
Strategic vaccine stockpiles for regional epidemics of emerging viruses: A
geospatial modeling framework

Colin J. Carlson a,b, Romain Garnier a, Andrew Tiu a, Stephen P. Luby c, Shweta Bansal a,*

a Department of Biology, Georgetown University
b Department of Epidemiology of Microbial Diseases, Yale University School of Public Health
c School of Medicine, Stanford University

A B S T R A C T

Multinational epidemics of emerging infectious diseases are increasingly common, due to anthropogenic pressure on ecosystems and the growing connectivity of
human populations. Early and efficient vaccination can contain outbreaks and prevent mass mortality, but optimal vaccine stockpiling strategies are dependent on
pathogen characteristics, reservoir ecology, and epidemic dynamics. Here, we model major regional outbreaks of Nipah virus and Middle East respiratory syndrome,
and use these to develop a generalized framework for estimating vaccine stockpile needs based on spillover geography, spatially-heterogeneous healthcare capacity
and spatially-distributed human mobility networks. Because outbreak sizes were highly skewed, we found that most outbreaks were readily contained (median
stockpile estimate for MERS-CoV: 2,089 doses; Nipah: 1,882 doses), but the maximum estimated stockpile need in a highly unlikely large outbreak scenario was 2–3
orders of magnitude higher (MERS-CoV: ~87,000 doses; Nipah ~ 1.1 million doses). Sensitivity analysis revealed that stockpile needs were more dependent on basic
epidemiological parameters (i.e., death and recovery rate) and healthcare availability than any uncertainty related to vaccine efficacy or deployment strategy. Our
results highlight the value of descriptive epidemiology for real-world modeling applications, and suggest that stockpile allocation should consider ecological,
epidemiological, and social dimensions of risk.

1. Introduction

Recent decades have witnessed a marked increase in animal-to-
human spillover of pathogens with epidemic and pandemic potential,
likely as a result of changes in ecosystem function, agriculture, climate,
and human-wildlife contact [10,18,39,53,54,65]. Due to rising global
mobility, a greater proportion of these outbreaks have become serious
epidemics [11,63,84,66,89]. The 2012 emergence of the Middle East
respiratory syndrome coronavirus (MERS-CoV) marked the start of a
decade of prolonged multinational outbreaks of viruses that have
conventionally been seen as readily contained by a rapid response
[19,38]. In the time since, this pattern has recurred in regional epi-
demics of Ebola virus [46], explosive epidemics of mosquito-borne
diseases in the Americas [72], the Covid-19 pandemic, and most
recently, the 2022 global mpox outbreak [3].

The scale of these outbreaks—and the challenges of non-
pharmaceutical interventions at those scales—have increasingly made
vaccination the first (and sometimes only) line of defense. After the 2014
epidemic inWest Africa, vaccines have become a standard component of
Ebola virus outbreak response [81,100,102]; similarly, Vaccinia-based
vaccines developed for smallpox are also effective against mpox [80],

and were instrumental in containing the 2022 outbreak. For novel
pathogens, lineages, or variants, the speed of the R&D pipeline has been
a subject of historical concern [104], but the Covid-19 pandemic has
demonstrated the feasibility of comparatively rapid manufacturing and
rollout, as well as the value of investments in novel vaccine platform
technologies [101,22, 70]. Anticipated progress towards the develop-
ment of universal vaccines will further improve preparedness for novel
pathogens [7,23].

Proactive investments in vaccine stockpiles could help contain out-
breaks earlier, and prevent larger epidemics and pandemics altogether
[52]. Equally important, they could reduce the drastic inequity that has
resulted from Global North monopolization of intellectual property,
manufacturing capacity, and vaccine allocation that has been a hallmark
of both the Covid-19 and mpox responses. Though the optimal design of
vaccine stockpiles is a familiar problem in quantitative epidemiology
[67, 91, 93], less work has explored application to emerging pathogens
[60].

Here, we develop a stochastic geospatial modeling framework that
accounts for multiscale dynamics of disease emergence, including
spillover risk, spatial heterogeneity in population distribution and
healthcare infrastructure, and spatial connectivity via human mobility.
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We demonstrate how vaccine stockpiling can be approached as a spatial
design problem, and highlight where future work can reduce model
uncertainty.

2. Methods

Our project was conducted in 2019 as a quantitative exercise in
support of the Coalition for Epidemic Preparedness Innovations (CEPI),
which coordinates a global effort to develop novel vaccines and vaccine
technologies that can reduce epidemic and pandemic risk. Since 2017,
CEPI has funded the development of several dozen vaccine candidates,
with a core focus on six priority pathogens (Lassa virus, MERS-CoV, Rift
Valley fever, Nipah virus, chikungunya virus, and Ebola virus), as well as
(since 2020) Covid-19 and other coronaviruses yet to emerge. In service
of that effort, our project modeled the vaccine stockpile needs that
would arise in a major regional multi-national epidemic of two of these
pathogens (Nipah virus and MERS-CoV). Our models are intended to
reproduce the characteristics of real, historical outbreaks of these
pathogens. While concerns have been raised that new lineages of either
pathogen could arise with greater capacity for human-to-human trans-
mission [87,64,87,64], we focus here on regional epidemics rather than
high transmissibility scenarios in which global mass vaccination would
be necessary. To address other aspects of uncertainty, we conduct
sensitivity analysis on over a dozen epidemiological parameters, and
highlight the impact of data gaps.

Features our focal pathogens share include (1) frequent zoonotic
(animal-to-human) spillover, (2) an anticipated risk of unexpectedly-
large regional outbreaks, and (3) ongoing vaccine development ef-
forts. Nipah virus is a bat-origin virus that was first described from a
1998 outbreak in Malaysia. Since then, there have been sixteen ree-
mergence events with most occurring in Bangladesh (10 outbreaks) or
India (6 outbreaks) [35]. Secondary transmission is limited but
nontrivial, with outbreaks usually limited to a few dozen cases [74].
Most recently, in August 2023, an unusually large outbreak occurred in
Kerala, India, with 30 cases of infection, and approximately half
involving human-to-human transmission [92]). Similarly, MERS-CoV
also likely originated in bats [6], but is maintained in domesticated
camels. Though its capacity for human-to-human spread has so far been
middling (particularly compared to SARS-CoV-2) [31], over 2,600 cases
have been reported since 2012 in over two dozen countries, with 84 % of
cases occurring in Saudi Arabia [107]. Despite limited evidence of
community spread, both Nipah and MERS-CoV have a notable track
record of spreading in healthcare settings: in the 2015 outbreak of
MERS-CoV, a single infected patient seeking treatment at multiple fa-
cilities in South Korea sparked an outbreak of 186 cases, including 25
healthcare workers [59,49]; during the 2018 Kerala outbreak of Nipah
virus, nosocomial transmission accounted for most or all secondary
cases [8], and more limited instances have been reported in smaller
outbreaks [90,86].

We focus our attention on a geographic region for each pathogen: for
Nipah, our focal region consists of India and Bangladesh in the Indian
subcontinent; for MERS-CoV, our focal region consists of 21 countries of
the Middle East and Northeast Africa (Bahrain, Djibouti, Egypt, Eritrea,
Ethiopia, Iran, Iraq, Israel, Jordan, Kuwait, Lebanon, Oman, Palestine,
Qatar, Saudi Arabia, Somalia, South Sudan, Sudan, Syria, United Arab
Emirates, and Yemen).

To estimate vaccine stockpile needs for these two pathogens, we
developed a multilayer modeling framework that predicts local and
regional epidemiological dynamics post-emergence. Our approach ac-
counts for geographic heterogeneity in both spillover risk and human-to-
human transmission, drawing on previous frameworks developed for
Ebola virus and influenza [84,77,15]. As a novel extension, we added a
third layer for vaccination, with multiple strategies represented. All
simulations and analyses were conducted in Python 3.7 and R 3.5.

Stage 1. Ecological risk factors for emergence.
Fine-scale mapping of spillover risk poses a substantial challenge,

particularly for pathogens with only a few dozen recorded animal-to-
human transmission events. Machine learning is often used to predict
hotspots of spillover intensity, including for Nipah [26,76,98] and
MERS-CoV [85], but these approaches are sensitive to surveillance gaps,
andmay be prone to surprises (i.e., outbreak risk may be underestimated
in areas where spillover has not been previously observed). For a more
flexible approach, we examined a set of basic geospatial datasets that
captured animal reservoirs and their contact patterns with humans, and
aimed to identify a subset that were reflective of known outbreak history
[26,83]. (More details can be found in the Supporting Information).

Since its emergence in 1998, Nipah virus has exhibited two broad
syndromes of spillover risk. Sometimes, the virus reaches humans
through an intermediate host, such as pigs (in the 1998 outbreak in
Malaysia) [82]or horses (in the 2014 outbreak in the Philippines [21]. In
Bangladesh, where Nipah virus spillover occurs more regularly, the virus
has reached humans directly from bat reservoirs, usually through date
palm sap contaminated with bat secretions. We chose to use the richness
of known bat host species as a coarse proxy for viral circulation in res-
ervoirs, and therefore as a reasonable first-principles approximation of
risk [78]). We also explored additional predictors that captured the
conversion of intact forest to agricultural mosaic landscapes or palm
monoculture. [68,33,14]. These datasets correctly approximated some
facets of outbreak history: in particular, forest cover (and so deforesta-
tion) is relatively high in Kerala, and date palm production is moderately
high in southern Bangladesh. However, in aggregate, these factors
would suggest a high level of risk in eastern and northeastern India, and
low risk in Bangladesh or west Bengal, where most known spillovers
have occurred; therefore, we decided not to use them in our analysis (see
Supporting Information).

Although MERS-like coronaviruses are found in bats worldwide
[6,75,71], the origin of MERS-CoV appears to have been a single bat-to-
camel transmission event; the virus has since jumped from camels to
humans at least 200 times [83], almost exclusively in livestock keeper
populations. Although MERS-CoV circulates in camels throughout
northern Africa, the Arabian peninsula, and even southern Asia [27]),
reported spillover events have historically been confined to Saudi Ara-
bia, Qatar, Oman, and the United Arab Emirates [83]. However, sero-
logical studies have found evidence of MERS-CoV exposure in Kenyan
livestock handlers [62,55], and during the preparation of the study, an
active case cluster indicative of spillover was finally identified in Kenya
[73]. We estimated the risk of spillover based on the average of two
scaled, log-transformed predictors ( Figure S2): the number of camels,
based on unpublished data from the United Nations (UN) Food and
Agriculture Organization (FAO)’s Gridded Livestock of the World study
[40]; and the human population employed in the agricultural sector
[97].

Each predictor layer was aggregated from raster layers to an
administrative polygon selected based on the spatial extent and popu-
lation density in the region (state or equivalent first subnational level [i.
e., ADM-1] for MERS-CoV, and second subnational administrative level
[i.e., ADM-2] for Nipah). These predictor layers were rescaled between
zero and one, and for MERS-CoV, the two component layers were
averaged ( Fig. 1). Both of the final risk surfaces reasonably approximate
the geography of historical spillover events (see Appendix S1), while
identifying much broader areas where outbreaks could plausibly start
someday. We therefore used these layers to drive our simulations, and
seeded outbreaks based on a random multinomial sample of adminis-
trative units weighted by their scaled emergence risk.

Stage 2. Epidemiological dynamics post-emergence.
For both pathogens, we modeled human-to-human transmission

using a standard susceptible − exposed − infectious − resistant (SEIR)
compartmental model, simulated on a metapopulation of administrative
units (ADM-1 for MERS and ADM-2 for Nipah) with significant within-
population structure. Unless otherwise specified, epidemiological pa-
rameters used in the model were estimated from clinical reports (e.g.,
[9]or gray literature (e.g., fact sheets from the U.S. Centers for Disease
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Control and Prevention or the World Health Organization). The same set
of parameters was included in bothmodels ( Table 1), with the exception
of asymptomatic rate: whereas subclinical cases of Nipah virus are
generally presumed rare [57,74], we assumed that a significant portion
of MERS-CoV cases are likely to be subclinical [16,42,5]. For these
subclinical MERS cases, we assumed that they would be both non-
infectious (transitioning directly from the exposed to recovered class)
and functionally asymptomatic (and therefore do not trigger ring
vaccination) given limited evidence for asymptomatic MERS trans-
mission [42,30].

Each administrative unit was treated as a distinct population, with a
total estimated size based on Gridded Population of the World version 4
[20]. Outbreaks spread spatially based on a gravity model ( Fig. 1;
additional details in the Supporting Information), which scales proba-
bility of infection based on the distance between and population sizes of
any two areas; this approach has been previously shown to be a
reasonably accurate proxy for epidemic spread at large scales [11].
Outbreaks spread across populations based on either travel of infected
(but not hospitalized) persons to new areas, or travel of susceptible
persons from new areas to areas with ongoing outbreaks.

Within each population, we modeled multiple layers of transmission.
All individuals started in the community layer (i.e., population), with a
single infected case to initiate an outbreak. Frequency-dependent
transmission was allowed to occur across the entire community, where
new infections were generated at time t a rate of βI(t)/N. Transmission

within closer contact networks was modeled as a second layer, where
each new infection from community transmission would expose a new
“household” (close contact network) to elevated risk, based on an
average number of within-household or otherwise close contacts τ
estimated from previous outbreaks of both Nipah virus and MERS-CoV
[44,30]. This higher-risk proportion of the social network expanded as
a function of the cumulative number of infections from community
transmission I(∞), and new infections were generated at a rate of
βI(t)/(τI(∞)).

Finally, we treated hospitalization and nosocomial transmission as a
distinct layer of population structure. Infected persons were randomly
hospitalized at a daily rate, based on literature estimates of average time
to hospitalization for MERS-CoV in Saudi Arabia [30]and, as a proxy for
Nipah virus, malaria in India [108,88]; new data on Nipah virus out-
breaks in Bangladesh, published during our study, support this
approximation [74]). We assume that patients are not isolated imme-
diately, and thus allow nosocomial transmission was also assumed to be
frequency dependent, where hospitalized patients H infected a mix of
other patients and healthcare workers M at a rate of βH(t)/M. We used
World Bank estimates of beds per 1,000 persons at a national level to
estimate hospital capacity [103], and assumed 25 % of beds were
occupied at the start of an outbreak. We used the same source for na-
tional estimates of the number of clinicians per 1,000 persons, and
assumed that supplemented with additional data from the World Health
Organization and local ministries of health when necessary (e.g., for

Fig. 1. Spatial heterogeneity driving simulated epidemic dynamics. For both Nipah virus (A,B) and MERS-CoV (C,D), simulations happen in two stages: outbreaks are
generated, and then spread on a human metapopulation. In the emergence stage, spillover risk is generated from mechanistic predictions and scaled from 0 to 1 (A,C).
In the epidemic stage, spread is governed by population density, healthcare access, and a gravity model for traveler frequency (B,D; network edge weight indicates
relative traveler volume; and only larger population centers are shown for visualization purposes). The countries included in the regions are listed in Tables S1 and S2
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South Sudan and Palestine; Tables S1 and S2). Because no finer-scale
data was available, we assumed that healthcare workers were distrib-
uted proportionally to population within countries across administrative
units. We also assumed that, due to behavioral risk reduction, access to
personal protective equipment, and other factors [45], patient-clinician
contact is significantly lower risk than contact within the general
population.

Stage 3. Vaccination
A number of vaccine candidates are already in various stages of

development and clinical trials for both MERS-CoV and Nipah virus
[36,29,17,69,4,51], but so far, none have been licensed for use in human
populations. Given the resulting uncertainty, and for modeling
simplicity, we assumed a one-dose regimen for both vaccines, as indi-
cated in the target product profile from the WHO [105, 106]. We also
assume that vaccination results in sterilizing immunity (vaccinated in-
dividuals are no longer susceptible), but that immunity takes time to be
conferred, that efficacy is less than 100%, and that there could be delays
in vaccine availability after public health response is first mobilized.

In epidemic simulations, we examined three possible strategies for
vaccination: (1) Vaccination of healthcare workers only: once vaccina-
tion thresholds are passed and vaccines are available, all healthcare
workers are rapidly vaccinated. (2) Healthcare worker vaccination as in
scenario 1, plus ring vaccination: once vaccination thresholds are passed
and vaccines are available, the individuals in contact with a sick person
(i.e., all those within the household layer) are vaccinated within 10 days.
However, a small proportion of contacts are assumed to be missed by
this process, allowing some onward transmission to slip through. (3)
Healthcare worker and ring vaccination as in scenario 2, plus catch-up
vaccination: after an additional delay to allow for contact tracing, all
“missed contacts” are also identified and vaccinated.

Model implementation and sensitivity analysis.

Epidemic simulations were stochastic at every level, requiring a
substantial number of iterations to fully sample the possible range of
outbreaks. For both pathogens, we simulated 10,000 outbreaks until 10
days after the last case appeared (in communities or hospitals), or for a
maximum of one calendar year (365 days), at which point simulations
were interrupted. In our model, R0 is dependent not only on trans-
mission rate, but also on recovery rate, death rate, and time to hospi-
talization. We approximated R0 in the community layer for a
deterministic formulation of our model, and found that the R0 value
ranged from 0.31 to 1.03 (mean ± s.d.: 0.57 ± 0.15) for Nipah virus and
0.07 to 0.41 (mean ± s.d.: 0.21 ± 0.09) for MERS-CoV. (The large dif-
ference between these estimates is due to the effect of including non-
infectious asymptomatic cases of MERS-CoV.).

Because simulations had several layers of complexity, and not all
parameters were equally supported by peer-reviewed literature, we
conducted a global sensitivity analysis to evaluate how vaccine stockpile
needs changed in response to model parameterization. We selected 12
parameters for Nipah virus (excluding asymptomatic rate, which is
negligible) and 13 parameters for MERS-CoV, and chose not to examine
variation in transmission rate β, given that estimates were based on data
from previous outbreaks. We executed the sensitivity analysis using
Latin hypercube sampling (LHS) to select 50 parameter sets with non-
overlapping values from the ranges reported in Table 1. We then
analyzed the results of the sensitivity analysis using generalized linear
mixed models (GLMMs) to characterize how the number of vaccine
doses was explained by each parameter.

3. Results

Vaccine stockpile needs.
Regardless of pathogen or vaccination strategy, we found that the

majority of simulated outbreaks only required a few thousand vaccine
doses for containment. This was unsurprising given the epidemiology of
both pathogens, which has historically been self-limiting except in rare
cases. Our simulations reproduced this dynamic intentionally: in
roughly a quarter of MERS-CoV simulations, and nearly a third of Nipah
virus simulations, index cases failed to produce any secondary cases
(and so no vaccines were deployed).

We examined the number of doses needed across a range of quantiles
as a way of capturing different levels of acceptable risk for stockpile size
( Table 2). Even with full ring and catch-up vaccination, only ~ 2,000
doses were needed to contain a median-sized outbreak of either path-
ogen. However, our simulation also reproduced a strong overdispersion
of outbreak sizes, where the largest epidemics were several orders of
magnitude larger than the median. In the 99th percentile of outbreaks,
around ~ 150–180,000 doses of Nipah vaccines and ~ 50,000 doses of

Table 1
Key epidemiological parameter estimates used in the simulations, and parameter
ranges explored in the global sensitivity analysis. (Abbreviations: HCW =

healthcare worker; s.d. = standard deviation.).

MERS-CoV Nipah virus
Parameter Estimate Range Estimate Range

Transmission rate (per day per
person)(β)

0.225 – 0.40 –

Rate of progression to infectious
(per day)

1/6 (1/14, 1/
2)

1/8 (1/14, 1/
5)

Recovery rate (per day) 1/30 (1/40, 1/
2)

1/10 (1/15, 1/
3)

Case fatality rate (per day) 1/12 (1/20, 1/
5)

1/3 (1/10, 1/
2)

Asymptomatic rate 0.70 (0.30,
0.90)

0.0 –

Number of contacts (mean)(τ) 11 – 20 –
Number of contacts (s.d.) 4 – 16 –
Delay for contact tracing (days) 7 (1, 14) 7 (1, 14)
Number of missed contacts
(mean)

3 – 3 –

Number of missed contacts (s.
d.)

5 – 5 –

Mean time to hospital (days) 6 (3, 12) 3 (1, 10)
Proportion of risky contacts for
HCWs

0.05 (0, 0.5) 0.05 (0, 05)

Vaccine efficacy 0.75 (0.30,
0.95)

0.75 (0.30,
0.95)

Time from vaccination to
protection (days)

14 (7, 28) 14 (7, 28)

Cases to initiate vaccination
(per district)

2 (1, 10) 2 (1, 10)

Time until vaccine availability
(days)

7 (1, 28) 7 (1, 28)

Ring vaccination rate 1/10 (1/14, 1/
4)

1/10 (1/14, 1/
4)

Healthcare worker vaccination
rate

1/3 (1/7, 1) 1/3 (1/7, 1)

Table 2
Number of doses used at the end of one year (average across simulations). Full
distributions are visualized in Figure S3.

Percentile of
outbreak size

Vaccination strategy 1:
healthcare workers only

Vaccination
strategy 2:
1 + ring
vaccination

Vaccination
strategy 3:
2 + catch-up
vaccination

MERS-CoV
Median 1,236 1,523 2,089
75th 5,944 6,561 6,826
90th 15,191 15,426 16,321
95th 21,096 20,929 21,647
99th 53,638 48,542 50,212
Maximum 84,367 102,788 86,690
Nipah virus
Median 1,246 1,859 1,882
75th 5,260 6,207 6,168
90th 12,313 14,202 14,181
95th 23,396 29,507 29,532
99th 185,747 162,400 151,320
Maximum 2,105,972 1,019,554 1,128,042
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MERS-CoV vaccines could be needed; in the maximum-sized outbreaks
we simulated, up to ~ 1–2 million doses of Nipah vaccines and ~
85–100,000 doses of MERS-CoV vaccines could be needed during the
first year of an epidemic. These estimates were generally independent of
vaccination strategy; the increased number of doses needed for more
intensive strategies were generally compensated for by reductions in
transmission. However, in the largest Nipah virus outbreaks, we found
that community vaccination substantially reduced total needs compared
to only vaccinating healthcare workers.

Along this gradient of outbreak sizes, the geography of vaccination
needs changed substantially ( Fig. 2). Larger outbreaks were more likely
to reach major population centers, especially for Nipah virus, for which
simulated spillover risk was independent of population density. As a
result, vaccination needs in smaller outbreaks more closely tracked
spillover risk, while in larger outbreaks, the greatest needs were in cities
like Riyadh, Saudi Arabia or Delhi, India. In a major outbreak, vacci-
nation needs in these cities could easily be 3–5 orders of magnitude
greater than in rural areas. While this pattern reflected an obvious
relationship with population density, it was also heavily driven by the
geography of healthcare: for example, vaccination needs were much
higher in the high-income parts of the Arabian peninsula than in com-
parable African cities, due to much higher numbers of healthcare
workers.

Sensitivity analysis.
In both models, sensitivity analyses found that the strongest de-

terminants of stockpile size were those that shaped R0 and therefore
final outbreak size ( Fig. 3). Both a higher death rate and a higher re-
covery rate could substantially decrease transmission and shorten
outbreak duration, while increased delays in hospitalization left more
time for uninterrupted community transmission and spatial spread

across administrative areas.
In the Nipah virus simulations, the total community vaccination was

also somewhat increased by aspects of vaccine rollout, including delays
in vaccine availability and, to a minor degree, delays in protection
conferred. The effect of both was even less pronounced in the full model,
confirming that their effect was through vaccination mediating R0 in the
community.

For MERS-CoV, the effects of other parameters were more idiosyn-
cratic. Higher asymptomatic rates and, to a minor degree, higher vaccine
efficacy both had a similar effect to death and recovery rates, in both
cases by creating more dead ends for onward transmission. Increasing
the case threshold for vaccination similarly resulted in delayed
containment and increased total community vaccination needs. When
healthcare worker vaccination was included, this pattern inverted, due
to the design of the simulation exercise: because nosocomial trans-
mission dominated the simulated MERS-CoV outbreaks, higher case
thresholds for vaccination and longer delays to vaccine availability both
reduced total doses needed, simply by shortening the period over which
healthcare worker vaccination was occurring. Total vaccination needs
also decreased with a higher asymptomatic rate, and to a lesser degree,
with incubation period.

4. Discussion

Using our multiscale modeling framework, we estimated that a few
thousand doses would probably be able to suppress a typical outbreak of
either pathogen, but an active stockpile of fewer than 1 million doses of
MERS-CoV vaccine and at most 2–3 million doses of Nipah virus vaccine
will very likely be sufficient for the first year of an acute regional
epidemic. Actual needs will be determined by basic epidemiology,

Fig. 2. Spatial heterogeneity in predicted outcomes. Vaccination needs for Nipah virus (A,B) and MERS-CoV (C,D), based on the mean (A,C) or maximum (B,D)
estimated stockpile size (including ring, catch-up, and healthcare worker vaccination) across 10,000 simulations.
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vaccine quality, and deployment strategy, but overall, we found that our
estimates were generally robust to these uncertainties. This places our
estimated needs comfortably within the range of comparable stockpiles;
for example, the WHO’s global stockpiles of oral cholera vaccine and
yellow fever vaccine both began with a baseline of 2 million doses, and
the latter was increased to 6 million doses in 2016 to manage the
growing number of outbreaks in both Africa and South America.

More broadly, our study demonstrates that stockpile design is a
spatially-structured problem. A significant body of work recognizes that
epidemic dynamics of many infectious diseases are heavily shaped by
several aspects of human behavior, including animal-human contact
[79,31,43], multiscale mobility [11,24], social contact networks [13],
patient-clinician interactions [25,96], and several facets of epidemic
response. Our study establishes a parsimonious and generalizable
framework for simulating these dynamics on real landscapes, parame-
terized with multiple sources of real-world data, without the opacity,
complexity, and computational cost frequently associated with agent-
based approaches [2,95]. While our quantitative predictions are
dependent on the model structure and parameters driven by data
availability, and social and environmental disruptions that increase
population density, contact, or mobility may alter these predictions
[94,48], our work qualitatively highlights that a spatially-structured
emergence and transmission risk landscape leads to geographically
heterogeneous stockpile needs.

Developing this modeling framework also highlights how scientific
uncertainty is unevenly distributed across different stages of the disease
emergence process [77]. For both pathogens, we found that mechanistic
proxies had a limited ability to generate realistic landscapes of spillover
risk. Datasets cataloging prior spillovers are also workable as a proxy for
risk [60]), but would have failed to anticipate major recent outbreaks of
both pathogens we examined here [8,73]. In the future, global databases
of wildlife disease prevalence could be used to develop more precise
maps of spillover risk. However, our simulations suggested that this
layer of uncertainty is not the most important for stockpile design; in a
regional emergency, optimal vaccine allocation will mostly need to track
population density and healthcare availability. This finding tracks with
previous work simulating Ebola virus epidemics, which found that only
14 % of variation in final spatial extent was determined by outbreak
origin [56].

Within the process of human-to-human transmission, we found that
the strongest predictors of final epidemic size (and therefore vaccine

stockpile needs) were basic disease characteristics like case fatality and
symptomatic rates. This finding underscores the importance of
descriptive epidemiology [61,37], and the value of studies that revisit
historical outbreaks, in order to better calibrate stockpile needs. Ability
to access healthcare was also a key determinant of outbreak progression,
underscoring the risk that devastating epidemics will start at the edge of
surveillance systems and go undetected for weeks to months [41,99,50].
In contrast, we found that stockpile needs were largely insensitive to the
specific features of different vaccines or their distribution. While basic
principles of outbreak response generally hold—vaccines that confer
sterilizing immunity at a high rate are the most useful for containing
outbreaks, and effective community vaccination will best reduce the
burden on healthcare systems—a sufficiently large stockpile of any
vaccine could be an essential life-saving countermeasure in the coming
decade. Given concerns that more transmissible viral variants or rela-
tives exist in reservoirs, and the high probability of another pandemic
comparable to Covid-19 in the coming decades [66], the ethical im-
peratives and financial incentives to establish these stockpiles are sub-
stantial. With future progress on the global health security challenges of
vaccine equity, vaccine hesitancy, supply chain and cold chain infra-
structure, and global health data sharing and coordination, vaccine
stockpiles can hold the promise of rapid and effective response to
emerging disease outbreaks.
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