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An outbreak of highly pathogenic avian
influenza H5N1 could impact the dairy
cattle sector and the broader economy in
the United States

Check for updates
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The outbreak of Highly Pathogenic Avian Influenza H5N1 in U.S. dairy cattle poses substantial risks to
public health, economic sustainability of farming, and global food systems. Using a Computable
General Equilibrium model, we simulate its short- to medium-term impacts on Gross Domestic
Product and other macro-economic outcomes for the US and its main trading partners. We simulate
impacts under the current situation and realistic and reasonable worst-case scenarios. We estimate
domestic economic losses ranging between 0.06% and 0.9% of US GDP, with losses to the dairy
sector ranging between 3.4% and 20.6%. Trading partners increase dairy production to compensate
for the loss. Current government subsidies are about 1.2% (95% HDI: 1% to 1.4%) of output losses,
and likely insufficient to incentivise farmers to step up surveillance and biosecurity for mitigating the
possible emergence of H5N1 strains with pandemic potential into human populations.

The recent outbreak of Highly Pathogenic Avian Influenza (HPAI) H5N1
avian influenza in dairy cattle across at least 15 US states has raised sub-
stantial concern nationally and globally.H5N1wasfirst identified in 1996 in
domestic waterfowl in Southern China. By 2005, it had spread to poultry in
Africa, theMiddle East, and Europe, with reports of occasional infections in
various mammal species, primarily through close contact with infected
birds. Recent studies have confirmed mammal-to-mammal transmission,
including amongst elephant seals in Argentina and dairy cows in the USA,
with transmission to cats and raccoons. There have been over 960 reported
human infections since 20031, with a high mortality rate of around 50%.
Human-to-human transmission remains rare.

The public health risk of the outbreak amongst US dairy cattle is
currently deemed low; there have been41 identifiedhumancases2 attributed
to direct exposure to infected cattle3, and a reported 1070 H5N1 cases
among the 28,000 dairy herds byMay 22, 2025 (more recent updates report
zero cases). This is an underestimate of the true number of herds affected,
and the outbreak is likely to spread further4. A sustained outbreak increases
public health risks and could eventually necessitate more stringent gov-
ernment mandates, impacting the supply of and demand for dairy and beef

products in theUSandexport countries, anddisrupting global food systems.
Dairy cattle are a novel host for the H5N1 virus, and the scale and duration
of the outbreakmean the risk of the emergence of a human-adapted strain is
intensifying. Each time an infection occurs, the virus couldmutate into one
that excels in transmitting between humans4,5.

Vigilant testing and monitoring of cattle and enhanced biosecurity
practices are paramount to preventing further spread of H5N1 in the USA
and globally. Despite government subsidies, farmers are reluctant to
introduce improved biosecurity measures6,7. According to the latest avail-
able data fromNovember 2024, 366 (1%) of the around 36,000 herds in the
USA had been registered for financial assistance or emergency support to
increase biosecurity8, and 75 (0.2%) herds had been enrolled in a voluntary
testing programme9. But failure to contain the outbreak now may result in
higher costs for the industry later. The US dairy sector was valued at
$115.50bn in 202410,with thewider economic impact of the sector estimated
at nearly $780bn, about 2.7% of US Gross Domestic Product (GDP)11. The
dairy industry supports more than 3 million jobs (about 1.88% of total US
employment) that generate $198 billion in wages11. Furthermore, according
to aUSDAnote12, employment in agriculture, food, and related industries in
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2022 accounted for 10.4% of total US jobs. Consequently, disruptions to
these sectors would be expected to have ripple effects on the broader US
economy and globally.

Importantly, the costs of containing the outbreak now are small when
contrasted against the uncertain but potentially catastrophic health and
economic costs of the emergence of an H5N1 variant that is transmissible
between humans13.

Here, a Computable General Equilibrium model (CGE) is used to
simulate the short-to-medium-term macro-economic impact of the H5N1
outbreak amongst dairy cattle on the US economy and its key trading
partners. We estimate the impact of the current outbreak, as well as two
hypothetical but plausible scenarios undermore stringent interventions and
reductions in domestic and international demand for US milk, milk pro-
ducts, and beef. The magnitudes of the shocks differ by scenario, and are
informed by estimates of the impacts of Bovine spongiform encephalopathy
(BSE) in the1980s and90s, and theH1N1pandemic in2009on the livestock
sector in the US.

Our findings provide urgently needed evidence to decision makers on
the potential economic impact of the H5N1 outbreak, and allow them to
contrast the costs of mitigation measures against their benefits for the
livestock industry, the wider economy, and the health of populations in the
USA and globally.

Results
Computable general equilibrium modelling to simulate short- to
medium-term macro-economic impacts
The CGE model GTAP is used to simulate the short-to-medium-term
macro-economic impact of the H5N1 outbreak amongst dairy cattle on the
US economy and its key trading partners14,15 (Fig. 1, Supplementary Sec-
tion 1). We estimate the impact of the current outbreak (Scenario S1). We
also estimate two hypothetical but plausible scenarios, S2 and S3, which

represent realistic and reasonable worst cases, respectively, reflecting more
stringent interventions and reductions in domestic and international
demand forUSmilk,milk products, and beef. Themagnitudes of the shocks
differ by scenario, and are informed by estimates of the impacts of Bovine
spongiform encephalopathy (BSE)16–21 in the 1980s and 90s, and the H1N1
pandemic in 2009 on the livestock sector in theUS22–24. TheH5N1 outbreak
and public health measures are modelled as four exogenous shocks:
Demand, supply, international trade shocks, and subsidies to farmers.

GDP impact
We estimate that the short- to mid-term loss associated with the current
H5N1 outbreak is 0.06% (95% high density interval:−0.06% to−0.06%) of
real GDP (Scenario S1, Fig. 2). The output loss in the dairy sector compared
to pre-H5N1 levels is 3.4% (−3.88% to −2.92%, Supplementary Table 7).
There is an increase in prices as the outbreak and mitigation measures
increase production costs. We observe a 5.58% increase in the production
price of rawmilk and a 5.25% increase for dairy products, but cattle and beef
are also affected (Supplementary Table 5). US products are less competitive
on the international market because of the price increase. Consequently,
dairy exports from the USA to other countries decreased by 25.30%
(−28.67% to −21.91%). Should the outbreak expand to additional herds
and states, we estimate that the total economic loss to the USA is greater at
0.28% (−0.3% to−0.26%) for the realistic scenario S2, and 0.91% (−1.06%
to−0.78%) for the reasonableworst-case scenario S3.Regarding the sectoral
impact, output losses in the dairy sector are estimated at 9.32% (−11.61% to
−7.05%) and 20.6% (−25.06% to −16.42%) for S2 and S3, respectively
(Supplementary Table 7).

Demand and supply effects
Both demand and supply effects are expected to cause reductions in output.
First, there is a decrease in demand for dairy products due to changing
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adverse direct and indirect impacts on productivity, from sickness and death of dairy
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preferences, which lowers the need for domestic production. Second, pro-
duction becomes more costly, pushing farmers to either produce less at the
same cost or produce the same amount at higher costs, thereby putting
pressure on prices. Farmers in the US face two opposing effects: either
increased employment to compensate for the loss in productivity in affected
sectors, or reduced employment to adjust to lowered demand and output.
We find that whether the first or second effect dominates varies by sector
and scenario (Supplementary Table 8).

The outbreak and its impact on agriculture have knock-on effects on
economic sectors that are not directly affected.We assume that in this short-
to medium-term analysis, real wages remain constant, and workers in the
rawmilk and dairy sectors aremostly unskilled, which allows them tomove
imperfectly between sectors. The changes in employment in the raw milk
and dairy sector that compensate for changes in productivity or demand are
therefore associated with changes in employment in other sectors. Overall,
the outbreak is contractionary, and the US economy faces a decrease in
unskilled labour employmentof 0.09%(S1), 0.39%(S2) and1.24%(S3).This
results in an estimated decrease in household incomes and consumption of
all goods and services of 0.05% (−0.05% to−0.05%, S1), 0.21% (−0.23% to
−0.19%, S2), and 0.86% (−1.05% to −0.69%, S3) in the USA (Fig. 3).
Savings also decrease, resulting in a reduction in investments in the USA of
0.04% (−0.04% to−0.04%, S1), 0.19% (−0.21% to−0.17%, S2), and 0.67%
(−0.78% to −0.58%, S3), which is strongest in the dairy industry at 4.76%
(−5.5% to−4.02%), 20.05% (−23.62% to−16.54%), and 60.91% (−72.43%
to −49.79%), (Supplementary Tables 4, 8 and 9).

Impact on trade
Key trading partners of the US are also impacted, even under the
assumption that H5N1 does not affect the dairy industry in their countries.
The modified terms of trade and factor reallocation make the US economy
more competitive internationally in non-agricultural goods and services,
resulting in an increase in exports. This effect can compensate for the
decrease in exports of directly affected agricultural products, resulting in an
overall increase in US exports of 0.01% (0.01–0.01%), 0.11% (0.09–0.13%),
and 0.75% (0.59–0.95%), respectively. Other countries make up for the

reduction in US dairy and beef production, both to satisfy demand in their
own domestic markets and in other countries, including the USA itself. For
example, dairy exports from Canada are expected to increase by 7.67%
(6.42–8.94%), 35.33% (29.12–41.92%), and 165.06% (107.67–227.39%)
(Fig. 4, SupplementaryTable 6). At the sectoral level, agriculture shows large
distortions. However, the increase in exports is modest in absolute terms,
considering the initially low baseline of export volumes. Canadian agri-
cultural production is primarily for domestic use. The output of the dairy
sector increases markedly by 0.65%, 1.29%, and 6.16%, an increase that
feasibly falls within the country’s production capacity. The increase in
production is reflected in increased employment in the dairy sector, prices,
household consumption and investments.

The increase in other countries’ dairy exports cannot compensate fully
for the reduction in exports of non-agricultural goods and services, as they
are crowded out by a more competitive US manufacturing sector. For
example, trade exports from Canada decrease by an estimated 0.02%
(−0.02% to −0.02%), 0.03% (−0.03% to −0.03%), and 0.23% (−0.25% to
0.21%).Overall, the impacts on trading partners’ supply of affected products
and GDP, and on global food systems, are negligible for an H5N1 epidemic
that remains confined to US-based dairy herds.

Welfare impact
Impact estimates on welfare quantify the effect H5N1 has on households.
The welfare estimates can be understood as the payment that would be
required to compensate households for the aggregate welfare loss they
experience due to the shocks implemented in each scenario. Welfare is
decomposed into four main drivers in the GTAP model: (1) allocative
efficiency; (2) technical efficiency; (3) terms of trade; (4) saving/investment
change.

The welfare of US households decreases, measurable in dollar terms.
In S1, welfare decreases by $11.657 (−$13.101 to −$10.221) billion, and
in S2 and S3 by $53.656 (−$59.204 to−$48.300) and $179.318 (−$208.749
to −$153.495) billion, respectively (Supplementary Table 4). The shocks
affect each driver, but not to the same magnitude. Indeed, the productivity
shocks, driven by technical efficiency, represent a substantial portion of the
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welfare decrease for the household, while the other shocks have much
smaller effects. In contrast to theUS, thewelfare of households in the trading
partners increases, with the largest impacts for Canada, Oceania, and Latin
America.

Subsidies impact
Subsidies range from$98million (S1) to $612million (S3).According toour
estimates (Supplementary Table 10), the $98 million package covers only
1.2% of the total productive loss for the dairy, cattle, meat, and raw milk
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sectors in S1. This implies that the current subsidiesmakeup a small portion
of the losses supported by farmers and the entire agricultural supply chain.

Discussion
The economic impact of the current H5N1 outbreak in the United States
reveals losses that are comparable to real-world observations reported by
USDA, and in some scenarios, align with or even exceed those caused by
earlier outbreaks of livestock diseases such as bovine spongiform ence-
phalopathy (BSE) and foot-and-mouth disease (FMD) in the US and other
countries. Our estimates suggest that the short- to mid-term output loss
associated with the H5N1 outbreak corresponds to approximately 0.06% of
GDP in the current situation, with output losses in the dairy sector at 3.4%
compared to pre-H5N1 levels. Should the US fail to contain the outbreak,
our estimates suggest GDP losses of 0.28% and 0.91% under realistic and
worst-case scenarios, respectively, with output losses for the dairy sector
estimated at 9.32% and 20.6%.

According to a USDA note25, U.S. milk production declined by
approximately 8.5% between March 2024 and February 2025, falling from
18,800 to 17,200 million pounds. This outcome is broadly consistent with
our simulation, which projects short- to medium-term output losses in the
dairy sector ranging from 3.4% under the current situation (S1) to 9.3%
under the realistic scenario (S2). However, this pattern does not hold for
scenario S3, as milk production began to recover from February 2025
onward.

Several factors may explain this difference. First, we know now that
cows exhibit a relatively long immunity period26, making re-infection over
our projection horizon unlikely. Moreover, recent evidence suggests that
states with large dairy sectors have passed the peak of their epidemics by
early 20254. This implies that the outbreak subsided more quickly than
anticipated, allowing many animals to recover and boosting production.
Second, reports suggest that the new U.S. administration adopts a laissez-
faire approach towards the H5N1 outbreak and implements drastic cost-
cutting measures in public health, resulting in a reduction in the federal
workforce controlling the outbreak27. The likely reduction in surveillance,
biosecurity measures, and sub-optimal data collection is likely to result in a
smaller shock to production costs compared to our assumption. Finally,
sparse government communication on the outbreak likely leads to lower
attention in the U.S. media, thereby reducing the adverse shift in consumer
behaviour compared to our assumed shock27.

Our findings are comparable to estimates of the economic impact of
BSE. In the USA, the BSE outbreak in 2003 resulted in estimated total losses
to the beef industry equivalent to approximately 0.02% and 0.03% of GDP
(Supplementary Section 6)18, which is about half of our estimated GDP loss
caused byH5N1.However, it is worthmentioning that these losses were not
the result of a US domestic BSE outbreak, but rather came from trade
restrictions following the BSE crisis in theUK. In Brazil, the output losses to
the cattle and beef sectors were approximately 3% and 3.5%, respectively28.
In Northern Ireland, BSE resulted in estimated losses of 0.5% in regional
GDP and employment contractions of up to 0.6%, with over 75% of these
losses in the beef sector17.

The economic impacts of FMD outbreaks for previously disease-free
countries typically result inGDP losses ranging between 0.2% and 0.6%29. A
ten-year outbreak was simulated, projecting cumulative GDP losses of
around 0.26%ofUSGDP, and employment losses reaching 677,000under a
no-vaccination, depopulation-only containment strategy30. The domestic
welfare losses fromanFMDoutbreak inBrazilwere estimated to account for
approximately 0.013%of itsGDP (Supplementary Section6)31.On theother
hand, our analysis projects greater deterioration in US household welfare
under H5N1, with estimated losses of $11,657.43 million in S1 and up to
$179,317.66 million in S3, corresponding to 0.06% and 0.9% of US GDP,
respectively.

Our study has many limitations. Firstly, our analysis does not provide
an estimate of the overall impact of H5N1 on the agricultural sector in the
USA. The focus of our study is the dairy sector, supplementing existing
literature on the economic impact of H5N1 on the poultry sector32,33.

Second, the model assumes that labour markets adjust quickly, limiting its
ability to fully capture unemployment effects. To provide a more realistic
outcome of labour market responses, we adopt an approach that keeps real
wages fixed while allowing the quantity of unskilled labour to adjust
endogenously. Even with this modification, employment adjustments can
be counterintuitive in some cases; thus, underlying mechanisms are dis-
cussed in detail in the Supplementary Section 4. Third, some of the simu-
lated export increases may appear large in terms of percentage change;
however, the quantities produced at the sectoral level remainwithin realistic
adjustment ranges. In other words, while trade is increasing very sub-
stantially, this increase can be accommodated by the sectors because it
represents a relatively small share of total production. Themagnitude of this
percentage change should therefore not be over-interpreted. Themodel also
indicates a rise in US trade. While this is explained by the model’s
mechanics, such as factor reallocation, one could question the real-world
implications of an H5N1 outbreak boosting the manufacturing or services
sectors. Fourth, the model does not incorporate the uncertainty of the 2025
trade environment, characterised by escalating trade tensions and plausible
changes in tariff regimes, whichmay substantially affect current trade flows
and economic activity. Five, reducing sectoral detail through a less detailed
aggregation level can introduce aggregation bias, potentially impacting the
measurement of indirect effects and spillovers. However, our results are
strongly in line with the literature, reinforcing the strength of our results.

Importantly, the scenarios we discuss are hypothetical and, while
informed by empirical estimates from historical outbreaks, are unlikely to
exactly reflect the impacts of H5N1. Additionally, vigilant monitoring of
cattle and enhanced biosecurity practices are vital to detect any changes in
outbreak dynamics and eventually contain its spread. Given these con-
siderations, future research would focus on developing an integrated
epidemiological-economic framework that combines this economic model
with a mathematical model of H5N1 transmission in dairy cattle4. Such
integration would allow for more accurate evaluations of the magnitude of
shocks and the effectiveness of policy interventions. This would also
enhance our ability to simulate the value of prevention, mitigation, and
response strategies under different outbreak scenarios.

Despite the limitations, this study provides insight into the potential
economic impacts of anH5N1 outbreak for theUS and its trading partners.
These economic impacts would pale in comparison to the health and eco-
nomic impacts of an H5N1 outbreak among humans. Recent research
suggests that the virus has gained genetic mutations in the months since it
was first detected in cattle, increasing the risk of zoonotic spillover5,34.
Compared with ten months ago, the virus now has more opportunities to
adapt to its new mammalian hosts because of insufficiently controlled
transmission, resulting in increasing numbers of infections amongst cows
and other animals across the United States4.

Considering the high potential economic losses and the potential risk
to human health, the currently introducedmeasures are disproportionately
lax given the scale of the potential impact. We estimate that the current
subsidies for enhanced testing and biosecurity (around $98m) are covering
about 1.2% of the aggregate output loss of the dairy, cattle, and raw milk
sector due to the outbreak. There is robust research evidence on the eco-
nomic benefits of animal tracing systems. The European Commission
mandates that for the purpose of outbreak control, all bovine animal
movements, births and deaths must be electronically registered within
7 days to the authorities. There is no such nationwide tracing system in the
USA, although some states have introduced them. Animal tracking, com-
bined with enhanced monitoring and biosecurity, should help reduce the
risk of the current outbreak from escalating, reduce economic costs to
farmers, and mitigate the potential emergence of highly virulent
H5N1 strains with pandemic potential into human populations.

Methods
Description of the economic model
We use the Global Trade Analysis Project (GTAP) model14. The GTAP
model is a CGEmodel (Supplementary Fig. 1), widely chosen for economic
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analyses due to several key strengths that make it particularly suitable for
evaluating global trade, policy changes, external events, and economic
interactions. It is a multi-region, multi-sector CGE model, allowing for the
simulation of how economies respond to changes in policy, technology, or
external shocks by modelling the entire economy, including production,
consumption, trade, and government behaviour. It includes harmonised
data for over 140 countries and regions, allowing for consistent cross-
country comparisons and global impact assessments. GTAPmodels a wide
range of economic sectors, enabling detailed analysis of sector-specific
impacts, and it explicitly models bilateral trade flows using the Armington
assumption (which assumes similar goods from different countries are
imperfect substitutes) and includes international transportmargins,making
it highly realistic for trade analysis. The GTAP model, developed and
maintained by Purdue University, is widely used by multilateral organisa-
tions, including the World Bank, WTO, and IMF, as well as governments
and researchers internationally.

We have chosen the GTAPmodel for several reasons. First, it provides
a greater disaggregation of the agricultural sector than other CGE models,
distinguishing beef, dairy, cattle, rawmilk, crops, andothermeats. Second, it
captures trade flows between multiple regions, allowing for the analysis of
the H5N1 outbreak’s impact on the trade output of affected sectors. Third,
its general equilibrium nature enables the analysis of spillover effects across
sectors and regions. Lastly, it allows us tomodel the impact of H5N1 on the
supply chain, as dairy products are used inmany final goods of the food and
beverage industry, pharmaceuticals and nutraceuticals, animal feed, cos-
metics and personal care, and industrial uses as casein for adhesives, paints
and plastics, and lactic acid used in biodegradable plastics and food pre-
servation. Any disruption to the production of dairy products is likely to
have large spillover effects across multiple supply chains of the economy,
which are better captured with a CGE model.

The GTAP model consists of equations and a detailed database
(Version 11C, base year 2017) describing the behaviour of economic agents
(here, households, firms, and the government)15. Firms produce an output
using intermediate goods, and factors of production including Unskilled
and Skilled Labour, Capital, Land, and Natural Resources (Supplementary
Table 1). Dairy farming may require intermediate output, skilled and
unskilled labour (such as agricultural engineers and farm workers), capital
(which is invested in technology such as milking machines), land (for
grazing and housing dairy cows), and natural resources (the dairy cows).
Additionally, it is worth noting that we assume a constant elasticity of
substitution (CES) production function, which represents the firm’s ability
to substitute one input factor for another, including labour, capital, land, or
natural resources. In our analysis, which focuses on the short to medium
term, we assume all factors of production are imperfectly mobile between
sectors.

Next, households are assumed to maximise their utility from the
consumption of goods and services, subject to the constraints given by their
incomes.Households generate an income from supplying labour (for which
they receive wages) and capital (wealth they have accumulated). They also
receive government transfers, for example, social security payments or tax
breaks. Households spend their income on consumption, saving, and
paying taxes according to a constant difference of elasticities (CDE) utility
function. This means that as incomes increase, consumers adjust their
spending towards “luxury”goodswhile allocating less tonecessities, andvice
versa. It also implies that when the price of a necessity drops, people might
buy more of it (and vice versa). Alternatively, they may buy the same
quantity and use the savings they have made due to the price reduction to
increase their purchasing of luxury goods. This “choice” is dependent on
elasticities. This is relevant for our analysis here because dairy products are
considered necessities. In their consumption decision, households also
make a choice between domestic and imported goods, assuming they are
prepared to substitute one for the other and a rate governed by the
Armington elasticity. A higher Armington elasticity indicates that con-
sumers aremorewilling to switch betweendomestic and foreignproducts in
response to price changes. This elasticity is crucial for our analysis because it

measures how changes in the price of domestic dairy products affect
demand for imported ones. The government collects taxes from various
sources to finance public goods, transfers, and subsidies under a budget
constraint.

Additionally, the database (version 11C, base year 2017)14,15 uses social
accountingmatrices and input-output tables to represent the economy, and
parameters to capture behavioural responses. These databases offer gran-
ularity down to both sectoral and country levels, supporting meso- to
macro-economic analysis but not the direct modelling of individual
responses. Nested production functions account for the complete supply
chain, allowing for the modelling of spillover effects of a given shock. Dif-
ferentutility functions incorporatehouseholds’ aggregatedreactions toprice
and income. Demand is both domestic and international, accounting for
international responses.Welfare impact canbe evaluated, showing the effect
of a given shock on society. Different factors of production are accounted
for: labour (unskilled and skilled), capital, land, and natural resources.
Elasticities are also used to capture the relative responsiveness of each agent
and component to a specific economic shock.

We analyse the economic sectors of raw milk, dairy products, meat
products, and cattle, but also account for Grain & Crops, other meats,
processed food, andmanufacturing; all other sectors are aggregated into one
combined industry. Apart from the USA, we analyse Canada, Mexico,
Oceania, East Asia, Latin America, Western Europe, Other Asia and Africa
& theMiddleEast as theUS’s biggest tradingpartners for dairy products and
beef. All other countries are aggregated into ‘Rest of the World’ (Supple-
mentary Section 1). This disaggregation enables a detailed analysis of the
impact of H5N1 on the U.S., its various trading partners, and the spillover
effects on other sectors.

Scenarios
We estimate the economic impacts of three hypothetical scenarios,
informedby similarhistoric outbreaks.Wemakeassumptionson the spread
of H5N1 across the US, the change in domestic and export demand for raw
milk, dairy products and beef, the change in governmentmandates for cattle
movement and testing, treatment of affected milk, biosecurity measures,
and other government interventions like wastewater surveillance, Table 1.

Scenario 1 reflects the current situation. We assume there is no impact
on the meat sectors or trade and minimal impact on the supply of dairy and
raw milk markets. Scenario 2 reflects a realistic scenario where we assume
the outbreak expands to additional herds and states and where government
interventions intensify. We assume that disease spread remains limited, that
key US trading partners impose limited import restrictions for US dairy and
beef products, and that consumers and suppliers react across all markets
with changed demand. Scenario 3 reflects a reasonable worst-case situation,
assuming widespread economic impacts comparable to previous outbreaks
of H1N1 and BSE on the US economy (Supplementary Section 3). There is a
heightened awareness of H5N1 in public perception, causing both domestic
and international demand to substantially decrease, while suppliers are now
largely constrained by disease containment measures and cows’ decrease in
productivity. We also model that the US government mandates more
stringent restrictions on the dairy and beef agricultural sectors in scenario S3.

Economic shocks
Wemodel theH5N1outbreak inUScattle, the reactionof domestic demand
and trade, and the corresponding mandated government containment
measures as four exogenous shocks that impact the entire economy at
equilibrium. We distinguish four types of shocks: demand shock, supply
shock, international trade shock, and US government subsidies for dairy
farmers. The shock magnitudes differ by scenario (see Table 2).

The shocks and variables shown inTable 2 reflect themain disruptions
to domestic and export demand, reductions in supply, as well as
government-mandated containment measures and subsidies. First, by
affecting demand quantities (qpa), we account for demand shocks to raw
milk, dairy products, and beef (scenarios S2 and S3 only)28, driven by
reduced consumption due to fear of infection or changed preferences.
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Second, a supply shock is implemented by affecting total factor productivity
(aoall) and input productivity (afeall), resulting in productivity losses linked
to direct impacts of H5N1 on cattle, via reduced milk yields and livestock
mortality, and indirect impacts of containment efforts, includingbiosecurity
protocols, worker protection, testing, and restrictions on cattle
movement31,35. Third, through exports (qxs), we incorporate various inter-
national trade shocks that decrease export demand for U.S. raw milk, dairy
products, beef and cattle28. Fourth, with subsidy per sector (to), we imple-
ment a small fiscal shock representing government subsidies that partially
cover farmers’ losses from production declines, containment costs, and
veterinary expenses35. Elasticities are not directly impacted, except to
account for a short- to medium-run analysis along with the changes to
closures (Supplementary Section 1). A full sensitivity analysis on relevant
elasticities is conducted (Supplementary Section 5).

While hypothetical and surrounded by considerable uncertainty, our
scenarios are based on previous literature that estimates the impact of past
similar outbreaks, including Bovine Spongiform Encephalopathy (BSE) in
the 1980s and 1990s, and the 2009H1N1pandemic. AlthoughH5N1differs
in nature, these previous events offer a reasonable basis for estimating its
potential economic impact.

In particular, with respect to demand shocks, both from reductions in
domestic consumption and export demand, our estimates are informed by
nine papers. Devadoss et al.19 apply a general equilibrium approach to
estimating the impact of a foreign demand shock during the BSE in the US.
They suggest a 90% reduction in export demand for beef from the USA.
They considered three different scenarios, with (aggregate domestic and
export) demand reductions of 0%, 10% and 25%. Similarly, McDonald &
Roberts21 use a CGEmodel to model three scenarios where theymodify the
inter-industry coefficient for cattle by 25%and increase it for other livestock.
They reduce the consumption of meat by 10% and, through price mod-
ification, assume no cattle related trade. In other scenarios, they analyse the
importance of government intervention. Attavanich et al.22 base their esti-
mates on a survey conducted by the U.S. Meat Export Federation, which
found that 64%of respondents stopped eating pork in the short termduring
the H1N1 swine flu. Coffey, Brian et al.18 inferred a 20% drop in con-
sumption during BSE. Jin et al.20 estimate the impact of BSE with four
scenarios, assuming reductions in domestic beef consumption ranging from
5%to20%, and reductions inUSbeef exports between0%and100%.Huang
et al.24 analysed the Chinese chicken meat market’s response to an HPAI
outbreak, andhighlighted a number of adverse impacts on the consumption
and supply of chicken meat. They did not provide direct quantitative esti-
mates that we could use here, but they found that the outbreak’s impacts on
“chickenmeat supply and demandwere highest in 2004 and 2005when the
industry suffered considerable total losses equalling 4,496,700 tons” in
China. Ashworth & Mainland16 discuss the impact of BSE on consumer
behaviour. They show that at the peak of BSE between 1988 and 1990, the
consumption of beef decreased by 20%. They discuss a public opinion
surveywhich showed that 40%of peoplewere eating lessmeat and that 26%
wanted to stop consuming beef. Caskie et al.17 use an input-outputmodel to
study the economic impact of BSE at the regional level in Northern Ireland.
They show that slaughterhouses lost about 27% of their output and that the
final output at the farm level was reduced by 23%. At the sectoral level, the
beef sectors lost about 58% of the total income lost. They particularly
underline the substitution effect happening between sectors.

Sensitivity analysis
Given the high uncertainty of the shocks described previously, we conduct a
sensitivity analysis36. We report the results in terms of the 95% highest
density interval (HDI) for each variable of interest and assume a normal
distribution of our variables. We let each previously defined shock vary
independently within ±25% of its baseline value using a triangular dis-
tribution. We then apply Stroud’s third-order Gaussian quadrature meth-
ods to capture the uncertainty, preserving key statistical moments37. Finally,
we extract mean values and standard deviations of model outputs, defining
uncertainty intervals as ±2 times standarddeviations in linewith thenormalT
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distribution assumption (Supplementary Section 5). This approach is also
applied to relevant elasticities, the price elasticity of demand for consumers
and the Armington elasticity, as their reactions are uncertain. Results of this
sensitivity analysis are displayed in Supplementary Section 5. Overall, the
sensitivity analysis shows very robust results for Scenarios 1 and2, andmore
uncertainty surrounding Scenario 3.

Data availability
GTAP 11C Data Base and GTAP Model v7 are available to purchase from
the Global Trade Analysis Project (GTAP) at https://www.gtap.agecon.
purdue.edu/databases/v11/ and https://www.gtap.agecon.purdue.edu/
models/current.asp. All data needed to replicate our figures are available
at https://github.com/cm401/H5N1_economic_impact or https://doi.org/
10.5281/zenodo.17454141.

Code availability
This study can be fully replicated using the GTAP database. A replication
guide and all relevant code for reproducing the experiments are available
online: https://github.com/cm401/H5N1_economic_impact or https://doi.
org/10.5281/zenodo.17454141.
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Table 2 | Assumed short-to-medium-term shocks of H5N1 on the US dairy and cattle beef sectors

Effects of H5N1 S1 S2 S3 GTAP variables Sources

Demand quantities of raw milk 0% −15% −50% qpa Attavanich et al. 22; Ashworth & Mainland16; Caskie et al.17;
Condry et al.23; Coffey, Brian et al.18; Devadoss et al.19;
Huang et al.24; Jin et al.20Productivity of raw milk supply −5% −15% −50% aoall

Exportation quota on raw milk 0% −75% −90% qxs

Demand quantities of dairy 0% −10% −25% qpa Ashworth & Mainland16; Caskie et al.17; Huang et al.24; Jin
et al.20; McDonald & Roberts21

Productivity of dairy supply −2.5% −10% −20% aoall

Exportation quota on dairy 0% −15% −75% qxs

Demand quantities of meat 0% −5% −25% qpa Ashworth & Mainland16; Caskie et al.17; Devadoss et al.19;
Huang et al.24; Jin et al.20; Marsh et al.38; McDonald &
Roberts21Productivity of the meat supply 0% −5% −20% aoall

Exportation quota on meat 0% −15% −75% qxs

Productivity of cattle −2.5% −10% −20% aoall Ashworth & Mainland16; Huang et al.24; Jin et al.20; Marsh
et al.38; McDonald & Roberts21

Exportation quota on cattle 0% −15% −75% qxs

Subsidy $98m $300m $612m to Johnson, Renee39; U.S. Department of Agriculture40

Input productivity −1% −5% −10% afeall

Assumed shocks of the current H5N1 outbreak amongst dairy cattle (S1); assumed shocks under a realistic scenario (S2) and reasonable worst-case scenario (S3) of an insufficiently contained H5N1
pandemic amongst dairy cattle in the USA; export and demand are expressed in quantity reductions; input and supply impacts are expressed in productivity reductions, accounting for containment
measures. The magnitude of shocks is informed by the literature on past zoonotic pandemics, with the last column listing the respective references.
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