unavailable for research.
For example, the US Freight Analysis Framework provides
data on commodity food flows between geographic areas, but
the information is not specified to individual food products
(FAF, 2017). The bilevel data generation routine is able to
estimate feasible inter-state trade patterns based on the trade
balance of a food product in a state, i.e., the difference
between state-level production and consumption, and the relative
production cost differences between states. All generated data are
publicly available on the National Hazards Engineering Research
Infrastructure’s (NHERI) Design Safe-CI website (Avraam et al.,
2019).

NPD Scenario Assumptions
We simulate a nationwide and state level response to a demand
shock and an international export ban in the modeled U.S. food
system over the course of 10 years (2020–2030) caused by a novel
prion disease (NPD) similar in fatality and latency to BSE. In this
section we detail the assumptions that inform our scenario and
provide justifications for these assumptions. We envision NPD
results from a random mutation in a wildlife mammal, such as
is currently occurring in the epidemic of chronic wasting disease
among deer and elk in North America (Osterholm et al., 2019).
Certain prions, such as those that cause chronic wasting disease,
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FIGURE 4 | U.S. Census Regions and Divisions of the U.S. Retrieved from U.S. Census Bureau, (2021). A written description is available in Kachan et al. (2014).

FIGURE 5 | US-FEAST state-level cow meat production changes in the BSE outbreak scenario compared to the baseline scenario.

are highly transmittable agents, transferring easily from species
to species (Gough and Maddison, 2010; Osterholm et al., 2019).
Presumably through interactions within the environment such as

via contaminated urine or feces from infected animals, the novel
disease has been transmitted from wildlife to farmed cows in the
U.S. In this scenario imported beef remains safe.
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FIGURE 6 | Percent decrease in cow meat production compared to baseline production for the top five and bottom five states in 2020.

FIGURE 7 | US-FEAST state-level cow meat retail price changes in the BSE outbreak scenario compared to the baseline scenario.

Due to the long latency between transmission and disease
manifestation, we assume the disease is not detected in cows
for several years. This leads to widespread dissemination across
farms in the United States and into the U.S. food supply chain.
As such, we assume the disease becomes a multistate outbreak
with no centralized location. We envision the first suspected
case in humans will lead to an initial culling of cows because
currently, the only way to test for prion diseases in animals is
by taking a brain biopsy post-mortem (FDA, 2020). However,
blood tests to detect prion diseases in humans have recently
been developed (Concha-Marambio et al., 2020). Based on the
numbers of slaughtered cows in the United Kingdom during the
1990’s “Mad Cow Disease” outbreak, we assume that there will
be an initial culling of several million cattle. The response would

call for emergent development of a non-invasive test that will
minimize beef shortages (Lee et al., 2013). This non-invasive test
would make it possible for the government to avoid recalling the
entire beef supply. Over the course of the 2020s, we envision
this non-invasive test being used to fully remove BSE from the
cattle supply.

Beef cattle husbandry in the United States varies regionally.
Much of the cattle produced in the United States occurs in
Texas and the Great Plains, though cattle production is also
common in the West and Midwest (USDA, 2015). As of July
2020, there are roughly 100 million cattle in the United States
(USDA, 2020b). While cattle generally start on pasture; 99% of
U.S. cattle are finished in feedlots (Hayek and Garrett, 2018). It
takes 8–12 years for the growth and shrinkage of cattle herds
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FIGURE 8 | Percent decrease in cow meat production compared to baseline

production for the top five and bottom five states in 2020.

(USDA, 2021b). Cattle feed consists mainly of forage, including
hay and grass, and is commonly supplemented with corn or
soybean derived products and additives (USDA, 2004; McAllister
et al., 2020). Feed can contribute up to half of all production
costs associated with raising cattle (USDA, 2004). The USDA
projects 27 billion pounds of beef will be produced in the
United States in 2020 (USDA, 2020c). Beef processing plants
are most concentrated in Texas, the Great Plains, California
and the Midwest (BLS, 2020). Four beef producer firms are
responsible for upwards of 80% of the beef produced in the
United States (Drouillard, 2018). From January to December
2020 the United States additionally imported nearly 900 million
pounds of beef from other countries, mainly from Australia and
New Zealand (USDA, 2020d). Depending on the cut, beef in the
United States typically costs between $2.43 (ground beef 70–79%
lean) to $11 (tenderloin) per pound (USDA, 2020e).

For this study, we presume there will be initial concern among
the public that NPD might also occur among poultry and swine.
However, there have been no documented cases of BSE in poultry
(Moore et al., 2011). There have also been no documented
naturally occurring cases of prion disease transmitting to swine
due to species barrier. Cases of prion disease transmitting are
reported only in experimental and controlled settings (Greenlee
et al., 2016). As such, we assume swine will also quickly be
confirmed to be immune and that the impact of this prion
disease on poultry and swine sales will be minimal. Therefore,
in this scenario we only reduce consumer demand for beef as
shown in Table 3.

Based on Taylor et al. (2016), we assume that the discovery of
NPD-positive meat cases will result in a decrease in household
consumption of ground beef and cow meat. The severity, non-
detectability, and latency of the NPD outbreak could drive
reduced purchases of any cow meat or ground beef product.
However, Taylor et al. (2016) found that in the BSE outbreaks in
the late 20th and 21st century consumers continued to purchase
meat, despite potential concerns. For that, following on Jin et al.’s
(2004) assumptions, which are based on the United Kingdom
and Japan’s historical reactions to BSE, we assume that the
initial shock causes a 20% decrease in household consumption.

Due to cultural differences between other countries and the
United States the actual demand decrease could vary. Assuming
information is unavailable regarding the geographic location in
which contamination happens, the model simulates a decrease
in consumer demand and net international exports of cow meat
and ground beef between 2020 and 2030 across all fifty states.
As the situation is gradually resolved, household consumption
and exports gradually rebound to their baseline levels by 2030.
Table 3 lists the decreases in yearly time steps. Banning exports
under a scenario of reduced demand can decrease the revenues of
producers relying on exports compared to baseline revenues and
can create a surplus of low-cost supply for the domestic market.
Table 4 shows beef imports and exports amounts for the top-ten
beef importing and exporting states at baseline (2012) according
to US Census Bureau data (USDA, 2020a). Table 5 shows net
exports in US-FEAST for the top-ten exporting states of beef to
the rest of the world in 2012, 2020, and 2030.

We also rely on Jin et al.’s (2004) assumptions of changes in
beef exports, which are rooted inmany countries fully banning all
beef imports from affected countries (Jin et al., 2004). The model
assumes all countries ban importing U.S. beef in this scenario.
Table 3 lists the changes to exports by year. The scenario assumes
the prion disease is only found in the United States and that
imported beef is not feared by U.S. consumers.

There is a dearth of detailed data regarding changes to the
price elasticities of food items during a foodborne outbreak.
In the absence of data on changes in demand as a response
to prices, we assume prices for cow meat and ground beef
are inelastic. One of the few sources on this topic, Peng et al.
(2004), determined the price elasticities of cow meat and other
meat products during a historical BSE outbreak in Canada to
be inelastic. We consulted other work on the price elasticities of
meat products but only found estimates that were not specific to
BSE outbreaks (Regmi and Seale, 2010; Okrent and Alston, 2012;
Sands et al., 2014). Based on estimates from the International
Food Policy Research Institute (IFPRI), we assumed the cross
price-elasticities between beef and chicken and beef and pork
to be close to 0.03 (Robinson et al., 2015; Rosegrant et al.,
2017). Following IFPRI’s data, the cross-price elasticities in our
model are relatively small compared to the own-price elasticities
of a food product. As noted above, the model assumes that a
portion of the population will still not completely forgo buying
cow meat or ground beef considering the risk. The US-FEAST
food model assumes consumers, on aggregate, pick the cheaper
option when choosing between consuming domestically raised
vs. imported meat, although in reality consumers could opt to
consume more imported cow meat and ground beef based on
trust of food supply.

RESULTS

This section describes the main findings of the modeled disease
outbreak using US-FEAST from 2020 to 2030. In the scenario,
we decrease state-level consumption [parameter qC

f ,r,t
in Equation

(3)] and fix international exports [variable qT
f ,r,rr,t

in Equation (2)

when the destination node r is the “rest of world” region] of cow
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FIGURE 9 | Decrease in cow meat trade in 2020 compared to the baseline scenario, between selected states. The change in trade between states can range and

need not be the same as the change in state-level production or consumption.

meat and ground beef according to Table 3 compared to their
baseline values. Under the new conditions, US-FEAST computes
the response of producers, traders, and consumers for all food
products and in all states. National-level findings are detailed
first, followed by state-level results.

National Results
We begin by demonstrating how the initial reduction in
household consumption and international exports (modeled
based on historical data) affect national production and retail
prices of cow meat and ground beef (Table 4). Baseline
consumption of cow meat, ground beef and chicken can be
found in Table 5. When household consumption is assumed to
fall by 20% in 2020, U.S. production of cow meat is estimated
to decrease by 23% and ground beef by 24% (Table 6). The
modeled consumer price of retail cow meat and ground beef
decreases by ∼4% in 2020, the scenario’s first year. In this
scenario, national production of cow meat and ground beef
decreases, which in turn results in a decrease in the marginal cost
of production. Subsequently, national and state-level wholesale
and retail prices of cow meat and ground beef decrease too. The
NPD impact on pricing fades over time in our model, following
the assumed gradual increase in household consumption based
on prior real-world scenarios. The estimated decrease in price
is ∼1% compared to the baseline price, barring other secular
changes, for both cow meat and ground beef in 2025, 5 years
removed from the outbreak.

The decrease in domestic consumption in this scenario
implies that there is available low-cost cow meat that can be
allocated to the international market. However, in this scenario
we assume that the international market responds to the outbreak
in the U.S. by banning imports from the U.S. in the short-term
and gradually lifting the ban in the medium term. The impact
of the ban on domestic cow meat and ground beef producers is
likely to affect producers, however in the baseline scenario net

exports of the U.S. comprise <1% of cow meat production and
<5% of ground beef production.

The small cross-price elasticities in the demand function
of household consumers in Equation (3) implies that demand
of other food items in our model is relatively unaffected.
Subsequently, production and retail prices of other food items
are largely insensitive to this scenario as well. These changes in
consumption were not found to differ geographically or over
time in this scenario. Figure 3 shows the percent change in the
production of chicken eggs, chicken meat, and pig meat, i.e.,
items that consumers can substitute for ground beef and cow
meat in this model. Likewise, we can reasonably assume the
price of corn and soybean used in cow feed were not impacted,
as they could be diverted to feed chicken and pig. We can see
that food products chicken eggs, chicken meat, and pig meat
are marginally impacted. The primary reason is the small cross-
price elasticity established in the scenario. A secondary reason
is that in the scenario households decide on their consumption
by comparing the prices of the different food products. State-
level wholesale and retail prices of cow meat and ground beef
decrease in this scenario. Therefore, by Equation (3), in this
scenario consumers do not have the economic incentive to switch
part of their consumption for cow meat and ground beef to other
food products.

State-Level Results
Although the modeled reduction in household consumption is
uniform across states in this scenario, the response of each state’s
production can vary, depending on its production profile, and
the response of neighboring states and inter-state traders. The
generation of synthetic food flows for the baseline scenario of
the US-FEAST food model allows us to incorporate the behavior
of inter-state traders and thus assess the dependence between
production decisions of neighboring states. Specifically, the data-
generation routine in section Bilevel Optimization Routine for
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Synthetic Data Generation revealed the dependence of states
close to the Atlantic on food production in South Dakota,
Nebraska, Iowa, Illinois, Indiana, and Ohio. Given the scale of
the results, it will be useful to discuss the implications of food
trade either at the state or at the regional level. Figure 4 shows
the Census regions and divisions of the U.S.

We assume NPD to be widespread in cattle produced across
the nation. As described in the Methods section, inter-state trade
depends on each state’s supply capabilities, state-level demand,
and trader’s profit. State-level production of cow meat decreases
between 20 and 25% from the baseline scenario, with some of
the largest changes observed in the southern and western states,
despite the fact the model homogenously decreased demand
across the United States. Potential reasons for this will be covered
in the Discussion section. In Figure 5 the modeled intertemporal
state-level percentage change in cow meat production is plotted
for the states with the maximum, minimum, and median state-
level production changes. As one example, Texas, the country’s
largest beef producer, decreases its production by 24% in this
model. In absolute tonnage, Texan beef production decreases
by 0.6 kilotons per day. Changes in cow meat production are
regionally homogeneous and do not vary depending on whether
a state is a large or small producer of beef in the baseline
scenario. The top five state producers of beef decrease production
on average by 25% in 2020, while the five smallest decrease
production by 21%. Figure 6 shows the top five and bottom five
states with the largest and smallest percent decrease in cow meat
production. The top four states with the largest percent decrease
in the U.S. are in the South.

The retail price of cow meat in this scenario is estimated
to decrease between 4.1 and 4.7% across the United States in
2020. Figure 7 depicts the maximum, minimum, and median
percentage change in cow meat retail prices. Figure 8 shows the
top five and bottom five states with the largest and smallest
percent decrease in cow meat production. Similarly, to cow
meat production, the top four states with the largest percent
decrease in the U.S. are Texas, New Mexico, and Louisiana, in
the South; and North Dakota, and Montana in the North. The
price of cow meat changes the least in Utah, Nevada, and the
northeast. The change in state-level retail prices is geographically
homogeneous. The bottom five states face a 4% decrease in retail
prices, while the top five states experience a 4.6% decrease in retail
prices. Potential reasons for these results will be elaborated in the
Discussion section.

Changes to the flow of cow meat in US-FEAST within the
United States (Figure 9) are significantly altered in this scenario,
reflecting the model’s assumption that trade happens based on
proximity and wholesale price differences. The largest percent
changes in flow occur between theMidwest to the northeast, with
the greatest percent reduction in flows occurring from Missouri
to Kentucky. While Texas is among the states whose production
is affected the most in this scenario, the change in flow of cow
meat in and out of Texas is smaller than the change in trade
observed between the northeast central region of the U.S. and the
middle Atlantic region.

Following the national-level trend, we do not find state-level
variations in household consumption of other food items, which

remain relatively unaffected in the outbreak. The result is driven
by the small elasticity of substitution between the food items
represented in US-FEAST and based on the assumptions of this
scenario. We did not observe changes in consumption of other
food products by state or over time in this scenario.

DISCUSSION

This paper demonstrates how resilience to foodborne outbreaks
can be examined through optimization-based modeling.
Optimization models are mathematical models that select the
best option from a series of alternatives to reach a desired
objective. They are often stated as minimizing an objective
function with respect to constraints. In this paper, we use a
collection of optimization models that represent state-level
production, processing, distribution, consumption, and waste,
formulated as a single complementarity problem (Facchinei
and Pang, 2007). Our primary interest is in assessing what
may happen to a food system after a demand shock due to
widespread food animal infection. The COVID-19 pandemic
illustrates the pervasive effects demand shocks can have on the
food system. Rapid changes in consumer demand in response to
fears about the pandemic led to food shortages of some items as
well a decrease in value of many staple items, thereby harming
producers as well as consumers (Elleby et al., 2020); over time,
these factors interacted with other supply chain influences to
create even more significant disruptions.

Overall, the simulated impacts of the NPD outbreak scenario
show that over 5 years, U.S. cow meat production and
ground beef production could decline by nearly 25% initially,
with limited price impacts, particularly on non-ground beef
products. Our model’s decrease in cattle production resembles
the 30% decline in cattle production the United Kingdom
observed from 1995 to 1996 during the height of its BSE
epidemic (FAO, 2022). US-FEAST’s cow meat and ground beef
production recover gradually, following the assumed recovery
of household consumption and what was observed during the
United Kingdom’s recovery (FAO, 2022). The NPD outbreak
scenario caused a shock in household consumption, where the
percent decrease was uniform among states. Yet, US-FEAST
results find considerable state variation in potential impacts. The
estimated results suggest states in the northeast would experience
some of the greatest changes in flow of cow meat into their
states, while the South experiences some of the greatest changes
in production and retail price of cow meat under a prion disease
outbreak. We will revisit the reasons behind these results in
section Interpretation of Model Results.

Disease Justification
We chose BSE as a starting point for several reasons. First, we
wanted to model impacts of a disease with high severity, which
might have clearer impacts on consumer behavior than one
causing less worry. Second, BSE has a long incubation period,
which can make it hard to detect quickly, leading to medium-
and long-term disruptions in the food system. Third, the long
incubation period allows for the potential that meat could be
traded and processed before disease is identified, which can have
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cascading impact on the food system. Our scenario is based on
a novel prion disease with similar features, and which is also
transmitted via beef consumption. While systems exist that will
likely detect BSE itself prior to widespread dissemination, a novel
pathogen may not be detected.

Potential responses to a future prion disease outbreak, like
BSE, are likely to create diverse food supply chain effects.
For example, consumer fears about contracting NPD disease
may affect beef demand, which in turn affects related supply
chains and prices for feed and for substitute food products,
with subsequent demand ramifications. Effects could vary
geographically and across time, depending on supply chain
locations and consumer preferences.

Our work is not an epidemiological model and there are
no attempts to approximate disease burden; rather, the NPD
context is provided because it undergirds the demand shock we
simulate. We rely on two limited studies that have relevance
for understanding how a severe outbreak mirroring the clinical
characteristics of BSE might unfold in the U.S over several
years. Taylor et al.’s (2016) work evaluated the long-term impacts
of BSE on the quantity of household beef purchasing in the
United States, and as such we used this work to model change
in beef demand over time. Jin et al. (2004) made modeling
assumptions about changes in export and consumer demand
for beef in the United States in the short-term, based on what
occurred in other countries. We rely on Jin et al.’s (2004)
work to model changes to international trade and initial shocks
to consumer demand. By relying on Jin et al. (2004), our
results assume the United States food system reacts similarly
to other countries with observed prion disease outbreaks. In
actuality, cultural differences could lead to varied demand and
trade responses.

Interpretation of Model Results
While the hypothetical NPD outbreak scenario is just one
example of how a prion disease outbreak could occur, the
modeling here can provide useful insights into how other
foodborne diseases or supply chain disruptions could affect food
supply and prices, even if the particulars differ. For instance,
had an optimization-based model for the UK’s food system
been available during its BSE epidemic, predicting declines in
production and price could have been used to better address
policies to protect the agricultural sector (United Kingdom
Parliament, 1998). At the same time, it is important to
attend to key factors which could affect the generalizability of
findings, including food prices, price elasticities, food flows, food
substitutions, lack of detailed interactions with the rest of the
world, and other aspects of the food system context such as cattle
production cycles.

Food Prices

In this scenario, we find that wholesale and retail prices in
the west-south central region decrease the most compared to
the baseline scenario. It should be noted that these results
reflect the assumed 20% initial drop in demand and may not
reflect the reality should such an event occur in reality. This
is a consequence of the regional impact of the outbreak and

the underlying cost assumptions in our model. Specifically, in
the Methods section and in the Supplementary Materials we
describe our assumed marginal cost functions that are increasing
in the level of production. Production in Texas and the South
decreases due to the decline in household consumption in the
same and neighboring regions that depend on food production
of Texas and its neighboring states in the baseline scenario. In
addition, the west-south central region experiences the largest
decrease in cow meat consumption, in absolute value. Hence,
the large change in cow meat prices in that region compared
to other regions is the result of the combination of the cost
function assumption and the large decrease in total purchases
in west-south central. While individual-level actions are always
difficult to predict, at an aggregate level, consumption activities
can be assumed to have consistent characteristics that can be
represented in models such as ours (Evenson and Gollin, 2003;
Sankaranarayanan et al., 2020). Our model reveals the tradeoff
between a decrease in demand because of consumers’ concerns,
and the availability of cheaper meat for those that choose to
consume it. The decreased price (4.1–4.7%) of beef in our
modeled data is similar to the 5.8% price reduction seen at
the height of the United Kingdom’s BSE epidemic (Office for
National Statistics, 2022).

The large fluctuations in wholesale prices in Texas could
impact local welfare. Our results estimate the South experiences
some of the largest changes to price of cow meat, despite not
being particularly higher consumers of beef compared to the rest
of the country (Lusk, 2017). In the absence of fiscal and financial
countermeasures from the respective states, the outbreak is likely
to force many producers out of the market and significantly
decrease the income of those who are competitive enough. If, in
addition, the outbreak is the only major shock in the economy,
then the impact to the food sector is likely to propagate to
other sectors due to their interdependencies and the decrease in
overall consumption can affect the national economy. Emergency
response strategies would then have to contain the impact.
However, the macro-economic effects of an outbreak are out of
the scope of this paper.

Price Elasticities

Own-price and cross-price elasticities capture how consumers
adjust their consumption of a product based on changes in the
price of the same and other products. The price elasticities used
in the US-FEAST model do not account for the level of anxiety
and mistrust felt by consumers in the wake of a prion disease
outbreak. It is possible the public will not have a fully inelastic
response to the NPD as is modeled here. Research demonstrates
that perceptions of risk and “willingness to accept” risk often
change due to a disruption and these changes can depend on
socioeconomic and demographic factors. The extent to which
a person perceives risk can influence their price elasticity.
Generally, the higher a person’s income level, the more likely
they are to perceive the world as a safe place, in part because
they are able to pay more to feel safe (Dossman et al., 2001;
Hammitt and Haninger, 2007; Haninger and Hammitt, 2011).
Persons of high income are on average less likely to respond
to changes in the retail price of a food item (Lusk and Tonsor,
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2016). Additionally, persons of color and women tend to be
more risk averse regarding foodborne outbreaks than the general
population (Dossman et al., 2001; Hammitt and Haninger, 2007).

Due to limited data, we apply the same own-price and cross-
price elasticity to all states in the U.S. However, own-price and
cross-price elasticities could vary by region. Unfortunately, state-
level price elasticity estimates for diverse population groups
are scarce. Our choice to reflect the inelastic demand observed
post-BSE outbreak in Canada (Peng et al., 2004) affects the
model’s observed retail price fluctuations. Trying to understand
the response of food systems supply chains across all these
dimensions in the event of a foodborne outbreak calls for more
detailed estimates of own-price and cross price elasticities.

Food Flows

In the baseline scenario, US-FEAST’s data generation routine
reveals the dependence of the north-east central region upon
the middle Atlantic. In the presence of an outbreak, US-FEAST’s
results indicate changes in the flow of cow meat. While the
model’s supply chains are stylized, the identified spatial variation
in impacts supports the observation that geographic factors can
play a critical role in foodborne outbreaks and resilience. The
percent changes in flows between states along the north-west
central to middle Atlantic route are the largest, which is a
consequence of the revealed strong dependence of these regions
on cowmeat production in the north-west central region. Hence,
traders along this route are the most vulnerable to a prion disease
outbreak. U.S. FEAST bases food flows on supply and demand.
In other words, the flow between two states is a function that
optimizes economic profitability and consumer demand being
met. In actuality, food does not always go to the nearest state.
The flow of food through the United States is often circuitous
and dependent on a multitude of factors.

Substitution

Our model assumes that households substitute between food
items by comparing their respective prices. In this model,
household consumers decide their consumption of a food
product based primarily on the price of the product (although
we recognize that in reality many other factors are important
in product substitution, such as taste preferences, and even
political ideology). This behavior is grasped by the own-price
elasticities in Equation (3). For given price differences, the level
of substitution between food items is driven by the cross-price
elasticity of substitution between the two items in Equation
(3). The substitution grasps consumers’ willingness to shift their
consumption from one food product to another, based on the
relative prices of the two products. In our model, the cross-
price elasticities are relatively small compared to the own-
price elasticities of a food product. This characteristic of our
inputs implies that one meat sector is only marginally affected
by changes in another meat sector. Moreover, the consumers’
economic rationale would imply that, under regular conditions,
the consumption of chicken and pork would decrease if the
price of cow meat and ground beef decreased ceteris paribus.
However, the decrease in cow meat consumption in our scenario
does not come as a result of a trend in the food market, but
rather as a shock that forces consumers to adjust their diet.

The adjustment of cow meat and ground beef production leads
to a decrease in cow meat and ground beef prices under the
prion outbreak. For that, when the representative consumers
in our model compare the prices of different meat products in
order to decide their consumption during the outbreak, they do
not decide to shift their consumption to other meat products.
First, due to the small cross-price elasticity of substitution and
second, due to the competitiveness of cow meat and ground beef
compared to other meat products. Ultimately, the results may
indicate that substitution of chicken or pork for cow meat in
certain populations is more complicated than what is suggested
by a standard economic model of household meat consumption.
Similar to food prices, the food substitutions modeled in U.S.
FEAST do not consider the level of mistrust or anxiety the public
might have in any type ofmeat or animal product, nor geographic
variation in how these factors play out with taste preferences and
price sensitivity. Further, mistrust and anxieties may transfer to
other animal products, and may persist across time, even when
products are deemed safe by government authorities.

International Impacts

The countries most likely to be impacted by a NPD outbreak
in the United States are those that import the most American
beef; Japan, South Korea, Mexico, and Canada [(U.S. Meat
Export Federation (USMEF), 2022)]. In the absence of available
American beef, these countries would likely need to increase
their imports from other countries as increasing their own cattle
production for consumption would take years. Due to decreased
supply and increased demand, the price of beef could increase not
only in countries that import significant amounts of American
beef, but also in countries that now must compete with those
countries for beef supplies; substitution effects could similarly
cause global reverberations for other food products. LMICs and
net-importing countries could feel this shortage most acutely,
with less available funds to purchase more expensive products.
Anxiety andmistrust of beef could also affect purchasing patterns
internationally even though the outbreak is confined to the
United States. Ultimately, international reactions are likely to
vary due to dietary preferences, societal norms, the wealth of a
nation, and food system connectivity. For instance, the European
Union banned British beef 3 years following the BSE epidemic
(with restrictions remaining in place until 2006), while the
United States only began allowing British beef in 2020 (EU, 2006;
BBC, 2020).

Further Research
This is the first published analysis using the US-FEAST food
model. Results from the simulated outbreak estimate significant
changes to the food and state transportation systems under
this scenario, but further research is warranted to evaluate
the validity of model’s findings. First, the food flows in our
model are based on optimization techniques, as noted above.
A future iteration of the model could validate these flows with
empirical observations of food flows. As more trade data become
available, and for more individual food products, our baseline
food flows could also be validated using aggregate databases,
e.g., with the US Freight Analysis Framework (FAF, 2017).
Additional iterations of this scenario in US-FEAST could assess
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how robust our results are to the specific ways in which the
scenario is defined. For instance, the initial scenario did not
localize the contamination, but future scenarios could situate
the outbreak in varying regions, and assess how the resilience
of the food supply chain is impacted based on point of origin.
We chose to model a novel prion disease because of its long
incubation period in order to accommodate US-FEAST’s yearly
time intervals. Future research using different models could also
look into the effects of an outbreak in shorter time intervals,
namely weeks or months to fully assess impact on the food
system and its related infrastructures. This model currently
interacts with a general “international region.” With additional
data collection and generation, future iterations could consider
interactions between the United States’ critical infrastructures
and those of other specific countries. Alternatively, thesemethods
could be adapted to build a FEAST-like model in other country
settings, provided sufficient data are available. Finally, this work
identifies research needs to further improve understanding of
consumer behavior in the case of long-incubation and high-
anxiety foodborne illness outbreaks, to gain additional trade data,
and to apply and iterate the model in other ways.

Model Strengths and Limitations
To the best of the authors’ knowledge, this is the first paper
to model U.S. state-level flows of specific food items in the
aftermath of a foodborne outbreak. US-FEAST’s ability to
model specific food items across all fifty states, and to conduct
comparative analysis up to 2030, are unique contributions to
the food supply chain and food system resilience literature.
Researching the implications of disease outbreaks on the food
supply chain at large is urgent because, as COVID-19 and the
Russian invasion of Ukraine have demonstrated, emerging and
unanticipated conditions can cause global supply chain crises,
with severe implications for food security and jobs (Dunn et al.,
2020; Guan et al., 2020; Niles et al., 2021). Prior work has
only been able to aggregate food commodities broadly, such
as live animals or vegetables, through limited sources such
as the U.S. Census Bureau’s Commodity Flow Survey, or to
downscale larger data from empirical results on freight analysis
(Lin et al., 2019). Although not part of this analysis discussed
in this paper, a further strength of the US-FEAST model is
that it is set up to be able to interpret how changes in one
critical infrastructure, such as the transportation sector, interacts
with another critical infrastructure, like the food system. The
complementarity modeling framework, unique to US-FEAST
in the study of food systems, is amenable to modeling across
infrastructures (Ferris and Pang, 1997; Huppmann and Egging,
2014; Abrell and Weigt, 2016). Understanding these connections
is vital because these infrastructures cannot work in isolation and
the interdependencies drive the food system’s ability to function.

There are multiple limitations with this model and scenario.
The synthetic data are only as reliable as the underlying data and
economic theory, which tend to be difficult to generalize in the
food system. Needed data are often unavailable. The decisions
by US-FEAST food model agents optimize resources at the
most competitive price between the closest geographic locations
possible, yet in reality, food system relationships are complex,
including private supply chains and concentrations of power and

resources. Only limited data underlie the assumptions related
to price elasticity following a disease outbreak, imports and
exports, food system trust, and geographic variation in cultural
and other related factors are based on limited data. Another
limitation is that US-FEAST only models 17 food items, so it is
not known how other food items and their cross-price elasticities
excluded would influence results. US-FEAST also lacks data on
production. Our model does not account for the length of time it
takes to grow and contract a cattle herd (8–12 years) nor does it
include a lag for the growth of cattle to slaughter weight (USDA,
2021b,c). This may impact the length of time it takes the food
system to recover from a shock, and the demand for animal feed
during that period. Another limitation is that data sources did not
always include multiple time points, making model calibration
challenging. Additionally, due to lack of data, our model does not
simulate individual countries’ interactions with the United States,
at a national or subnational level. We aggregate trade with the
rest of the world into one international region. Finally, due to
the years included in the model’s data, the scenario involves an
outbreak that would have already happened, in 2020; the model’s
construction across time does not account for long term impacts
on the food system from COVID-19, the crisis in Ukraine or
other factors.

CONCLUSION

We quantitatively evaluated the long-term effects of NPD across
the U.S. The results of our model suggest a beef demand shock
in the United States may cause varied ramifications across
the United States depending on a state’s geography, baseline
production and consumption characteristics, demographics, and
relation to other neighboring states. These impacts would
have global ramifications. Ultimately, the results suggest the
considerable influence geography plays on the food system’s
reaction to a serious foodborne outbreak and shows how a single
outbreak could reverberate with lasting effects across the food
system for many years. We suggest improving global public
health/one health funding and infrastructure for monitoring and
responding to food safety and animal health threats as well for
research to address them.
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