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Summary
Climate change is one of several drivers of recurrent outbreaks and geographical range expansion of infectious
diseases in Europe. We propose a framework for the co-production of policy-relevant indicators and decision-
support tools that track past, present, and future climate-induced disease risks across hazard, exposure, and
vulnerability domains at the animal, human, and environmental interface. This entails the co-development of
early warning and response systems and tools to assess the costs and benefits of climate change adaptation and
mitigation measures across sectors, to increase health system resilience at regional and local levels and reveal
novel policy entry points and opportunities. Our approach involves multi-level engagement, innovative meth-
odologies, and novel data streams. We take advantage of intelligence generated locally and empirically to
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quantify effects in areas experiencing rapid urban transformation and heterogeneous climate-induced disease
threats. Our goal is to reduce the knowledge-to-action gap by developing an integrated One Health—Climate
Risk framework.

Copyright © 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Introduction
The emergence, transmission, and geographic range
expansion of infectious diseases are driven by global
environmental change (including population mobility)
and socio-political factors.1 Moreover, changes in
climate and land use will offer new prospects for viral
sharing between wildlife, that were previously
geographically separated.2 Under these novel circum-
stances, species redistribution can foster the emer-
gence of zoonotic spillover events that are a potential
threat to public health. Of particular concern are
zoonoses that rely on invertebrate vectors for their
transmission to vertebrate hosts (pherozoonoses).
They include insect-borne diseases such as West Nile
fever, Dengue, Chikungunya, Leishmaniasis and tick-
borne diseases such as tick-borne encephalitis, Lyme
disease, and Crimean-Congo haemorrhagic fever.
Other zoonoses are also of concern, such as leptospi-
rosis, campylobacteriosis, vibrio spp infections or
Escherichia coli O157:H7, that manifest themselves
clinically in humans but only subclinically in animals
(cryptozoonoses). What they have in common, is a
transmission pathway through an environmental
compartment which makes them climate-sensitive.
For example, invertebrate vectors are subjected to
climate-dependent survival and reproduction rates
which affects their transmission potential.3 In
contrast, zoonoses with a self-sustaining human-to-
human transmission cycle, such as SARS-CoV2 and
influenza viruses, are less climate sensitive.4 The
climate-sensitive nature of these zoonoses has been
documented for West Nile virus in North America and
Europe, which is sustained by wild bird interactions
with Culex bridge vectors5,6; for chikungunya in Asia,
Latin America, North America and Europe7; and for
dengue globally through Aedes mosquitoes3; for Lyme
disease in North America and Europe, spread by tick
vectors.8 Whilst there has been a global reduction in
malaria incidence in recent decades due to socioeco-
nomic development and healthcare improvements, a
warming climate has been associated with the
geographical expansion of malaria to higher altitudes
and latitude, and smaller outbreaks have re-emerged
also in Europe.9 Climate change also intensifies the
hydrologic cycle, leading to more intense extreme
rainfall events, flooding, storm surges and droughts—
with implications for water-borne diseases. For
example, flooding has been associated with Leptospi-
rosis outbreaks,10 and warming oceans can accelerate
the replication of marine bacteria, such as pathogenic
Vibrio spp.11 Moreover, other highly seasonal water
and food-borne diseases—such as Salmonella and
Campylobacter—are strongly associated with air tem-
perature changes during the summer season.12,13

In the context of climate change, the Intergovern-
mental Panel on Climate Change (IPCC) defines risk as a
dynamic interaction between a climate-related hazard,
exposure to and vulnerability of affected human or
ecological systems.14 Hazards, exposures, and vulnera-
bilities vary across human populations and are subject to
uncertainty in terms of magnitude and likelihood of
occurrence, depending on spatio-temporal variation in
socioeconomic characteristics, and differences in risk
management, adaptive capacity, and mitigation strate-
gies. When considering climate-sensitive infectious dis-
ease transmission risk, these risk determinants (i.e.,
hazard, exposure, vulnerability) interact further across
domains of human, animal and environmental health.
For example, various weather and climatic conditions
may influence the reproduction and survival of animals,
disease vectors and pathogens. This affects the
geographic range, subsequent exposure, and trans-
mission potential of pathogens whilst other biological,
ecological, demographic, social, and structural factors
may influence vulnerability to these infectious diseases.
In that sense, the social determinants of health are
important to take into account because they are key to
understanding the distribution of infectious diseases and
their related factors.15 Therefore, indicators that monitor
climate-sensitive infectious diseases should account for
these complex interactions and their respective contri-
bution to the risk of infectious disease geographical
emergence, transmission and spread. To meet these
evolving challenges in the preparedness and response to
climate-sensitive infectious diseases, a paradigm shift is
required that addresses animal, human, and environ-
mental health in an integrated, unifying approach (i.e.,
using the One Health perspective),16,17 as opposed to
siloed approaches (i.e., ones that are focused solely on
human health, or on climate risk).

The resilience of the public health to climate-
sensitive infectious diseases pertains to its capacity to
www.thelancet.com Vol 32 September, 2023
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withstand and effectively manage the threats posed by
changes in risk of infectious disease due to a changing
climate. It involves the system’s preparedness,
strengthening of core capacities and adaptability to new
and unexpected stress. Decision-support tools and
evidence-based interventions are pivotal in adapting to
the new situations by facilitating strategies, resource
allocation and implementation of adaptation measures.
This includes using decision-support tools for
response actions and the ability to optimally scale up
interventions under resource constraints. Whilst some
tools for short- and long-term prediction of the risk of
climate-sensitive infectious disease outbreaks exist,
there are still a limited number of operational, usable,
and accessible decision-support tools for early warning
of possible outbreaks.18 Further, much of the data
required to support and parameterise these tools is not
available, and analyses are currently insufficient.

Here, we share our combined experience as the IDA-
lert consortium which was brought together to research
and tackle the geographical emergence and transmission
of climate-sensitive infectious diseases in Europe (and
beyond), informing cross-sectoral policy while improving
the long-term and upstream climate resilience of health
systems to infectious disease risks. Building on both the
IPCC’s framework to climate risk and the One Health
perspective to integrated animal, human and environ-
mental health surveillance, we propose a holistic and
comprehensive approach to tackling the emergence,
transmission, and dispersion of infectious diseases
(Fig. 1). We do it by applying a transdisciplinary “Inte-
grated Knowledge-to-Action framework” which combines
Fig. 1: Integrated One Health–Climate Risk approach. A.) Illustration of t
animal, human and environmental health) in the IPCC’s framework of ris
exposure (i.e., presence of people, livelihoods, species, ecosystems, resour
and vulnerability (i.e.,propensity to be adversely affected) to climate chan
associated health risks. Gaps in climate change adaptation and preparedne
These gaps constitute a health risk, if they align in time and space. Climate
preparedness interventions can reduce exposure and vulnerability to thes

www.thelancet.com Vol 32 September, 2023
applied research streams to co-produce evidence-based
decision-support tools and solutions in collaboration with
a diverse set of policy stakeholders. Additionally, we
incorporate routinely collected and novel data streams and
consider social vulnerabilities to advance innovative and
fair solutions for climate resilience.
Search strategy and selection criteria
We identified references for this Health Policy paper
searching the PubMed database and selecting based on
the article’s relevance to the scope of this research. The
objective was to identify peer-reviewed articles, pub-
lished in English between January 2012 and December
2022, that focused on predicting the risk of climate-
sensitive infectious diseases in Europe and exploring
control strategies. The search strategy encompassed the
concepts of "climate change", "climate-sensitive infec-
tious diseases", and "Europe". For the concept of
climate change, the search terms used included "climate
change", "climate variability", "global warming", and
"climate change adaptation". The concept of climate-
sensitive infectious diseases involved search terms
such as "dengue", "lyme disease", "malaria", "tick-borne
encephalitis", "chikungunya", "West Nile", "Crimean-
Congo haemorrhagic fever", "leptospirosis", "campylo-
bacteriosis", "salmonellosis", "vibrio", "Escherichia coli",
"zoonotic", "insectborne", "vector-borne", and "water-
borne", and relevant synonyms. The selection of articles
for inclusion in this study was guided by expert judg-
ment of the articles’ originality and relevance to the
broad scope of the paper. The focus was primarily on
he integration of One Health (i.e., an integrated, unifying approach to
k in terms of hazard (i.e., the occurrence of a climate-related event),
ces and infrastructure that can be adversely affected by the hazard),
ge. B.) Nexus of climate hazard, exposure and vulnerability and their
ss result in exposure and vulnerability to climate-associated hazards.
change mitigation can reduce climate hazards, while adaptation and
e hazards.
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Fig. 2: Integrated Knowledge-to-Action framework is a proposed approach for generation and transfer of knowledge and research
activities on hazards, exposures, vulnerabilities, and risk while integrating environment, animal, and human health to action that
creates pathways to a wider societal impact and building-up of health systems’ climate resilience. The framework integrates four major
research streams (1–4) and two approaches to research that cut across and are incorporated in all knowledge and evidence generation activities
(5–6). A participatory approach is applied to engage knowledge-users and stakeholders into iterative processes of co-design, co-development,
and co-dissemination of research. The wheel illustrates the short- and long-term outputs that lead to societal impacts, improve the climate
resilience of health systems, and benefit the society at large.
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articles investigating early warning systems, decision
support tools, co-benefits of climate adaptation strate-
gies, and epidemic intelligence. In total, 70 articles were
selected as the evidence basis for this paper.

Integrated knowledge-to-action framework
Our proposed Integrated Knowledge-to-Action frame-
work (Fig. 2) aims to enable the co-production of policy-
relevant innovative decision-support tools, research and
data streams capturing climate change related hazards,
exposure, vulnerabilities and risks surveillance
methods, and interventions to improve resilience to
climate-sensitive infectious disease risks using a One
Health approach. Because the problem cuts across sci-
ence, economics, and society, methodologically we
combine different disciplines building upon the inte-
grated One Health-Climate Risk approach (Fig. 1) and is
designed to operate across several spatial domains
(local, national, regional, and global) and temporal scales
(tracking historical changes, short-term predictions, and
long-term projections; Fig. 3). Using this proposed
framework, we conceptualise surveillance methods that
take advantage of a broad set of information sources.
Local case study research and data streams need to be
combined with further empirical and epidemiological
data, modelling results, and expert assessment to co-
develop i) indicators that track historical climate-
sensitive infectious disease risk and project future im-
pacts, ii) early warning and targeted response systems,
and iii) methods to evaluate (existing) climate adaptation
and mitigation interventions in specific study sites.

Our proposed approach strives to increase the quality,
effectiveness and uptake of the research outcomes and
the development of user-oriented decision-support tools.
This is in contrast with more traditional fundamental
science approaches where there is little engagement of
end-users or research is selectively “delivered” to the
potential end-users.19,20 The applied science approach has
been demonstrated to more appropriately assess and
adapt to inequities relevant to the benefits and drawbacks
of climate change policies, and to protect populations–
particularly those most vulnerable–from maladaptation
and its associated unintended consequences.21–23 The co-
production processes within this framework consist of
iterative collective needs assessments, joint prioritisation,
inclusive decision-making, participatory research, and
shared knowledge generation, with an ongoing process of
review and learning.

This approach aims to ensure that relevant stake-
holders from various disciplines, sectors, and levels of
decision authority are involved throughout the process
and that user needs (i.e., affected individuals and com-
munities) are taken into account from the start; a co-
design of the research questions that meet collective
interests and needs is the first phase of the overall co-
production process, and the outcomes are taken for-
ward into the co-development phase.

Addressing research legitimacy and ethics is
important for studies at the intersection of science,
policy, and community.24 This is particularly so for
studies such as ours which aim to work with multiple
stakeholders, and incorporate citizen science ap-
proaches, to develop a deep and nuanced understand-
ing of how relevant policies reach and affect different
populations, how those populations choose to, or are
able to, engage with these policies, and overall out-
comes, specifically whether societal inequalities are
reduced or increased. When using qualitative research
approaches, we will be especially cognisant of
consensus, wide participation, and gathering a range of
views. Participatory implementation of the framework
is expected to increase the likelihood that research
outputs are translated into useful and usable infor-
mation and knowledge to help inform policy and
www.thelancet.com Vol 32 September, 2023
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Fig. 3: Spatio-temporal domains at which the integrated One
Health–Climate Risk tools are being developed. Indicators devel-
oped using global products can be downscaled using information
collected at higher-resolution spatial scales and incorporated into
regional or local decision support systems. Meanwhile, locally
collected data can inform infectious disease models and improve
assessments of disease risk across larger geographic areas (i.e., na-
tional, regional, or global). Indicators and models can be formulated
and applied to track historical changes (past), predict the probability
of emergence and outbreaks from subseasonal to seasonal time
scales, and project changing risk patterns in the long-term (e.g., until
the end of the century), given different GHG emission pathways,
population changes, and levels of adaptation and mitigation.

Health Policy
decisions that result in the reduction of climate
change-induced infectious disease risks. The final step
in the process is the co-dissemination and exploitation
of research outputs, which includes leveraging stake-
holder networks to maximise impact, ensuring the
relevance of the research for health and climate change
decision-makers, and that outputs align with end-user
needs.

The proposed framework can be used to identify and
address a diverse set of research questions to enhance
the co-development and deployment of novel surveil-
lance, monitoring and forecasting systems, predictive
models, and early warning systems for climate-sensitive
disease threats. Here, we describe the transdisciplinary
research streams within our framework.

Indicators for monitoring climate-sensitive
infectious disease
Current monitoring and risk assessments show that
parts of Europe are becoming more climatically suitable
for infectious disease transmission, driven by envi-
ronment, vectors, and ecosystem impacts on wildlife in
interaction with humans. Within this context, in-
dicators can be used to track and communicate these
complex climate-health trends in a more accessible
www.thelancet.com Vol 32 September, 2023
format to inform advocacy, policy-making and sci-
ence.25 For example, the Lancet Countdown on Health
and Climate Change in Europe has developed climate-
sensitive infectious disease indicators to track changes
in the climatic suitability for the transmission of water-
borne and mosquito-borne diseases.26 However, path-
ogen incidence in animal reservoirs, or changes in
populations and movements of those animals that can
lead to spillover risk to humans, have not been
addressed. Seasonal bird migrations, for example, have
been linked to the spatial spread of avian pathogens
with zoonotic potential.27–29 Although their precise role
in disease dynamics is not yet fully understood,30 shifts
in animals’ migratory behaviour, routes, and timing as
a response to changes in climate can be important in-
dicators of disease emergence. Currently, available in-
dicators track non-cholera Vibrio, West Nile virus,
dengue, chikungunya, Zika, and malaria, which have
been operationalised in the European Climate and
Health Observatory as interactive visualisations to
inform and support decision-making.31 These in-
dicators show that changing environmental conditions
are shifting the suitability for the transmission of
mosquito-borne diseases further north and that the
transmission season is lengthening in southern,
eastern, and central Europe. This is particularly con-
cerning given that in these European risk regions, the
human incoming travellers from areas reporting
dengue outbreaks at the global scale are estimated to
have increased substantially over the last 30 years and
this has been shown highly correlated to the importa-
tion of the virus.26,32 The percentage of coastal waters in
Europe with suitable conditions for the transmission of
pathogenic non-cholera Vibrio is also increasing.33

However, indicators for a wider range of zoonotic dis-
eases and spillover risk from animals to humans, via
vectors and/or reservoirs, such as Lyme disease, tick-
borne encephalitis, leishmaniasis and leptospirosis,
hantavirus and respiratory viruses are currently
missing. Crucially these infectious diseases should be
monitored in light of the unifying One Health–Climate
Risk approach to capture more accurate estimates of
“true” disease risk and burden shared among human
and animal populations (Fig. 1).

Projections of infectious disease risk under
adaptation and mitigation scenarios
Short-term and long-term projections of climate-
sensitive infectious disease risk can be used to under-
pin climate mitigation and adaptation policies across
sectors in society at different temporal and spatial scales
(Fig. 3). For Europe, high-resolution regional climate
projections have been developed for a range of plausible
pathways and scenarios that include the relationship
between human choices (e.g., continued dependence on
fossil fuels or deliberate climate action) and greenhouse
gas (GHG) emissions, GHG concentrations and levels
5
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of warming to predict future change (often up to 2100).34

Combining climate-sensitive disease indicators with
short-term and long-term climate projections can be
useful to illustrate potential impacts of climate change
on climate-sensitive infectious disease risks and inform
relevant policy development.9,35–38 However, currently,
there is a lack of climate-sensitive infectious diseases
projections in Europe.39 Notably, despite the importance
and climate-sensitivity of zoonotic diseases,40 these dis-
eases as well as their animal reservoirs, are particularly
under-studied. Moreover, the unintended consequences
of adaptation and mitigation policies, e.g., expansion of
urban green and blue spaces for reducing heat impacts,
flood risk reduction, and biodiversity conservation, may
simultaneously increase the risk of some infectious
diseases and therefore is critical for consideration in risk
assessments.

Our projections will be based on a range of future
climate change and socioeconomic scenarios under the
Coupled Model Intercomparison Project Phase 6
(CMIP6) for short-term (2030), medium-term (2050),
and long-term (2100). Our goal is to provide policy
relevant projections under the following scenarios:

1. SSP1-RCP1.9 (Paris target): informing the Paris
Agreement target of 1.5 degree C above pre-
industrial levels, CO2 emissions are cut to net
zero around 2050. Global temperature will likely
increase by 1.5 ◦C by 2100.

2. SSP4-RCP3.4 (closest to Glasgow commitments): a
gap-filling mitigation scenario which fills in the
range of low forcing pathways. Global temperature
will likely increase by 2.7 ◦C by 2100.

3. SSP2-RCP4.5 (middle of the road): CO2 emissions
follow the current trajectory before starting to fall
mid-century but do not reach net-zero by 2100.
Socioeconomic factors follow their historic trends
with slow progress toward sustainability and devel-
opment and income growing unevenly. Global
temperature will likely increase by 2.95 ◦C by 2100.

4. SSP3-RCP7.0 (near catastrophic): emissions and
temperatures rise steadily and CO2 emissions
roughly double from current levels by 2100. Coun-
tries become more competitive with one another,
shifting toward national security, and ensuring their
own food supplies. Global temperatures will likely
increase by 3.6 ◦C by 2100.

These projections and indicators will combine
robust empirical and epidemiological exposure-
response functions estimated for the case study sites
(city or regional) and for the European-level. The pro-
jections will also include potential effects and impacts
of upstream mitigation policies (greenhouse gas
reduction, under different SSP and RCP scenarios), as
well as adaptation policies developed within and outside
the health sector.
Seasonal predictions for targeted early-warning
and response systems
Climate information, including observations, reanalysis
and forecasts are key components of early warning
systems for climate-sensitive infectious diseases. The
goal of a climate-driven early warning system is to
provide advance warnings of increased outbreak risk
with enough lead time to deploy interventions that can
mitigate the impact of an imminent outbreak. This can
be done by either incorporating latencies in how
weather affects disease outcomes (e.g., the temperature
in the previous month is used to predict the number of
cases this month) or through the use of climate forecast
products as inputs for infectious disease forecasting
models. Subseasonal-to-seasonal climate predictions,
ranging from several weeks to months ahead, have
greatly improved over the last decade and have the po-
tential to improve the timeliness and impact of public
health response measures. However, despite improve-
ments, climate predictions are often provided in a
format that is difficult to understand, process or apply to
public health applications, such as infectious disease
epidemiological modelling.41 Further research and close
collaboration with climate scientists are needed to
broaden knowledge on the usability and skill of climate
predictions as well as the requirements of vector and
disease control and prevention teams. Despite the
established use of early warning systems in other fields,
such as disaster risk reduction or agriculture,42 the
integration of climate-informed early warning systems
within the health sector remains limited to date.
Climate-driven early warning systems prototypes have
been developed to predict the probability of exceeding
user-defined infectious disease outbreak thresholds, to
provide disease control teams with sufficient lead-time
to implement timely interventions, such as fogging
and educational campaigns.43–46 However, due to a lack
of investment and capacity building, prototypes rarely
transition into operational and sustainable tools used by
health systems and policymakers.

Evaluation of local interventions for infectious
disease risk adaptation
Adaptability is a fundamental attribute of a resilient
public health system. The ability to adjust strategies,
upscale interventions and allocate resources based on
changing conditions is essential for effectively address-
ing emerging challenges. Evidence-based mitigation
and adaptation interventions are pivotal in facilitating
this ability to adapt. Rigorous evaluation methods of
interventions from the One Health perspective can
improve the design of local, sustainable, long-term,
upstream solutions and interventions to enhance resil-
ience to climate-sensitive infectious diseases and help
identify and monitor unintended consequences, i.e., not
anticipated undesirable health outcomes. For example,
whilst certain regions in Europe upscale climate change
www.thelancet.com Vol 32 September, 2023
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adaptation and mitigation based on decisions in various
sectors of society, such as open water to protect from
floods, improved storm drains, expansion of urban
parks and restoration of wetlands, little is known about
the unintended impacts of these control actions in
terms of vector-borne zoonotic diseases, and how to
control and manage any potential negative conse-
quences Nor is it known how efficacy is mediated by
other factors, such as residents’ knowledge and behav-
iour, weather conditions, landscape characteristics, city-
level greening, and water use practices–particularly in
the context of a changing climate and expanding
disease-vector mosquito ranges. Therefore, it is neces-
sary to quantify the causal impacts of climate adaptation
and mitigation interventions on climate-sensitive infec-
tious disease risk using experimental (e.g., randomised
control trials) and quasi-experimental approaches (e.g.,
difference-in-differences estimation (DiD), geographical
regression discontinuity design, instrumental variable
approach), and leveraging data collected from different
sources. Quasi-experimental methods are advantageous
in evaluating the causal impact of, for example, land-
scape or infrastructural interventions (e.g., wetland
construction, water storage, storm drain replacement,
urban greening, and anti-flood works after a fire) on the
risk of vector-borne and zoonotic diseases because of the
infeasibility to randomise such interference.47,48 In-
terventions such as drain replacement, biological larvi-
ciding, landscape transformation, flood adaptation, and
urban greening vary over space and time (e.g., because
of seasonal baseline differences in mosquito density),
creating DiD study design opportunities which allow
controlling for unobserved time-invariant and time-
varying confounding.49 In addition to assessing the
technical effectiveness of interventions, as part of an
overall performance evaluation, it is equally important to
consider any unintended consequences of the inter-
vention, particularly on health outcomes, and to deter-
mine the economic "value" of the intervention. Neither
is simple. But both are crucial for enhancing decision-
making processes and providing a more comprehen-
sive understanding of an intervention’s net impact. For
example, there is potential for urban green-blue solu-
tions to create new breeding sites for infection-carrying
vectors. Further, while the costs of an intervention are
likely to be relatively easy to determine, the benefits may
be diffuse and hard to quantify in monetary terms. By
incorporating such evaluations, decision-makers are
empowered to make informed choices and adjust stra-
tegies to address emerging infectious disease risks
effectively.

Novel data streams for improved surveillance
Cutting across research streams 1–4 are technology and
methods for improved surveillance. For vector-borne
and zoonotic diseases, novel sources of data are
www.thelancet.com Vol 32 September, 2023
proving to be increasingly useful in augmenting tradi-
tional surveillance methods. A number of surveillance
systems, based on novel data streams have been oper-
ationalized in Europe for public health purposes:

• Aedes japonicus was discovered in Spain in 2019
through a Citizen Science approach.50 The Mosqui-
toAlert platform was developed to identify invasive
mosquitoes by engaging the public to report their
findings. The presence of this invasive mosquito
species was subsequently verified by VectorNet en-
tomologists at ECDC/EFSA.

• An early warning system (EWS) for the suitability of
vibrio spp. infections in marine environments glob-
ally was developed using remotely sensed environ-
mental and climatic data.33 This EWS has been
operationalized by ECDC and alerts are sent to state
epidemiologists in countries with high environ-
mental and climatic suitability for vibrio spp. in-
fections in their coastal waters.

• Big data were used to predict the spread of chi-
kungunya in France and Italy in 2017 from the epi-
centre of the outbreak to other areas at risk.7 Air
passenger volume from IATA was used to predict the
importation risk of viraemic passengers in areas
climatically suitable in Europe. The risk of disper-
sion was estimated with Twitter data to model the
population movement in the area of the outbreak to
estimate the dispersion of chikungunya in Europe.

• The operationalization of a rapid point-of-use field
detection methods with a suitcase laboratory (Di-
agnostics-in-a-Suitcase) is a rapid, inexpensive, and
simple diagnostic approach to circumvent central
laboratories in difficult field settings, for timely
public health action.51

• Eco-climatic determinants for West Nile virus out-
breaks in Europe were defined using machine
learning algorithms and tested against outbreak
data.5 Deviations from average Spring temperature
can now be used as an EWS to direct vector control
efforts and outreach to the public in order to proac-
tively intercept emerging West Nile virus outbreaks.

Citizen science, for example, offers a highly scalable
method for tracking arthropod vectors like mosquitoes
and ticks,52–57 as well as wildlife observations and
monitoring. Digital tools can be used to implement
health-related surveys (e.g., on knowledge, action,
behaviour, and practice of mosquito-bite prevention)
and study human mobility patterns in ways that capture
information most relevant in the context of climate
change. Artificial intelligence is being used to auto-
matically classify mosquitoes and other vectors based
not only on photographic image recognition but also on
wingbeat characteristics detected in real-time with
acoustic or optical sensors integrated into traps and
7
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networked through the ‘Internet of things’ traps.58,59

New DNA and RNA sequencing technologies are mak-
ing it easier to rapidly screen for pathogens and vectors
in field settings, particularly through the use of mobile
suitcase labs.51 Moreover, applying such methods to
environmental sample types, rather than human and
animal samples can save time and reduce costs, and
avoid human and animal discomfort.

To produce near-real-time open data connected to
expert validation platforms that can be shared with local
stakeholders for decision-making and intervention,
there is a need to build on and improve participatory
and crowd-based strategies for disease vector data
collection. This can entail both technological improve-
ments of currently available tools and the maintenance
of active communities of scientific experts, citizen sci-
entists and end users–for example, building on the
Mosquito Alert citizen science system,53 and the wildlife
disease surveillance programs in Sweden and the
Netherlands.60–63 Further, automated surveillance of
vector activity can be done by networked and automated
smart traps with mosquito differentiation capabilities.
This new surveillance technique allows for counting that
can provide automatized cost-efficient time series data,
thus providing both abundance and dynamics of gravid
female activity.64 Algorithms are being trained using
both expert- and crowd-annotated image datasets to
improve the scalability of citizen-science data validation.
Combining bioacoustic recordings of live insects in the
lab and field data acquired by smart-trap networks in the
study sites, the machine learning algorithms for IoT
mosquito sensors can be updated, rendering these more
precise and effective. Furthermore, targeted mobile
suitcase labs can be deployed to screen a variety of
vectors, hosts, and reservoirs for pathogens and to
identify host species in vector blood meals whilst
avoiding the problems of sample degradation through
handling, storage and transportation associated with
traditional molecular biology approaches. Advances in
sample types and matrices used can also increase pos-
sibilities for citizen science as well as increase sample
sizes. Examples are the use of feathers for bird sur-
veillance,65 wastewater for human pathogens,66,67 or
slaughterhouse monitoring.68 Human mobility and
activity-space data can be collected using active mobile
phone positioning linked to digital knowledge, attitudes
and practices (KAP) surveys and socioeconomic popu-
lation data. These novel data streams in combination
with already available surveillance and register data can
be used to investigate determinants of and inequalities
in exposure to infectious diseases and their vectors
across population strata (e.g., gender, ethnicity, migra-
tion status, occupation, income). In summary, these
novel data streams lend themselves to connect the sur-
veillance efforts in human, animal, and environmental
health towards a continuum of surveillance across these
disciplines.11
Social determinants of health, social inequalities,
and vulnerable groups
The consideration of social vulnerabilities is further a
cross-cutting research stream. This is motivated because
similar to other climate-related health impacts, disad-
vantaged groups defined by axes of inequality such as
socioeconomic status, gender, geographical area, etc.,
suffer disproportionately from infectious diseases.69,70

Moreover, the intersectionality of these axes has to be
acknowledged because it can increase the incidence of
such diseases. With climate change expected to further
exacerbate existing social inequalities, the impacts on
the most vulnerable groups are expected to worsen.
Evidence on COVID-19-related impacts showed the
differentiated effects of an emerging pandemic on
different population groups,71 effects that changed
through the waves, with the pandemic being referred to
as “the great unequalizer”. Therefore, it is important that
the work in this area includes a strong emphasis on
social justice, giving special attention to correcting pat-
terns of unequal responsibilities and harms (including
infectious diseases) of climate change.72

Preparedness and response to climate-sensitive in-
fectious disease should include explicit attention to
identifying vulnerable populations and targeting the so-
cial determinants of health such as the structural in-
equalities resulting from the interface of populations with
socioeconomic, political and cultural or normative hier-
archies.73 Monitoring the emergence, transmission, and
spread of climate-sensitive infectious diseases, combined
with a detailed understanding of where the most
vulnerable and marginalised populations are located and
how they can best be reached, can help to reduce impacts
on high-risk, and hard-to-reach population groups.
Therefore, within our proposed research framework we
aim to identify sub-population groups (in terms of age,
gender, income, socioeconomic position, occupational
settings, migration status, etc.) most at risk from climate-
sensitive infectious diseases by integrating multiple sur-
vey datasets (e.g., EU Statistics on Income and Living
Conditions and EU Labour Force Survey), health registry
data, and One Health surveillance data. Using this
transdisciplinary approach, inequality and local context
can be explicitly incorporated to co-produce stratified
impacts of climate change-induced infectious diseases on
society and contribute to effective policy changes.

In terms of economic (costs and) benefits, one of the
components in our framework will investigate the
higher order costs of infectious diseases and the benefits
of adaptation and mitigation measures, and estimate
economic costs. The aim is to quantify how infectious
diseases-related mortality and morbidity impacting on
the labour force supply/productivity and healthcare
expenditure can affect EU countries’ GDP, sectoral
economic activity, competitiveness, and stress public
budgets. As such the framework accounts for direct and
indirect economic effects in cost-benefit analysis from
www.thelancet.com Vol 32 September, 2023
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infectious disease response and prevention with climate
policy and climate change impacts. Future strategies for
mitigation and adaptation linked to cost-benefit assess-
ment and society impacts will be incorporated in the
projections of the long-term economic benefits and
costs of health interventions and adaptation in the
health sector under different climate change scenarios.

Policy context
Science is instrumental in developing and advancing
novel approaches for climate resilience and the One
Health perspective has been identified by the Quadri-
partite Collaboration (FAO/UNEP/WHO/WOAH) as
the main way forward.74 However, implementation and
uptake of these approaches depend on their desirability,
viability, and feasibility from the decision- and policy-
making perspectives. The described interdisciplinary
and co-production approach is designed to contribute to
more effective and just policy-making that has a wide
reach and positive benefits across all sectors of society,
particularly for the most vulnerable, including for
example lower-income households and others in disad-
vantaged socioeconomic positions, people on the move,
and those facing gender discrimination. Local insights
and monitoring guide pan-European level decisions
through upscaling and engaging with stakeholders.
Based on this, evidence-based decision-making can be
informed by indicator trends, early warning tools and
platforms, and citizen science for a better understanding
of local infectious disease risks and a mapping of
vulnerable populations. The proposed approach can also
provide an understanding of the impacts and cost-
benefits across various mitigation and adaptation efforts.

This approach is particularly timely in a post-
pandemic world where a zoonotic disease just created
a major health security threat and given the ambition of
the Quadripartite to increase the uptake and influence of
One Health perspectives at various levels in society and
by embracing the increased need to prevent and prepare
for emerging infectious diseases, which relates directly
and indirectly to climate change mitigation and adap-
tation policies. The Quadripartite also emphasise the
development and strengthening of the scientific
knowledge exchange and evidence creation, in which
the transdisciplinary approach we propose is of key
importance. The approach can at the same time play an
essential role in the EU’s ambition to improve the
knowledge base for climate and health adaptation,
whilst championing the European Green Deal,75

EU4Health,76 and the EU Adaptation Strategy.77 At pre-
sent, policies and policy discussions have tended not to
take into account the impacts of climate adaptation and
mitigation-driven transformations on infectious disease
outcomes. As such, some dimensions of health out-
comes could be worsened rather than benefit from such
policies such as the unintended creation of more mos-
quito breeding sites through climate policies focused on
www.thelancet.com Vol 32 September, 2023
some nature-based solutions in highly populated areas.
Climate change and One Health data need to be further
integrated to assess the development and uptake of
climate policy as it relates to the emergence, trans-
mission and spread of infectious pathogens to highlight
how preparedness in the EU unfolds with policy
implementation. Further, engaging critical stakeholders
in the co-creation and co-design of research from the
start is an important step in ensuring long-lasting im-
pacts on EU climate policy, and providing new evidence
and tools for the European Green Deal to strengthen
population health and societal resilience to climate
change and increase chances of knowledge to action
transfer.

Conclusions
Our ambitious research approach involves monitoring,
predicting, testing, evaluating and upscaling innovative
surveillance and citizen science to increase prepared-
ness and response to the growing threat of climate-
sensitive infectious disease; estimating the effective-
ness of interventions and adaptation strategies; and an
assessment of the unintended consequences of climate
adaptation and mitigation policy on climate-sensitive
infectious diseases. We will test the approach in a
number of case studies focusing on different bio-
geographical, socioeconomic and political particular-
ities. The multidisciplinary research and co-production
are designed to better inform inter-sectoral policy-mak-
ing, and guide public health authorities, animal health
and environmental services including climate risk
management. Altogether we hope it will enhance evi-
dence to safeguard the health of the populations in
Europe and beyond from the transmission and
geographical emergence of infectious pathogens in the
context of rapid environmental and climate change.
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