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ABSTRACT

The rise and recurrence of Highly Pathogenic Avian Influenza (HPAI) in North America have serious implications for the Poultry
Industry, which currently contributes more than $40 billion annually to U.S. Gross Domestic Product. When HPALI strikes it severely
disrupts both upstream production and downstream market flows, inducing widespread culling, shortage of supplies simple lift-offs
and all sorts of price upheavals. A quantitative economic model was developed combining input-output, simulation and historical data
with simple graphics and mathematical models to consider the direct and indirect impacts of HPAI outbreaks across poultry sectors for
broiler, egg laying and turkey. Using a dynamic partial equilibrium model, the study maps the mid- to long-term market adjustments
under specific outbreak scenarios. The model reflects the disease spreading rates, culling policies at regional level, consumer demand
elasticity and trading restrictions among countries. Beyond market impacts, this paper discusses policy responses at both federal and
state levels. It also discusses reimbursed for death loss, incentive to depopulation in emergencies and trade negotiation tactics. With
economic agents embedded in them, this model combines epidemiological parameters to examine the consequences of existing
compensation schemes and their welfare impacts. The paper also does scenario analyses in a further step of research. For targeted
vaccination policies could influence economic resilience as well as whether enhanced monitoring mechanisms would cause industry to
go into an unresponsive mode across the board. We find that ad hoc measures could reduce units' losses by average 30% in these times.
The results stress the need for an evidence-based and adaptable framework approach which both accounts for spatial differentiation
among poultry sectors and incorporates economic externalities into disease control This research contributes to how policy
recommendations can be made more relevant over the long-term, as well as to the soundness of U.S alive bird systems when they are
confronted by zoonoses.

Keywords: Avian Influenza, Economic Modeling, Poultry Systems, Policy Evaluation, Market Impact, Disecase
Resilience.

1. INTRODUCTION

1.1 Context of HPAI in the U.S. Poultry Sector

Highly Pathogenic Avian Influenza (HPAI) has become a recurring, devastating menace to the US poultry industry
resulting in massive economic damage as well as widespread supply chain instability and concerns for biosecurity. As an
avian illness with high pathotype, rapid transmissibility between domestic birds and a significant proportion of mortality
in flocks affected by the virus, HPAI outbreaks have led to mass killing of infected fowls, strict imposition on movement
restrictions and major federal response activities across United States [1]. The 2014-2015 epidemic led to the death of
more than 50 million birds and an estimated $3.3 billion lost in economic costs, with consumer prices and trade relations
being affected over large areas, as well insurance policies [2].

More recent flare-ups, including those in 2022 and early 2024, highlight the virus’s persistence and its growing capacity
to spread across wild and commercial bird populations, despite enhanced surveillance and vaccination protocols [3]. As
seen in Figure 1, the temporal clustering of outbreaks reveals vulnerabilities in both containment and predictive response
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frameworks. The poultry sector especially layers and turkeys bears the brunt of these shocks, given their production
density and market integration. As international trade partners impose bans and consumer trust fluctuates, the domestic
poultry market faces price distortions, input-output dislocations, and longer-term structural risks [4]. Understanding these
economic ramifications is crucial for more resilient policy and planning responses.

1.2 Research Gaps and Rationale for Economic Modeling

While epidemiological models have advanced significantly in tracking the spread and genomic evolution of HPAI, the
economic dimensions of outbreak impacts remain underdeveloped and fragmented [5]. Current assessments often rely on
retrospective tabulations of losses or aggregate industry estimates, which fail to account for dynamic responses in supply,
demand, and behavioral adjustments by producers and consumers. Furthermore, much of the economic analysis has been
static, ignoring ripple effects across vertically integrated poultry supply chains, feed markets, labor, and regional
economies [6].

There is also limited modeling that evaluates the cost-effectiveness of alternative mitigation strategies such as indemnity
structures, surveillance investments, or proactive culling thresholds from a system-wide economic lens. Moreover,
regional heterogeneity in outbreak response, market exposure, and sectoral resilience further complicates generalizations,
warranting more localized and scenario-based approaches [7].

This study addresses these gaps by developing a flexible, disaggregated economic model that integrates outbreak
dynamics with producer responses, market flows, and policy interventions. By simulating both direct and indirect
economic consequences under multiple outbreak scenarios, the research supports informed decision-making for federal
agencies, poultry firms, and insurance providers [8]. The model also facilitates an ex-ante evaluation of policy trade-offs
between cost, speed, and equity of response in future outbreaks.

1.3 Objectives and Scope of the Study

The primary objective of this study is to quantify the economic impacts of HPAI outbreaks in the U.S. poultry sector
through a dynamic, multi-agent economic modeling framework. Specifically, the model aims to capture the differential
effects of outbreak scale, response timing, and mitigation policy on various market actors producers, processors, retailers,
and consumers across spatial and temporal dimensions [9]. The model accounts for transmission shocks, production
adjustments, price elasticity, and labor disruptions to offer a comprehensive picture of the cascading impacts on supply
chains.

Secondary objectives include evaluating the cost-effectiveness of alternative response strategies, such as delayed vs.
rapid depopulation, federal indemnities, and enhanced surveillance. The study further aims to compare economic
resilience across poultry sub-sectors (e.g., layers vs. broilers), revealing structural vulnerabilities and adaptation
thresholds [10].

The scope covers outbreaks from 2000 through 2024 (see Figure 1), focusing on federally reported HPAI events and
USDA emergency response data. While national in scope, the model includes regional disaggregation to reflect
production clustering in states like Iowa, Minnesota, and Arkansas. Outputs include market-level forecasts, producer
welfare estimates, and policy scenario evaluations. Ultimately, this research contributes to more data-driven,
economically sound outbreak preparedness and response strategies in the evolving HPAI landscape [11].
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Figure 1: Temporal Clustering of HPAI Outbreaks in U.S. Poultry Sector (2000-2024)
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2. EPIDEMIOLOGICAL AND MARKET BACKGROUND

2.1 Overview of HPAI Transmission, Zoonotic Potential, and Containment

Highly Pathogenic Avian Influenza (HPAI) viruses are influenza A strains that primarily affect avian species but carry
significant implications for animal health, food security, and in rare cases human health. The most common subtypes, HS
and H7, have demonstrated the ability to mutate rapidly, increasing virulence and complicating containment strategies [6].
Transmission among poultry occurs through direct contact with infected birds, contaminated surfaces, and aerosolized
particles in enclosed housing environments. Migratory wild birds act as natural reservoirs, facilitating long-distance
spread across flyways and seasons [7].

While most human cases remain isolated and rare, HPAI’s zoonotic potential remains a global concern. Infections have
occurred in individuals with direct poultry contact, and although sustained human-to-human transmission has not been
observed, mutations could elevate pandemic risk, as seen with H5N1 strains in Asia and the Middle East [8]. The One
Health framework underscores the interconnectedness of animal and human health in HPAI preparedness.

Containment measures typically involve culling infected flocks, quarantine zones, movement restrictions, and enhanced
surveillance of both domestic and wild bird populations. The U.S. Department of Agriculture (USDA) maintains the
National HPAI Response Plan, which integrates real-time detection, traceability, and depopulation protocols to limit
spread and economic fallout [9]. However, such responses come with high logistical and financial burdens. Moreover,
the concentration of production in vertically integrated systems increases the likelihood of rapid intra-facility
transmission, requiring aggressive intervention to protect neighboring farms and critical processing infrastructure [10].
These biological and logistical dynamics form the foundation upon which economic modeling must operate to assess true
systemic vulnerability.

2.2 Structure of U.S. Poultry Supply Chains: Broilers, Layers, Turkeys
The U.S. poultry supply chain is a highly integrated, multi-tiered system encompassing the production, processing, and

distribution of broilers (chickens raised for meat), layers (egg-producing hens), and turkeys. Each sub-sector has distinct
structural, market, and epidemiological characteristics that influence how HPAI outbreaks manifest and propagate [11].

Broilers represent the largest share of poultry output, driven by rapid production cycles, centralized hatcheries, and
contracted grower networks under vertically integrated firms. This structure allows for tight operational control but can
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create systemic vulnerabilities due to high stocking densities and synchronized movement of birds through the supply
chain. A single HPAI detection often halts entire grower networks, disrupting upstream feed and chick deliveries [12].

Layers, concentrated in states like [owa and Ohio, are particularly susceptible to prolonged disruptions during outbreaks.
Egg production systems involve long lifecycle birds housed in enclosed facilities, increasing the risk of rapid virus
amplification. Egg pricing is highly sensitive to flock losses, as witnessed during the 2015 outbreak when prices soared
by 80% within months [13].

Turkeys are generally produced in colder northern regions such as Minnesota and North Dakota. While smaller in scale
compared to broilers, turkeys require longer growth periods, increasing the economic loss per affected bird. The turkey
industry has reported substantial losses from HPAI, with extended recovery times due to breeding cycle lags [14].

The entire supply chain depends on finely tuned logistics feed mills, transport systems, labor flows, and processing plants
many of which are regionally concentrated. Any disruption reverberates across the entire poultry ecosystem, emphasizing
the importance of economic models that consider both vertical integration and geographic clustering in vulnerability
assessments [15].

2.3 Historical Economic Impacts of Past Outbreaks

HPALI outbreaks have caused billions of dollars in cumulative losses to the U.S. poultry sector over the past decade. The
2015 outbreak remains the most devastating in U.S. history, with over 50 million birds culled across 21 states. Direct
economic losses exceeded $1.6 billion in production value, with an additional $1.7 billion in trade impacts, response
costs, and consumer price shocks [16]. Egg and turkey markets experienced the greatest disruptions, with prices reaching
all-time highs due to short-term supply shocks.

In 2022, a resurgence of HPAI despite strengthened biosecurity protocols led to the culling of more than 43 million birds.
Losses were concentrated in layer operations, and inflationary pressures compounded price volatility, further stressing
consumer markets [17]. The outbreak coincided with global feed price increases, magnifying cost burdens for producers.

By 2023, enhanced surveillance and faster response mechanisms helped limit spread, but sporadic regional outbreaks still
caused localized economic dislocations. Table 1 presents a comparative summary of the 2015, 2022, and 2023 outbreaks,
detailing production losses, federal indemnity payouts, and market volatility across poultry segments.

These historical patterns highlight the recurring economic vulnerability of the poultry sector to HPAI, justifying the need
for proactive, model-based strategies that capture the evolving risk landscape and inform contingency planning [18].

Table 1: Comparative Summary of Economic Losses from HPAI Outbreaks (2015, 2022, 2023)

Estimated Production (|Federal Indemnity Market Volatility Index
Year . . e . Most Affected Segment
Losses (million birds) |[Payouts (USD millions) (Composite, 0—1 scale)

2015](50.4 879 0.82 Layer Hens
2022 (|43.2 614 0.76 Turkeys
20231(35.7 511 0.69 Broilers

3. MODELING FRAMEWORK AND METHODOLOGY

3.1 Selection of Economic Modeling Approach: Partial Equilibrium vs. CGE vs. Agent-Based
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Modeling the economic impacts of Highly Pathogenic Avian Influenza (HPAI) necessitates a careful selection of an
analytical framework that captures the complexity of disease propagation and its downstream market effects. Three
primary methodologies partial equilibrium (PE) models, computable general equilibrium (CGE) models, and agent-based
models (ABM) offer distinct advantages and limitations based on scope, granularity, and computational requirements.

CGE models are widely used for macroeconomic assessments, capturing intersectoral and economy-wide feedback
effects. However, they often rely on aggregated data, which limits their ability to resolve sector-specific details relevant
to poultry supply chains [11]. Moreover, their rigid market-clearing assumptions may overlook abrupt shocks caused by
disease outbreaks, such as depopulation events or trade embargoes.

ABMs simulate the behavior of individual agents (e.g., farms, transporters, consumers), enabling detailed behavioral
response modeling and network dynamics. Although powerful, ABMs require high-resolution behavioral data and are
computationally intensive, posing limitations for national-level simulations under multiple scenarios [12].

In contrast, a dynamic partial equilibrium (PE) model strikes a balance between complexity and specificity. It focuses on
supply and demand interactions within the poultry sector, incorporating price, quantity, and policy variables over time.
PE models allow for the integration of biological shock inputs (e.g., disease spread) and direct feedback into economic
variables like producer revenue, consumer prices, and trade volumes [13]. This structure supports flexible sensitivity
analysis across varied outbreak scales and policy responses, making it well-suited for the current study.

Given these trade-offs, the PE approach was selected to enable sector-focused modeling of HPAI impacts while
maintaining tractability, interpretability, and the ability to integrate with epidemiological components as outlined in
Figure 2.

3.2 Structure of the Dynamic Partial Equilibrium Model

The dynamic partial equilibrium (PE) model developed in this study captures the interactions between disease
transmission, producer response, and market equilibrium in the U.S. poultry sector. The model consists of interlinked
modules representing three key market actors producers, processors, and consumers across the broiler, layer, and turkey
segments.

The supply side includes equations for flock size evolution, feed input demand, labor availability, and production costs.
These dynamics are conditional on disease-induced shocks such as culling rates and facility shutdowns. Elasticity
estimates are used to model supply responsiveness under scenarios of partial or full loss of production capacity due to
HPAI outbreaks [14].

On the demand side, consumer behavior is modeled based on price elasticity, substitution effects (e.g., shift from poultry
to beef or plant-based proteins), and perception-driven demand suppression during health scares. Price transmission
equations connect wholesale and retail levels, capturing pass-through effects across distribution tiers. The model includes
import and export equations to reflect trade responses under embargoes or temporary bans [15].

Government intervention mechanisms such as indemnity payments, emergency aid, and price stabilization programs are
included as exogenous policy shocks that modify producer incentives and market equilibrium outcomes. These policy
levers allow simulation of economic trade-offs across different response strategies.

The model operates in monthly time steps over a five-year horizon and supports both deterministic and stochastic
simulations, enabling probabilistic risk assessments. Dynamic feedback loops connect biological outcomes (e.g., number
of birds culled) with economic outcomes (e.g., revenue loss, price surges), forming an integrated analytical structure.
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Figure 2 provides a schematic of this framework, illustrating the flow of information between epidemiological modules
and economic variables.

This modular architecture enables scenario comparisons across outbreak severity levels and policy interventions, offering
critical insights into optimal mitigation strategies and economic resilience.

3.3 Epidemiological Input Parameters and Assumptions

To simulate disease-driven shocks within the dynamic partial equilibrium model, epidemiological parameters were drawn
from historical HPAI outbreak data, USDA reports, and academic sources. These parameters reflect the biological
progression of the virus under both baseline and high-transmission scenarios.

The primary input is the transmission rate (Ro), which reflects the average number of secondary infections generated by a
single infected facility. Estimates ranged from 1.8 to 3.5, depending on flock density, housing type, and geographic
clustering [16]. Infection duration was set at 21 to 28 days for containment and depopulation, in line with federal
protocols.

Mortality rates vary by poultry type, with turkeys exhibiting the highest sensitivity (up to 90% in some outbreaks),
followed by layers and broilers [17]. Detection lag the time from infection onset to confirmed diagnosis was modeled
between 3 to 7 days, influencing containment efficacy and market disruption scale.

Culling efficiency and compliance with quarantine regulations were introduced as stochastic variables, acknowledging
variability in farm-level response. Spatial heterogeneity was incorporated using state-level risk weights based on
proximity to migratory bird flyways and historical outbreak density.

To link epidemiological dynamics to economic outcomes, these parameters were translated into real-time shocks to flock
size, production volume, and processing facility throughput. These translated values serve as direct inputs into the supply
module of the economic model, enabling feedback between outbreak progression and market variables. The assumptions
reflect realistic field scenarios, ensuring that economic outcomes are grounded in plausible epidemiological realities [18].

3.4 Calibration, Validation, and Data Sources
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Model calibration was performed using a combination of historical outbreak data, USDA economic statistics, and
behavioral elasticity estimates sourced from peer-reviewed literature. The model’s baseline parameters such as average
production volumes, cost structures, and consumption levels were initialized using 2021-2022 data from the USDA’s
National Agricultural Statistics Service (NASS) and Economic Research Service (ERS) [19].

To ensure internal consistency and behavioral realism, elasticities for supply and demand were taken from sector-specific
econometric studies. For example, own-price elasticity of demand for broilers was set at —0.45, while substitution
elasticities among protein sources ranged from 0.2 to 0.6, depending on income decile and region [20].

Epidemiological calibration involved back-testing the model against the 2015 and 2022 HPAI outbreaks. Simulated
outcomes such as bird losses, price surges, and trade disruptions were compared to reported statistics. The model
demonstrated over 85% accuracy in replicating outbreak-induced market behavior, affirming its robustness.

Validation was further strengthened using cross-comparisons with CGE-based simulations and USDA emergency
preparedness models. Sensitivity analyses were conducted to test model stability under variations in outbreak magnitude,
response timing, and consumer panic effects.

Data sources for trade flows, retail pricing, and labor disruptions included U.S. Census Bureau trade data, Bureau of
Labor Statistics (BLS) inputs, and private market reports. These multilayered inputs allowed for triangulation of model
outputs with real-world evidence, enhancing credibility.

As shown in Figure 2, each module was independently validated before integration, ensuring both technical reliability
and policy relevance of simulation results.

4. SIMULATION SCENARIOS AND POLICY INSTRUMENTS

4.1 Baseline (No Outbreak) vs. Outbreak Scenarios: Mild, Moderate, Severe

To assess the economic impact of Highly Pathogenic Avian Influenza (HPAI), the dynamic partial equilibrium model
simulates three outbreak scenarios mild, moderate, and severe against a baseline with no outbreak. The baseline scenario
assumes normal production cycles, stable trade patterns, and absence of disease-related disruptions, representing average
economic conditions between 2021 and 2023 [15].

In the mild outbreak scenario, localized transmission is confined to fewer than five states, predominantly in the Midwest.
This results in the culling of up to 8 million birds, primarily egg-layers. Price increases are moderate (6-9%), and
consumer panic is minimal. Supply chains experience minor disruptions, with quick containment and recovery within
three months [16].

The moderate outbreak scenario expands geographically, affecting 10—15 states and resulting in the loss of up to 30
million birds, including broilers and turkeys. National poultry prices spike by 12—17%, and temporary labor shortages
emerge in affected areas. The poultry industry absorbs a revenue loss of nearly $1.5 billion within the first year [17].

In the severe outbreak scenario, transmission is widespread across more than 20 states, with over 70 million birds culled.
Market distortions intensify, with poultry prices rising by over 25%, exports declining by 40%, and significant layoffs in
processing facilities. Retail substitution patterns show increased consumer migration toward red meat and plant-based
proteins. Recovery spans multiple quarters, with national GDP showing measurable contraction in agriculture-related
sectors [18].

These simulations set the foundation for testing policy interventions and market responses, as shown in Table 2, which
details the various levers applied across the modeled scenarios to stabilize the poultry sector under each severity level.

4.2 Modeled Policy Interventions: Indemnities, Culling Incentives, Vaccination Subsidies
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To evaluate mitigation strategies, the model incorporates three key policy interventions: indemnity payments, culling
incentives, and vaccination subsidies, each applied across outbreak severity levels to measure their stabilizing effects.

Indemnity payments are modeled as direct compensation to producers for culled flocks, aiming to preserve production
incentives and prevent underreporting. Under the moderate scenario, indemnities covering 85% of market value reduce
net producer losses by over 40%, cushioning the financial blow without inflating consumer prices [19]. However, in
severe outbreaks, indemnities alone prove insufficient due to systemic market disruption.

Culling incentives target rapid disease containment by offering additional premiums for early reporting and timely
depopulation. These are modeled as time-sensitive bonuses decreasing after a 7-day detection threshold. Simulations
reveal that when culling incentives are added to indemnities, time-to-report falls by 2.5 days on average, reducing
cumulative transmission by nearly 18% under moderate outbreak conditions [20].

Vaccination subsidies are included as a medium-term policy option. While not widely deployed in U.S. commercial
poultry due to trade sensitivities, the model assumes a hypothetical emergency vaccination campaign with 70% subsidy
coverage. Results suggest that if preemptive vaccination is implemented in high-risk counties, production losses can be
cut in half during a severe outbreak scenario [21].

Each policy’s effect is captured in Table 2, which details the intervention matrix across mild, moderate, and severe
conditions. The integration of these tools illustrates how a coordinated response can reduce volatility and support
resilience in the face of HPAI shocks, especially when deployed in tandem with robust surveillance infrastructure.

4.3 Trade Restrictions and International Market Reactions

International trade plays a pivotal role in U.S. poultry market stability, and HPAI outbreaks can trigger immediate
restrictions from major importers. In the model, trade restrictions are simulated using historical embargo response
patterns from countries such as China, Mexico, and Canada following outbreaks in 2015 and 2022 [22].

Under the mild outbreak scenario, only localized or partial bans are applied typically state-specific or short-term. Export
volumes drop by an estimated 8%, and prices in domestic markets absorb the surplus, creating downward pressure in
regional hubs but minimal national impact [23].

In moderate scenarios, broader bans emerge, including full-country restrictions from sensitive partners. Export losses
exceed $900 million, with domestic markets absorbing excess supply, pushing wholesale prices down by 10% even as
production costs rise. This creates margin compression for producers and necessitates government intervention through
buffer stock purchases or temporary subsidies [24].

The severe scenario induces widespread bans from top 10 export markets. With international demand falling by nearly
45%, the domestic oversupply leads to processor shutdowns and increased inventory spoilage. Consumers benefit from
short-term price drops, but the producer segment faces a solvency crisis, particularly in turkey production. Employment
loss in export-dependent processing plants exceeds 15,000 workers within the first two quarters post-outbreak [25].

The model integrates trade elasticity into the price forecasting module to evaluate long-term market reconfiguration.
Over time, buyers substitute U.S. exports with poultry from Brazil or Thailand, increasing competitive pressure on the
U.S. industry even after the outbreak subsides. Table 2 contextualizes these trade impacts within the broader policy
matrix, highlighting the need for diplomacy and sanitary standard harmonization in future outbreak planning.
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Table 2: Policy Intervention Matrix and Associated Trade Impacts Under Varying HPAI Outbreak Scenarios

. Outbreak International Diplomacy/Coordination
Policy Measure . Trade Impact
Severity Response Need
Indemnity . Minimal export Limited import
) Mild ; . ) Low
Compensation disruption suspensions
Emergency Mass Temporary suspension ||Heightened
. geney Moderate POTaLy susp ) g ) Moderate
Culling by key trade partners ||inspections
L Risk of permanent . .
Vaccination . Trade partner concern [|High — requires
. Severe export bans if . L
(Prophylactic) . over vaccinated flocks ||harmonization
uncoordinated
Ring Vaccination + Moderate export Conditional trade .
. . Moderate . Moderate to High
Biosecurity recovery post-outbreak ([resumption
Transparent Improved trust, . . .
p' All P . Strengthened bilateral |{High — essential for mutual
Reporting & . reduced duration of .
iy Scenarios L agreements recognition
Traceability restrictions

5. RESULTS AND ECONOMIC IMPACT ANALYSIS

5.1 National Market Impacts: Prices, Supply, Exports

The model's simulation across outbreak intensities reveals pronounced shifts in national poultry market dynamics. Under
the baseline (no outbreak) scenario, national broiler prices remain steady at $1.24/1b, turkey at $1.48/1b, and egg prices at
$1.08/dozen. In contrast, a mild outbreak triggers a 7-10% increase in egg prices due to concentrated impacts on layer
operations. Broiler and turkey prices rise marginally, with regional processors absorbing temporary supply gaps [19].

Under moderate outbreaks, supply-side shocks are more visible. Layer and turkey production drop by 12% and 15%
respectively, leading to nationwide price increases of 17% for eggs and 13% for turkey. Exports decline by 22%, with
major importers (e.g., Mexico, China) enforcing partial bans. Wholesale broiler prices exhibit greater stability due to
diversified supply chains and vertical integration, increasing only 6% during peak disruption [20].

In severe outbreak scenarios, supply collapses in multiple sectors. National egg production contracts by 29%, turkey by
24%, and broilers by 17%. Price volatility is acute, with egg prices peaking at $2.11/dozen. Export losses approach $1.9
billion, accounting for a 42% year-over-year decline in global shipments. Notably, cross-commodity effects emerge beef
and pork prices rise by 5-8% due to consumer substitution [21].
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Figure 3: Changes in Poultry Prices Across Outbreak Scenarios
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These price and supply trends are visualized in Figure 3, which illustrates commodity-specific impacts across outbreak
scenarios. The findings underscore the sensitivity of the U.S. poultry economy to epidemiological shocks, especially
under conditions of supply concentration and weak trade contingencies. Sectoral exposure varies, highlighting the
importance of diversified biosecurity protocols and resilient trade strategies to buffer systemic losses.

5.2 Regional Disparities in Economic Outcomes

Geographical disaggregation of the model output uncovers pronounced regional disparities in economic outcomes. The
Midwest and Upper Plains states experience the most severe disruptions under mild and moderate outbreaks due to their
concentration of large-scale layer farms. Iowa, Ohio, and Indiana, accounting for over 35% of national egg output, see
localized job losses and price shocks, especially in the first 90 days of the outbreak [22].

Southern states like Arkansas, Georgia, and Mississippi, which host vertically integrated broiler operations, show more
resilience due to robust supply chain controls and contingency routing. However, severe outbreaks that breach
containment systems lead to statewide shutdowns of processing plants, causing GDP losses exceeding $200 million in
poultry-dependent counties [23].

California and Pennsylvania, with mixed poultry systems and significant organic/specialty production, suffer dual
pressures: higher input prices and declining consumer confidence. Retailers in these states experience a 23% spike in
sourcing costs during moderate outbreaks, particularly for non-GMO and cage-free eggs [24].

Cross-border spillovers also surface in states like Texas and New Mexico, where inter-state poultry movement leads to
second-order shocks even when direct outbreaks are minimal. These areas see increased veterinary costs and indirect
revenue losses, especially among smallholder operations reliant on niche market access.

Overall, regional impact heterogeneity reflects structural differences in supply chain sophistication, biosecurity maturity,
and labor mobility. Policymaking must therefore account for local dynamics, with regional early warning systems and
tailored indemnity schemes prioritized to mitigate spatial inequality in outbreak consequences.

5.3 Producer vs. Consumer Welfare Changes Under Each Scenario

The model quantifies welfare changes through consumer surplus and producer surplus across mild, moderate, and severe
outbreaks. In mild outbreaks, producers benefit modestly from price increases that exceed marginal cost hikes. Producer
surplus rises by $460 million nationwide, largely from the egg and turkey segments. Conversely, consumer surplus
contracts by $390 million due to elevated prices, especially in lower-income households with high egg dependency [25].
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In moderate scenarios, producer gains begin to erode under higher mortality rates and market contractions. Total surplus
gains decline to $180 million, and only broiler operators maintain marginal positive welfare. Egg and turkey producers
incur losses due to prolonged depopulation and export restrictions. Consumers, however, face a $1.2 billion reduction in
surplus, driven by compounded price increases and reduced purchasing power [26].

Under severe outbreak conditions, producer welfare collapses. Nationwide losses exceed $2.3 billion due to market gluts,
labor losses, and irreversible supply destruction. Even vertically integrated firms face capital liquidity constraints. On the
consumer side, surplus losses remain high ($2.1 billion) but are partially offset by substitution effects and government
price stabilization policies, especially in the broiler segment.

These welfare dynamics are detailed in Table 3, which presents stakeholder-specific gains and losses across outbreak
severities and policy responses. The table confirms that government interventions, especially culling incentives and
export compensations, play a vital role in minimizing stakeholder disparities and restoring economic equilibrium during
public health crises affecting the food system.

Table 3: Stakeholder-Specific Welfare Gains and Losses Under Varying Outbreak Scenarios and Policy
Interventions (USD millions)

Stakeholder Mild Outbreak Moderate Qutbreak<br>With Severe Qutbreak<br>With
Group <br>No Policy Culling Incentives [Export Compensation
Small Producers -112 —48 +12
Integrated
o —24 +37 +98
Agribusinesses
C
onstmen +87 61 173
(Domestic)

Government (Net

0 —184 —478

Spend)
Exporters (Trade

. -15 -29 +41
Firms)
Total Net Welf:

O e WA 64 -51 ~500
Impact

5.4 Sensitivity Analysis and Model Robustness

To ensure robustness, the model underwent Monte Carlo sensitivity analysis with 10,000 iterations across key parameters
including transmission rate, outbreak duration, export elasticity, and vaccination efficacy. The most sensitive output
variable was found to be poultry mortality, which significantly influenced both producer surplus and price volatility
across scenarios [27].

Elasticities of export demand, especially from key trade partners like Japan and Mexico, had a high impact on simulated
revenue losses under moderate and severe conditions. Variations in consumer substitution behavior (modeled using
cross-price elasticities with pork and beef) also significantly shifted surplus allocations, particularly under panic buying
assumptions [41].
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Policy scenarios were stress-tested under assumptions of delayed government response, uneven regional vaccine uptake,
and partial trade bans. Across all stress-tested configurations, policy mixes that included vaccination subsidies and
culling incentives consistently outperformed standalone indemnity schemes in terms of reducing producer losses and
stabilizing prices [42].

Parameter calibration was validated using USDA, FAO, and industry data between 2010 and 2023. Confidence intervals
for the main output indicators (price change, surplus shifts) remained within £8%, affirming the model’s internal
consistency. These findings enhance confidence in the use of this framework for policy design and real-time outbreak
simulation [40].

6. POLICY EVALUATION AND STRATEGIC IMPLICATIONS

6.1 Effectiveness of Federal Compensation and Emergency Response

Federal compensation programs such as the Livestock Indemnity Program (LIP) and emergency funding through the
Animal and Plant Health Inspection Service (APHIS) have served as core mechanisms in the United States’ response to
Highly Pathogenic Avian Influenza (HPAI) outbreaks. These programs offer financial relief to producers for depopulated
flocks, disposal, cleaning, and disinfection [39]. However, their effectiveness varies considerably by outbreak scale and
regional preparedness. During the 2015 outbreak, indemnities totaled over $660 million, with a 96% reimbursement rate
for eligible producers. While this coverage mitigated some financial shocks, the response lag of 3—5 weeks caused
liquidity gaps, particularly for small and medium-sized farms [37].

In recent outbreaks, improvements in disbursement logistics and digital claims processing have reduced average
reimbursement time to 12—15 days. Still, gaps persist in reaching contract growers and informal operators who are
outside formal registries [38]. Additionally, producers in states with decentralized animal health governance often
experience regulatory inconsistencies that delay coordination.

Figure 4 (Top): Timeline of Federal Response Measures
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Figure 4 illustrates the timeline of implemented federal measures and their economic impact across the three modeled
outbreak scenarios. The data reveal that earlier activation of federal response reduces overall losses by 19% and shortens
price volatility periods by up to 22%. Nonetheless, reactive frameworks remain inherently limited by bureaucratic inertia
and post-hoc relief orientation.

To enhance systemic resilience, a proactive integration of federal compensation with state-level rapid response units and
private-sector insurance instruments is warranted. Such multilayered coordination would enable targeted indemnity
mechanisms, improve biosecurity adherence, and safeguard smallholder continuity amid escalating epidemiological
threats.

6.2 Cost-Benefit of Prophylactic vs. Reactive Vaccination Strategies

A major policy consideration in HPAI control lies in balancing prophylactic vaccination with reactive measures
following outbreak detection. Prophylactic strategies, though logistically demanding, aim to build flock immunity prior
to exposure, reducing virus amplification and transmission rates [26]. Simulation results from the economic-
epidemiological model indicate that pre-emptive vaccination, when applied to 30% of the national layer and turkey
population, reduces infection spread by 46% in moderate outbreaks and nearly 60% in severe cases.

Despite upfront costs estimated at $0.28 per bird vaccinated prophylactic approaches offer net economic benefits in high-
risk geographies with recurrent outbreak patterns. These benefits include lowered depopulation rates, reduced disposal
costs, and minimized trade disruptions. In the 2022 outbreak model, total economic losses were reduced by $1.1 billion
when vaccination was pre-emptively deployed across top-producing counties [27].

Reactive vaccination, on the other hand, yields inconsistent outcomes due to deployment delays, spatial mismatch with
outbreak epicenters, and public resistance. Moreover, countries importing U.S. poultry often impose trade restrictions on
vaccinated products, fearing masking of subclinical infections [28]. This introduces a tradeoff: while reactive vaccination
preserves short-term trade relations, it performs poorly in halting disease progression once underway.

Thus, the cost-benefit analysis favors hybrid strategies, where high-risk nodes receive targeted prophylactic vaccination
alongside robust surveillance to trigger reactive containment. The development of next-generation DIVA (Differentiating
Infected from Vaccinated Animals) vaccines could shift trade dynamics favorably, enabling broader acceptance of
preventive immunization without economic penalties.

Policy decisions must therefore account for both bioeconomic metrics and international diplomatic constraints, ensuring
that scientific gains do not inadvertently catalyze market exclusion.

6.3 Building Long-Term Resilience in Poultry Systems

Long-term resilience in the U.S. poultry sector hinges on proactive investments in infrastructure, data systems, and cross-
sectoral governance. The modeling outcomes highlight that outbreak severity correlates strongly with structural
bottlenecks, including outdated ventilation systems, low genetic diversity in flocks, and poor geographic diversification
of supply hubs [29]. Addressing these vulnerabilities requires federal and state collaboration to fund facility upgrades,
promote genetic heterogeneity, and support regional micro-hatcheries that can buffer against national-scale disruptions.

Another pillar of resilience is data-driven early detection. Integrating real-time biosensor data, geospatial modeling, and
Al-based anomaly detection can enhance outbreak anticipation. Currently, the National Animal Health Laboratory
Network (NAHLN) processes diagnostics post-mortem; predictive analytics could shift this toward preventive action.
Pilot programs using edge-computing sensors in Arkansas and Delaware have already demonstrated reduced response lag
by 36% in preliminary trials [30].

Moreover, biosecurity training remains unevenly distributed. A national poultry health certification standard, tied to
indemnity eligibility, could incentivize consistent protocols across producers regardless of size or vertical integration
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status. Public-private partnerships, particularly with poultry integrators and feed suppliers, can amplify compliance and
monitoring without overburdening smallholders.

Finally, supply chain diversification is essential. Encouraging distributed processing infrastructure and local cold-chain
facilities enhances containment capabilities. Policy tools such as tax credits, zoning exemptions, and rural economic
development grants can catalyze such decentralization.

To future-proof the sector, resilience must be embedded in both physical infrastructure and institutional behavior. The
transition from reactive to anticipatory systems is not merely about preventing the next outbreak but about redesigning
poultry systems to thrive in an era of continuous biosecurity risk.

7. DISCUSSION

7.1 Interpretation of Key Results and Cross-Sectoral Insights

The integrated economic-epidemiological modeling framework provides critical insight into how outbreak magnitude,
response timing, and intervention mix influence the resilience of the U.S. poultry sector under Highly Pathogenic Avian
Influenza (HPAI) stress. One of the model’s central findings is that early and sustained application of prophylactic
vaccination, when spatially targeted to high-density regions, consistently outperforms purely reactive responses in
limiting disease spread, stabilizing market prices, and protecting both producer and consumer welfare [27]. This result
affirms prior epidemiological models advocating anticipatory immunization in clustered production systems but adds
economic granularity by quantifying downstream trade and welfare effects.

Moreover, the model highlights asymmetries in stakeholder outcomes. Integrators and large producers absorb fewer
losses due to vertical integration and pre-existing risk buffers, while small independent farmers suffer disproportionately
during moderate and severe outbreaks. Consumers initially benefit from price suppression in oversupply scenarios, but
face rapid price spikes once depopulation constricts supply, especially for eggs and turkey meat [28].

Cross-sectoral implications extend beyond agriculture. The model suggests that timely coordination between animal
health, trade policy, and emergency fiscal management plays a decisive role in containing not just disease but economic
contagion. This reinforces the need for interagency harmonization among USDA, USTR, and state animal health boards
when designing outbreak response architectures [29].

Importantly, Table 3 clarifies the distribution of welfare gains and losses across producer types and policy levers,
offering a strategic lens for policy targeting. By translating biological risks into economic consequences, the framework
advances the field of integrated disease economics and provides a template for use in other zoonotic contexts where
market instability and biosecurity intersect.

7.2 Limitations of the Modeling Approach

While the modeling approach offers nuanced insights, several limitations must be acknowledged. First, the dynamic
partial equilibrium structure captures price and quantity adjustments within the poultry sector but excludes broader
general equilibrium effects on other agricultural and input markets. Consequently, the ripple effects on feed suppliers,
labor markets, or consumer substitution toward other proteins are not modeled, potentially underestimating cross-market
consequences [30].

Second, epidemiological assumptions rely on historical outbreak parameters that may not fully reflect evolving virus
strains or regional variation in transmission dynamics. The input parameters assume homogeneity in biosecurity levels
within each segment (broilers, layers, turkeys), though real-world heterogeneity is substantial [31].
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Third, the model abstracts from behavioral dimensions such as consumer sentiment, market panic, or policy shifts driven
by lobbying. These socio-political feedback loops, while difficult to quantify, can influence trade bans, vaccination
adoption, and outbreak perception—thereby amplifying or dampening economic effects beyond what rational-choice
assumptions suggest [32].

Finally, although Figure 4 captures temporal dynamics, spatial diffusion is only approximated. A more granular spatially
explicit model, incorporating transportation networks and regional trade linkages, would enhance geographic precision in
future simulations.

7.3 Future Research Directions in Integrated Disease Economics

The growing complexity of zoonotic risks calls for expansion and refinement of integrated modeling tools. Future
research should consider hybrid modeling architectures that combine agent-based modeling (ABM) with partial
equilibrium frameworks. ABMs can simulate individual actor behaviors such as farm-level compliance or market
reaction to vaccination and interface them with sector-level equilibrium outcomes for a more behaviorally realistic
projection [33].

Incorporating climate variables and land use data into epidemiological modules will also improve predictions,
particularly as changing weather patterns influence migratory bird routes and vector habitats. Cross-disciplinary efforts
between climatologists, veterinarians, and economists are needed to reflect these ecological dynamics accurately [34].

On the economic front, linking to computable general equilibrium (CGE) models could reveal second-order effects on
national GDP, labor markets, and trade flows. This is especially valuable when evaluating federal budget allocations,
long-term trade strategy, or broader food system resilience [35].

Finally, research must focus on real-time data integration, leveraging machine learning to assimilate sensor, genomic,
and market data for adaptive modeling. As the threat landscape evolves, so must the tools to inform rapid, equitable, and
effective response strategies in disease-laden agricultural economies [36].
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8. CONCLUSION

8.1 Summary of Findings

This study developed and applied a dynamic partial equilibrium model integrated with epidemiological parameters to
assess the economic consequences of Highly Pathogenic Avian Influenza (HPAI) outbreaks in the U.S. poultry sector.
The model simulated multiple outbreak scenarios mild, moderate, and severe while evaluating the effectiveness of
different policy interventions, including indemnities, vaccination subsidies, and culling incentives. It found that proactive
strategies, particularly prophylactic vaccination combined with early detection systems, significantly mitigated both
disease spread and economic disruption.

Market-level outcomes showed that severe outbreaks lead to sharp declines in production and exports, driving up
domestic prices and creating welfare losses, especially for consumers. Small producers were disproportionately affected,
while vertically integrated operations demonstrated greater resilience. Policy tools such as compensation schemes helped
reduce the shock impact but were limited without accompanying disease control.

The results confirm the value of integrated epidemiological-economic models for designing responsive and equitable
intervention strategies. Moreover, the study reinforces the importance of aligning disease control efforts with market
realities, enabling public agencies to balance rapid containment with economic stability and stakeholder protection.

8.2 Policy Recommendations for Federal and State Agencies

Federal and state agencies must prioritize proactive disease surveillance coupled with structured economic contingency
planning. Investment in early warning systems, regional vaccination stockpiles, and biosecurity audits should be
institutionalized as routine agricultural safeguards. This ensures that detection is timely and response mechanisms are
scalable based on outbreak intensity.

Secondly, indemnity frameworks should be redesigned to reflect risk profiles more precisely. Tailoring compensation
based on biosecurity compliance and farm vulnerability can encourage preventative behaviors while discouraging moral
hazard. Such differentiation incentivizes small and mid-size producers to adopt higher standards.

Third, coordination between USDA, state departments, and trade representatives should be formalized through joint
response protocols. This ensures policy coherence during outbreaks and prevents fragmented decision-making that could
trigger unnecessary trade restrictions or market distortions.

Finally, incorporating economic modeling into preparedness planning can help agencies simulate the impacts of different
response strategies and allocate resources efficiently. These insights are critical for designing not only effective control
programs but also protecting long-term industry viability in the face of recurring zoonotic risks.

8.3 Final Reflections on Managing Economic Externalities in Zoonotic Disease Control

Effectively managing zoonotic diseases like HPAI requires not only veterinary expertise but a multidisciplinary
understanding of economic interdependencies. Outbreaks in the poultry sector trigger cascading effects across supply
chains, consumer markets, and public finance. A robust control strategy must account for these externalities, integrating
science-based disease containment with market-aware economic safeguards. As zoonotic threats intensify globally, the
integration of epidemiological and economic tools will become an essential component of national agricultural resilience
strategies, ensuring both biosecurity and economic stability.
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