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ABSTRACT

The implementation of One Health/EcoHealth/Planetary Health approaches has been identified
as key (i) to address the strong interconnections between risk for pandemics, climate change
and biodiversity loss, and (ii) to develop and implement solutions to these interlinked crises. As
a response to the multiple calls of scientists in that direction, we have put forward seven long
term research questions regarding COVID-19 and emerging infectious diseases (EIDs) that are
based on an effective integration of environmental, ecological, evolutionary, and social sciences
to better anticipate and mitigate EIDs. Research needs cover the social-ecology of infectious
disease agents, their evolution, the determinants of susceptibility of humans and animals to
infections, and the human and ecological factors accelerating infectious disease emergence. For
comprehensive investigation, they include the development of nature-based solutions to
interlinked global planetary crises, addressing ethical and philosophical questions regarding the
relationship of humans to nature and regarding transformative changes to safeguard the
environment and human health. In support of this research, we propose the implementation of
innovative multidisciplinary facilities embedded in social-ecosystems locally: the “ecological
health observatories” and the “living laboratories”. This work has been carried out in the frame
of the EC project HERA (www.HERAresearchEU.eu) that aims to set the priorities for an
environment, climate and health research agenda in the EU by adopting a systemic approach in
the face of global environmental change.

Keywords: One Health, Planetary Health, Pandemics, Ecology, Evolution, Environment, Climate
change, Biodiversity loss, Emergence, Pathogen
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1. Introduction

The majority of emerging infectious diseases (EIDs), whose incidence has increased over the
past decades or threatens to increase in the near future, have a zoonotic origin (Woolhouse and
Gowtage-Sequeria, 2005)(Woolhouse et al.,, 2005)(Jones et al., 2008). Increase is observed both
in the frequency of epidemic events and the proportion of zoonotic EIDs, 72% of which are
caused by pathogens originating in wildlife (Jones et al., 2008)(Smith et al., 2014)(Woolhouse et
al, 2005). Zoonosis refers to a disease or infection shared between animals - including livestock,
wildlife and pets - and humans (World Health Organization. Food and Agriculture Organization
of the United Nations. & World Organisation for animal health, 2019). Such emerging zoonotic
events have happened repeatedly in the history of human populations.

Broad scientific consensus suggests that COVID-19 whose etiological agent is SARS-CoV-2
(Severe Acute Respiratory Syndrome Coronavirus 2), has a zoonotic origin. Based on
phylogenetic analysis of currently known virus sequences, it is considered that SARS-CoV-2 has
probably emerged from a coronavirus present in China and other Asian countries and its closest
relative is hosted by horseshoe bats (Latinne et al, 2020; Zhou et al., 2020). However, unlike
rabies, Ebola or West Nile virus, the disease is now characterized by strains of SARS-CoV-2 that
circulate among human populations, independently of animal reservoirs. It has become a
contagious, from person-to-person, disease agent. In that sense, it can be compared to human
measles virus (MeV), which emerged from the Rinderpest virus (RDV) harbored by different
mammal species 2,400 years ago during the classical Antiquity, and well before the previously
estimated 11th century date (Diix et al, 2020), or to Human Immunodeficiency Virus (HIV),
which emerged from simian immunodeficiency virus (SIV) infecting non-human primates during
the 20th century (Hemelaar, 2012). It is unknown at this stage if SARS-CoV-2 passed through an
animal host other than horseshoe bats before infecting humans (Lu et al, 2020). In 2019, a
significant number of initial cases (66%) was connected to a local market selling seafood and
wildlife products in Wuhan, China (Huang et al., 2020). It then spread in China before it crossed
borders, and eventually became pandemic within a few months. Its global spread was
accelerated by international transportation and travel. In most countries, the pandemic revealed
important weaknesses in pandemic preparedness, although we have been warned several times
by similar threats over the past decades with the emergence and spread of many viruses such as
HIV, Nipah virus, avian influenza type A viruses, and since 2002, SARS-CoV-1 (causing SARS),
Middle Eastern Respiratory Syndrome - Coronavirus (MERS), Zika, chikungunya and Ebola
viruses.

As human infections are naturally transmitted from animal hosts, zoonotic EIDs are likely to
occur repeatedly. Indeed, a majority of the known viruses has been found in both human and at
least one other mammal species, indicating they have the potential to become zoonotic (Olival et
al, 2017). Moreover it has been estimated that several hundred thousand mammalian viruses
are still to be discovered (Anthony et al.,, 2013). Others have estimated that there are around 1.7
million viruses from 25 high-risk viral families yet to be discovered in mammals and birds, of
which about 700,000 are predicted to have zoonotic potential (Carroll et al, 2018). However,
most of these studies tend to focus on viruses as single disease risk parameters without
accounting for exposure and vulnerability factors that are paramount to estimate infection risk
(Hosseini et al., 2017). Zoonotic disease emergence requires direct or indirect contact between
an animal host and humans (Plowright et al, 2017), the microbe needs to be infective for
humans, and human habits must favor the transmission and the spread of the pathogen. Known
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drivers of zoonotic disease emergence such as agricultural land conversion and developmental
activities, leading to ecosystem degradation, wildlife trade, intensive farming, change in climate
patterns, international travel, trade and commerce are constantly accelerating. Not surprisingly
EID events have risen significantly over time, with different drivers, land use change and
associated practices representing the main lever for them (Guégan et al, 2020) (Jones et al.,
2008). This trend is likely to continue and possibly to intensify if drivers are not mitigated
(Smith et al,, 2014).

Since SARS-CoV-2 emerged, understandably, most research effort has focused on the immediate
pandemic response to the virus and on short-term control strategies. Emerging research needs
on the interactions between the COVID-19 pandemic and global environmental change have
been identified and described (Barouki et al, 2021). Additional questions arise concerning
mechanisms that have led to SARS-CoV-2 emergence and that contribute to the emergence of
new, potentially more transmissible and/or more virulent variants. Research effort is needed
also in the middle and long term to be able to prevent, mitigate and prepare for future
pandemics (Guégan et al, 2020). Much of this long-term research relies on often neglected
environmental, social-ecological and evolutionary research needs (Roche et al, 2020) and
possibly on research-action’s frameworks development.

The aim of this document is to identify and put forward important long term research questions
that build on and connect to the previously compiled emerging research needs (Barouki et al.,
2021). The scope was broadened to include EIDs more generally and also ethical, philosophical,
societal and transformational aspects, in order to allow mitigation, the development of
predictive scenarios, prevention and better preparedness for and response to potential future
pandemic risks. This work has been carried out in the frame of the EC project HERA!
(www.HERAresearchEU.eu) that aims to set the priorities for an environment, climate and
health research agenda in the EU by adopting a systems approach in the face of global
environmental change (GEC). A COVID-19 working group was formed among HERA partners
together with scientists specialized in relevant areas to formulate, collect and discuss which
long-term research questions arise from the current COVID-19 pandemic, ultimately to reduce
the risks of future pandemic emergences and related disastrous effects.

Here, we discuss seven main areas of long term research needs that will have to be addressed by
multi-disciplinary and participatory approaches (Figure 1). An international research and
implementation network is proposed to bring together these seven main areas, to allow changes
of perspectives as well as new research structures, including open access to information and
results along the research process to accelerate pre-emptive policy making and implementation
of actions aiming at enhanced prevention and preparedness.

L an EU H2020 programme that includes 24 partner institutes across Europe and hundreds of collaborating researchers and wider
community stakeholders
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Fig. 1. Mapping of long-term research areas in relation to future risks of pandemics.

Research areas 1-3 investigate key determinants of infectious disease emergence, research area 4 tackles
causes and drivers of future pandemics, research areas 5-7 investigates ways towards prevention of
future pandemics. Operational facilities are proposed such as ecological health observatories and living
laboratories in support of the proposed research. These could be linked through a global network of
research centers providing foresight and supporting prevention and preparedness in view of future
pandemics facilitating data exchange and validation, interoperability and applicability of computational
tools addressing the environmental health risk of pandemics.

2. Long Term Research Needs #1: The Social-Ecology of SARS-CoV-2 and Other
Pathogens

Mitigation and prevention strategies require an understanding of what pathogens (e.g., viruses,
bacteria, eukaryotes, prions) circulate in ecosystems, and how and why they succeed in crossing
species barriers. This calls for a better knowledge of the ecology of pathogens and their
transmission routes. A much larger number of wildlife, and livestock samples need to be
analyzed for various pathogens, including viruses from high-risk viral families, which could e.g.
feed into risk ranking frameworks and web tools such as SpillOver: Viral Risk Ranking
(https://spillover.global) (Grange et al.,, 2021). For that, we need field observations developing
research and data acquisition, supported by complex risk and data analysis platforms
implementing foresight methodologies to capture and quantify the resulting environmental
health risk ahead of time.

2.1 What do the dynamics of zoonotic pathogens at the human-animal interface look like?

The Covid-19 pandemic has made clear that it is highly important to characterize the reservoirs
of pathogens in areas where human populations and livestock live in close contact with wildlife
and/or where human exposure and vulnerability is documented (e.g., where human or
environmental perturbations occur; see Guégan et al. (2020) for a recent mapping). This goes
beyond a simple survey of SARS-CoV-2 in wild fauna, livestock, pets, water and air, and extends
to the diverse pathogens circulating in ecosystems. Monitoring the temporal and spatial patterns
of pathogen occurrence in natural land, agricultural, urban and other human-dominated
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ecosystems is absolutely urgent to gain a better knowledge of disease ecology capable of
contributing to risk assessment and management. The importance of having ecological literacy
on the virus circulation for controlling disease transmission could be demonstrated studying the
Nipah virus system in Malaysia and Bangladesh, as well as the risk of emergence in other
ecosystems regarding socioecological dynamics (Cappelle et al., 2020) (Plowright et al., 2019).

One important operational priority is the establishment of ecological health observatories, as we
highlighted earlier (Barouki et al., 2021). Observatories should implement interdisciplinary and
intersectoral approaches, with three main objectives: (i) provide robust data for fundamental
research on hot-spots of emergence and/or in environments with high levels of perturbations,
leading to high risks of emergence, to inform on the effect of both environmental changes and
human practices on the emergence; (ii) assist the development and transfer of accurate
pathogen monitoring methods that can be deployed at larger scale to monitor pathogens in
urban and wild ecosystems (e.g. wastewater-based epidemiology through sewage surveillance,
or surface water monitoring at the mouths of rivers) (Larsen and Wigginton, 2020)(Trottier et
al, 2020), and (iii) collaborate to share data and co-built projects between local communities,
administrations, other stakeholders and multidisciplinary teams of scientists, veterinarians and
medical doctors to anticipate and mitigate epidemics. The latter would warrant the employment
of formal foresight methodologies enabling us to address within a single, holistic framework the
societal, environmental and ecological dynamics and interactions that underpin the emergence
of novel pathogens and the respective public health risk management options.

With the objective of discovering novel viruses with zoonotic potential and anticipate future
disease emergence, observatories should collect (with dedicated campaigns), archive, share
(through open access databases) and explore metagenomic data for viral sequences, as well as
immunogenetic data for hosts, which are needed to explore pathogen evolution (long term
research need #2) and uncover the determinants of tolerance/resistance to the virus in animal
populations (long term research need #3), respectively. Observatories could therefore feed
ambitious interdisciplinary research including both laboratory and field programs, by providing
knowledge on the ecology of viruses: their natural host range (broad versus narrow), their
transmission routes (direct versus vector-borne), and their biology, which are critical
parameters for estimating their zoonotic potential (Olival et al.,, 2017). This basic knowledge is
also needed to next clarify what human and ecological factors favor and accelerate pathogen
spillovers and transmission to humans (long term research need #4). It can then bring to
setting-up “living laboratories” involving rural actors and aiming at change in agricultural
practices and environmental management, transitioning to agroecology (long term research
need #7).

Without excluding the rest of the world, ecological health observatories should be implemented
in hot-spots of host reservoirs and disease diversity and emergence. Asian countries are
particularly concerned with several viruses of animal origin that have emerged over the past few
years, in addition to the still high burden of neglected tropical diseases. Similarly, Central
America appears important to survey, as it hosts a melting pot between Neoarctic and
Neotropical fauna (and thus of potential pathogens from these two origins) and harbors a high
bat species diversity that serve as pathogen reservoirs. In addition, northern countries of South
America and several countries of Central and East Africa are predicted to host a high number of
undiscovered zoonotic viruses (Olival et al, 2017). Such observatories are not necessarily
intended to last over time and can move according to the conditions of emergence and spread.
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Moreover, as far as zoonotic agents are concerned, anticipating future EIDs requires expanding
ecological research, which primarily investigates single host-pathogen systems, to a multihost-
multipathogen research perspective. The role of the interactions between hosts, vectors, and
pathogenic and nonpathogenic agents in the dynamics of zoonotic pathogens at the human-
animal interface remains incompletely understood. Gortazar et al. (2014) have developed a
framework for analysis of pathways and interactions between pathogens and host or vector
species. In addition, it is essential to integrate studies of humans, their different levels of
exposures and vulnerabilities, i.e, both for single individuals and whole communities, since
human activities and practices can influence the potential for infection from wildlife. As social
and ecological factors play a key role in the epidemiology of infectious diseases, a systems-based
approach that takes into account these key factors is needed (Box. 1). Monitoring the health
effects of exposures in both humans and wildlife can be used as an early-warning/sentinel
system (Calvignac-Spencer et al., 2012).

BOX 1. Towards a social-ecology of health

A social-ecological system can be defined as an ecological system (composed of independent
biological units in interactions) intricately linked with and affected by one or more social
systems (Anderies et al., 2004; Ostrom, 2009; Colding and Barthel, 2019). Clearly, EIDs, public
and animal health, social responses and governance could be analyzed using a social-ecological
health framework as recently advocated by De Garine-Wichatitsky et al. (2021). Dealing with
social-ecological systems needs to better assess (i)“the bio-physical environment” including land
productivity, soil erosion, climate factors, or biodiversity; (ii) “the socio-ecosystem” comprising
land use management and economic development pathways and (iii) ”"the governance”,
referring to rights (access and uses), justice and laws (e.g. environmental law, health law)
(Ebbesson and Hey, 2013). A social-ecological approach should first describe how local social-
economy, governance, environment (land use transformation, climate change) and ecology
(community and functional ecology) in relation to global trade and governance may explain the
emergence of infectious diseases and epidemic outbreaks. Second, assuming that the adaptive
process is linking ecological function and the social system, EID forecasts and scenarios can be
developed based on the description of this social-ecological health system through the
methodological lens of formal foresight approaches and the respective computational tools.
Third, mitigation measures can be implemented through participatory processes involving local
communities and administrations, stakeholders and interdisciplinary teams of scientists. Social
ecology is not only a technical science dealing with technical problems that can be managed by
instrumental decisions (Boer, 1984). Social-ecology and health may help policies and laws to
adapt, when facing evolving socio-environments such as EIDs, by acknowledging different
values, ethics and responsibilities (Morand and Lajaunie, 2019)

2.2. What is the actual human exposure to zoonotic pathogens and how to measure it?

As repeated contacts are required for transmission, it is important to determine whether
pathogens and reservoir hosts share the same geographic range with humans, and to estimate
the risks of contacts and transmission. So far, most evidence for the role of anthropogenic
changes, e.g. encroachment into natural habitats, in the emergence of pathogens originating
from wildlife is anecdotal or indirect (Gortazar et al., 2014). However more knowledge is needed
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on causal relationships between changes in host population and species dynamics, the presence
of some particular animal species in man-made ecosystems or interspecies contact and pathogen
emergence in humans. Existing studies in this area are generally limited in scope and typically
lack quantitative assessment of human exposure and vulnerability to zoonotic pathogens at the
human-animal interface. The best metrics by which to measure exposure still need to be
determined.

To define the actual human exposure to zoonotic pathogens, further assessment e.g., by serology,
is suggested, leading to a better understanding of the complete chain of emergence. With the
objective to both accurately detect positive cases and implement molecular epidemiology, DNA
diagnostic methods should be implemented according to the sequence of the epidemic. DNA
detection and amplification methods adapted to several matrices, either environmental (water,
soil, sewage..) or biological (feces, urine, serum..) need to be set-up before the emergencies arise.
These methods have to be developed both on humans and animals. Targeted approaches (e.g.
quantitative PCR, digital PCR, pathochips based on gene expression microarrays and in situ
micro-sequencing) but also global approaches (ie. metagenomics, metatranscriptomics) to
assess pathogen communities and infer potential interactions need to be developed.

In addition to molecular techniques, contact estimation between human and animals could also
be improved in areas endemic for zoonotic diseases through the development of new
technologies and the sharing of data obtained. Technologies such as bio-logging, which is
increasingly used by both ecologists and farmers to record behavioral, physiological and
ecological variables, in both wild and domestic animals (Destoumieux-Garzoén et al., 2020), and
the use of smartphones and social media networks to monitor movements of human populations
(Finger et al., 2016) are certainly promising methodologies to be further developed for research
purposes at the interface of epidemiology and ecology. Beyond estimating exposure, in that case
contacts between humans and animals, an effective sharing of pathogen sequences circulating in
animals (through ecological health observatories) and human populations (through hospitals)
would open avenues to monitor pathogen transmission and evolution in nature, an important
piece of information needed for infection risk management. This requires governments to
establish publicly available repositories of pathogen sequences.

3. Long Term Research Needs #2: The Evolution and Spread of SARS-CoV-2

The SARS-CoV-2 pandemic can be used as a case study to learn from, in order to prevent that
future EIDs develop into pandemics. Therefore, there is a critical need to understand how and
why SARS-CoV-2 has emerged and spread. A more effective use of evolutionary sciences is also
needed to track the emergence of more infectious and /or more virulent variants and to measure
the speed of propagation of the virus (Jones and Manrique, 2020). Paradoxically, while the
processes of infectious diseases emergence rely on basic evolutionary principles, population
biology and evolutionary sciences remain insufficiently considered in health research.
Evolutionary sciences are essential to understand the factors leading to the emergence of new
pathogens like SARS-CoV-2, the occurrence of new variants e.g. with enhanced transmissibility,
virulence or resistance to drugs or vaccines, the variations of compatibilities between
populations of hosts and strains of pathogens etc.; they can also provide tools for disease
management (Roche et al, 2020). A series of questions related to evolutionary sciences are not
yet present in the international research agenda.
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3.1 Where did SARS-CoV-2 evolve before it infected humans?

An important study factor is whether reservoir hosts facilitate viral evolution, as this is likely to
favor host switches (Latinne et al., 2020). Important field and sequencing research is needed to
obtain this key information, which is currently incomplete due to viruses or host associations
that have completely evaded human detection to date (see long term research need #1). This is
well exemplified with SARS-CoV-2. Indeed, while scientific evidence supports the animal origin
of SARS-CoV-2, we are still ignorant about which animal species it emerged from. A rather
ancient recombination event between bat and pangolin variants is suspected (Wang et al, 2021)
but this(se) cannot be traced back as the host(s) from which the virus passed to the human
species. Screening wild fauna for viral genomes (metagenomics), and implementing open-access
databases is necessary to trace the thread of transmission and viral evolution within the
intermediary hosts of SARS-CoV-2. As the number of sequences increases, we should be more
successful in identifying the origins of SARS-CoV-2, the new variants and other emerging viruses.
Thus, a recent phylogenetic study by Lattine et al. (2020), which included 630 coronavirus
sequences isolated from China, suggests that the pangolin is less likely to be the origin of SARS-
CoV-2 than the horseshoe bats (Rhinolophus spp.). Still the time to the most recent common
ancestor of SARS-CoV-2 and bat variants is inferred to be 37 years (Wang et al,, 2021) and we
have an important missing gap to fill to reconstruct the route of transmission from animals to
humans. While sequencing the biodiversity of viruses circulating in the wild fauna cannot be
used to predict disease emergence, it can definitely help reconstructing transmission routes; a
level of information that will also be needed for future EIDs. In addition, phylodynamics makes it
possible to date the outbreaks with confidence, rule out some hypotheses (e.g. rumors about
SARS-CoV-2 circulation outside China before November 2019), and identify the host taxa and
geographic regions that define hotspots of coronavirus evolutionary diversity as done in China
by Latinne et al. (2020). Incorporating phylodynamic inferences into predictive models with the
help of machine and deep learning techniques appears highly relevant. This could help target
coronavirus discovery in wildlife for proactive zoonotic disease surveillance.

3.2 Can we predict SARS-CoV-2 evolution (without laboratory experiments) and anticipate
future pathogen emergences?

Evolutionary sciences are needed to identify selective pressures that drive the emergence of
new variants. Variants spread poorly over the first year of the pandemic, but since late 2020,
some have emerged independently and spread very efficiently in different countries (e.g. UK,
South Africa, Brazil, USA). This raises a series of important questions. How can we identify
variants with a true fitness advantage (Box 2)? Are SARS-CoV-2 variants emerging in chronic
patients during a long battle with imperfect immune responses? Will more variants emerge in
already partly immunized populations as a consequence of the co-evolutionary race between the
virus and the human immune system (antigenic drift)? This may include imperfect vaccines
which may select not only for immune-proof viruses but also potentially for more virulent ones.
Identifying the drivers of such emergences is required to adapt COVID-19 mitigation strategies
and to anticipate the evolutionary potential of SARS-CoV-2 that threatens current vaccination
strategies (Barnes et al., 2020; Wibmer et al., 2021; Xie et al., 2021). Part of the questions can be
addressed through modeling pathogen evolution (see below).
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BOX 2. The use of evolutionary sciences to characterize variants with fitness advantage

A major challenge in the context of an epidemic is to distinguish variants with a true fitness
advantage over their ancestors and variants with little fitness increase, but which gained a
stochastic advantage by surfing on an epidemic wave, thanks to founder events or
superspreading. A first characteristic of these new variants is to have a significant boost of
amino-acid mutations that makes them substitution rate outliers relative to the molecular clock,
often with an excess of non-synonymous over synonymous substitutions. A second
characteristic is the presence of key mutations with functional effects such as in the Receptor
Binding Domain of the Spike protein. Finally, a third characteristic is parallel/convergent
evolution with different variants of concern sharing the same mutations (point mutations or
indels) that appeared independently in different genetic backgrounds. These three
characteristics are known footprints of adaptive evolution and have allowed anticipated
detection of variants in countries with significant sequencing efforts and immediate data
sharing, such as the COG-UK Consortium. These variants can then be followed in order to verify
whether they consistently increase in frequency each time they are introduced in a new place, or
whether this increase depends on some environmental conditions (the proportion of immunized
hosts, climate etc...). Functional assays in laboratory experiments can subsequently test the
effects of key mutations, including affinity to human receptors, antibody avoidance or resistance
to vaccines or treatments.

3.3. What are the challenges of modeling pathogen evolution and the epidemic?

There is an important research need to build and validate mathematical models, not only to
understand the dynamics of the COVID-19 disease, but also SARS-CoV-2 emergence/evolution,
virulence and transmission. Ecological, biological, evolutionary, environmental, climatic,
physiological, clinical and socio-economic data are needed to both implement and validate
models of emergence, transmission and severity of the corresponding health risk. At the
beginning of the epidemic, basic biological and medical data were lacking to inform models (e.g.
the fraction of asymptomatic cases, the relative infectiousness of asymptomatic individuals, the
time between infection and the onset of symptoms, the infectiousness before symptom onset,
the effect of age, etc.) (Day et al, 2020). Still, it was expected that the virus would evolve
increased transmission and immune resistance (Day et al, 2020); models are now needed to
predict what variant traits will confer fitness advantage as the epidemic evolves. The socio-
economic factors associated to SARS-CoV-2 circulation and spread remain also insufficiently
characterized.

Modeling SARS-CoV-2 evolution is critical for the success of public health measures, particularly
vaccination. It is both a research need and an important challenge. As discussed above, a series
of variants carrying mutations on the spike (recognized by the ACE-2 receptor of host cells) have
spread worldwide, as a consequence of an increased transmissibility about one year after the
beginning of the pandemic. However, it is still poorly known to what extent mutations that
increase transmissibility affect (either positively or negatively) viral replication or virulence.
This level of information is needed for modeling viral evolution. It is also unknown to what
extent natural selection for antigenic escape mutations will be increasing as a result of viral
circulation in human populations largely immunized either naturally, or through vaccination
campaigns (Day et al, 2020), and what viral traits (transmissibility, virulence, immune evasion)
will become more favorable for the virus as the percentage of immunized hosts increases
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worldwide. Testing these diverse scenarios deserves an important and coordinated and
inclusive research effort based on extensive data sharing.

From an epidemiological point of view, we also need prospective scenarios that take into
account global changes and political actions. Beyond demographic and epidemiological data,
there is an important challenge in incorporating ecological, evolutionary, climatic, social,
economic, behavioural and cultural data, which are key factors influencing epidemics into these
scenarios (Barouki et al, 2021). Such scenarios are needed to help decide which mitigation
measures to adopt. Integrative approaches incorporating a round-trip from the field to the
model and back should be promoted to validate epidemiology-based health risk management
models. Such research should include the experimental study of mechanisms on systems where
we have access to all the parameters, including knowledge of human activities/practices.
Designed/implemented at a local scale (a territory), they would ensure a good knowledge of the
parameters and engage local actors who can benefit from practical recommendations around the
management of the health risk with which they are confronted at the level of their territory.

From the point of view of social sciences, it will also be important to question to what extent
epidemiological modeling has actually contributed to taking political decisions, what were the
data that decision-makers lacked/missed to enlighten the situation and provide relevant
information for health crisis management (beyond epidemiological data, ecological, social,
economic, behavioural, cultural would be needed). A study highlighting the "missing" data, both
from the perspective of modelers and decision-makers, is needed. Furthermore, adopting a
socioecological health framework adopting foresight methodologies will contribute to filling the
knowledge gaps for effective decision making, relying on an in-depth understanding of the
biological, ecosystem and social dynamics at play. Participatory modeling approaches in
complement to epidemiological modeling can contribute to collective management for EID
prevention. Social sciences (including citizen science) are needed in the framework of such
transdisciplinary approaches.

4. Long Term Research Needs #3: The Determinants of Tolerance/Resistance to and
Spreading of SARS-CoV-2 in Human and Animal Populations

The genetics of virus/host compatibility are expected to be a key determinant of COVID-19
epidemiology, whether hosts are human populations or reservoir animal species.

The potential to host and transmit zoonotic pathogens varies according to animal species (see
long term research #1). Mammals, particularly primates, bats and rodents host a high diversity
of zoonotic viruses, and the host traits that predict total viral richness have been studied by
Olival et al. (2017). Not surprisingly, the proportion of zoonotic viruses per species was found to
increase with host phylogenetic proximity to humans, probably due to evolutionarily related
species sharing host cell receptors for virus binding (e.g. the ACE-2 receptor for SARS-CoV-2).
Understanding how animal reservoirs (particularly bats) tolerate viruses without developing
symptoms could be a source of innovation for the development of antiviral therapies (Irving et
al, 2021). This calls upon the support of comparative genomics / comparative immunology
programs, which are often neglected. The knowledge of the pathogen host range (long term
research #1) is key for developing comparative immunology programs. In addition, more
research is needed on the diversity and mechanisms of reservoir host immune systems and the
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pathways that maintain the co-evolutionary balance between host tolerance and resistance and
pathogen virulence.

As SARS-CoV-2 has become transmissible from human to human with major variations in
severity of the disease observed worldwide and on an individual scale, there is a lot to learn
from population genetics on the diversity of human populations regarding their susceptibility to
SARS-CoV-2 and their ability to transmit it. Data are already available on the genetic
determinants of resistance/susceptibility to SARS-CoV-2. Very recently, genetic determinants of
disease severity in humans (infected individuals that develop pathology) have been identified.
Factors determining disease severity appear to depend on human evolutionary history (Zeberg
and Paabo, 2020). Population genetics coupled to genome-wide association studies should be
promoted to identify genetic determinants of disease severity in human populations (Casanova
et al, 2020). Beyond genetically-encoded information, non-genetic information that can cause
phenotypic differences between individuals and account for differences in tolerance/resistance
to diseases. Two parameters deserve a research effort. First, we still largely ignore how much
the structure and function of the microbiota, i.e. the symbiotic microbial cells (bacteria, Achaea,
viruses, and eukaryotes) hosted by animal species, accounts for the susceptibility of individuals
to infectious diseases. The social interactions (cooperative and competitive behavior) of
microorganisms and the many factors that shape variation in their effects on host functions,
including defense against pathogens, remain elusive (Figueiredo and Kramer, 2020). Second, a
lot remains to be explored on epigenetic mechanisms that mediate the response of individuals to
environmental modifications, including exposure to pathogens. Epigenetic modifications are
chemical additions to the DNA and histones that are stably maintained and do not change the
primary DNA sequence of a genome; they contribute to the modulation of gene expression (Feil
and Fraga, 2012). Previous pandemics have taught us that coronavirus infections (MERS-CoV,
SARS-CoV) cause important epigenetic modifications in infected populations (Schifer and Baric,
2017). These changes affect the innate immune system, whose dysregulated response
contributes to severe SARS-CoV-2 infections. Based on these findings it was hypothesized that
coronaviruses actively modulate the epigenetic landscape of the human genome. It is expected
that epigenetic signatures will provide markers for past viral infections, vaccination response,
and for the capacity of the innate immune system to fight off coronavirus infections, opening
avenues for future research in immuno-epigenetics (Box 3).

BOX 3. Immuno-epigenetics in coronavirus infections.

There is compelling evidence that a dysregulated innate immune response contributes to the
clinical presentation of patients with severe COVID-19 infections. Myeloid cells are central
players in innate immunity. Their properties are imprinted during their development by
modifications in their epigenome and influenced by environmental cues. These epigenetic
mechanisms include histone modifications and changes in DNA methylation (reviewed e.g.
Mantovani & Netea, 2020). It was shown that DNA methylation modifications regulate the
expression of key immune system genes, in both innate and adaptative immune responses
(Obata et al., 2015). Several studies have also shown that DNA methylation changes upon
infection with virus, bacteria and parasites. Epigenetic changes that affect the host immune
system were reported in populations infected with parasites such as Plasmodium falciparum
(Quin et al,, 2017) or Schistosoma mansoni (DiNardo et al., 2019) but also bacteria such as
Mycobaterium tuberculosis (DiNardo et al., 2019). Changes upon bacterial infections have been
reviewed before (Bierne et al.,, 2012). Aberrant DNA methylation was also observed upon
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several viral infections (e.g. hepatitis (Song et al., 2016), (Okamoto et al., 2014), Human
papilloma virus (Jiménez-Wences and Peralta-Zaragoza..., 2014), choriomeningitis virus
(Scharer et al,, 2013), herpes simplex (Liang et al., 2009), and others. DNA methylation was even
used to predict disease progression and fatality of HIV infection (Zhang et al., 2018) (Chen et al.,
2019). Concerning viruses that cause respiratory syndromes, distinct epigenetic signatures were
observed upon infection with HIN1-09, SARS-CoV, H5N1-VN1203 and MERS-CoV (see Schifer
and Baric (2017) for a detailed review on coronavirus infections and epigenetic changes).
Remarkably, MERS-CoV infection resulted in complete DNA methylation of three antigen-
presentation-associated gene promoters (HLA-A, BZM, and PDIA3) in-vitro (Menachery et al.,
2018). It was hypothesized that the virus actively modulates the epigenetic landscape of the
human genome (Gordon et al., 2020).

5. Long Term Research Need #4: Human and Ecological Factors Accelerating
Infectious Disease Emergence

Scientific evidence shows that human activities such as overuse of natural resources and
pollution are causing climate change, biodiversity loss, land degradation and landscape
modifications. In turn, biodiversity loss, expansion of agriculture and livestock, changes in land
use (deforestation, mining and infrastructure development) leading to habitat destruction,
wildlife exploitation, climate change and climate variability have been hypothesized as direct or
indirect factors causing disease emergence and expansion, i.e., epidemics and pandemics
including SARS-CoV-2 (Morand, 2020; Sironi et al., 2020; Beyer et al., 2021; Halonen et al., 2021;
Morand and Lajaunie, 2021). Indeed, by promoting more frequent and novel contacts between
people, domestic animals, wildlife and the potential pathogens it carries via human practices and
habits, global change (including GEC) has the potential to locally trigger host shifts, spillovers
and to enhance disease transmission (Patz et al., 2004; IPBES, 2020; OECD, 2020). Globally,
there is a considerable lack of data from multidisciplinary studies that take into account the
multiple human and ecological factors contributing to disease emergence and transmission. A
better knowledge of the factors that influence pathogen ecology, transmission and evolution on
the one hand, and the host susceptibility on the other hand, is needed to anticipate, prevent and
mitigate the emergence and spread of infectious diseases as far as possible to adapt national and
international environmental/agricultural/industrial/societal policies, mitigation, preparedness
and response.

5.1. What are the effects of human activities on pathogen evolution and transmission to
humans and the host susceptibility?

The risk of zoonotic EID is elevated in forested tropical regions experiencing rapid land-use
changes, where mammalian biodiversity is high (Allen et al, 2017; Guégan et al, 2020) and
where people are highly vulnerable and constitute the most deprived communities today
(Guégan et al., 2020). Investigating the role of habitat destruction on the one hand and human
activities/behaviors on the other hand is needed to determine how much they have contributed
to recent EIDs originating from animal species, including SARS-CoV-2 (Barouki et al., 2021). This
research is needed in the long term as it may help anticipating future crises. At a local scale, it is
urgent to characterize the social-ecological conditions prone to favor spill-over and transmission
(Box 1).
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In a world where livestock expansion is correlated with the emergence of infectious diseases
(Morand, 2020), it is also of prime importance to determine to what extent intensive farming
contributes to the rapid evolution and spread of infectious agents in promiscuous and
genetically highly similar hosts (Mennerat et al, 2010). As recently seen with SARS-CoV-2,
reverse zoonosis (i.e. anthropogenic infection of animals) is possible. This virus has indeed
infected mink farms in Western Europe, as well as pets and species of the wild fauna,
particularly felines (Hosie et al., 2021). In the same way as animal-to-human transmissions,
human-to-animal transmissions are likely favored by repeated contacts and the sharing of
similar ACE-2 receptors for SARS-CoV-2 between human and animal species (Palmer et al,
2021). Therefore, what is the risk for human and animal health that the virus spreads and
evolves in mammals subjected to breeding in dense populations? To some extent, the human-
kind is an example of a dense population of hosts for the virus, in which it evolves towards more
infectious and more virulent variants. This should motivate research on animal host densities
and the risk of epidemics.

With the increase in chemical pollution associated with the industrial and post-industrial era, it
is also necessary to assess the potential role of water and soil degradation in infectious disease
emergence, in decreasing biodiversity (see below), modifying trophic chains, accelerating
pathogen evolution (through mutation or recombination) or selecting drug resistance in
pathogens and tolerant species to pathogens likely to help to the dispersion of zoonotic diseases.
Chemical pollution is likely to increase vulnerability through immune toxicity (including changes
in immunoepigenetic landscapes), thereby participating in the emergence of still poorly
understood multifactorial diseases. We have earlier discussed the increased risk of infectious
diseases as a result of exposure to toxicants in human and animal species when the immune
system is directly or indirectly affected (Destoumieux-Garzon et al., 2018). Understanding the
effects of toxicants on the viability of human and animal populations and how they can promote
the transmission of zoonotic agents by increasing the prevalence of pathogens in animal
reservoirs or intermediary hosts is of primary importance to better mitigate EIDs .

5.2. What are the relationships between climate change, biodiversity loss and infectious
diseases?

As we are confronted with rapid GEC, we also need to better characterize the role of climate
change in driving biodiversity loss and disease emergence (Keesing et al, 2010; WHO, 2015;
Morand and Lajaunie, 2018; IPBES, 2020). Further characterization of the relationships between
environmental conditions, especially climate and weather, and host and/or vector population
dynamics, as well as exploration of pathogen survival and propagation in the environment is
required (Gortazar et al., 2014). A recent literature review, on links between ecological integrity
and EIDs originating from wildlife, points at research gaps, such as the detection and prediction
of associations between drivers such as climate change or weather variability and pathogen
emergence (Evans et al., 2020). Specifically, investigation is needed into the effects of species
diversity and function, disturbance and human-wildlife contacts on emergence and spread of
infectious diseases. Biodiversity loss (e.g. extinctions or local extirpations of some species) is
considered as a driver of zoonotic agent emergence as it can increase the risk of diseases being
transmitted among the remaining species. Indeed, multi-host pathogens are expected to benefit
from biodiversity loss. One underlying principle is the dilution effect: as host species can differ
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dramatically in their quality as a reservoir, a larger number of poor-quality reservoir species is
expected to dilute events of pathogen transmission, as opposed to a small number of high quality
reservoir species, which amplify transmission. This has been documented in vector-borne
diseases (Keesing et al., 2009). Moreover, when the number of species decreases, intra-specific
density is expected to increase, thereby facilitating transmission among reservoir species. The
increase in density of reservoir species can also favor transmission to humans as a consequence
of augmented contacts. However, to date there is insufficient evidence to confirm how common
‘dilution” and ‘amplification’ effects are a consequence of biodiversity loss (Keesing et al. 2009,
Randolph & Dobson 2012). Recent evidence tends to suggest that for several disease systems,
e.g., cutaneous Leishmaniosis, Hantavirus syndrome, Buruli ulcer/Mycobacterium ulcerans, Lyme
disease, both phenomena, i.e., a dilution and an amplification transmission, can happen in space
and in time, emphasizing the need for a critical and balanced approach to that question (Luis et
al, 2018; Guégan et al,, 2021).

6. Long Term Research Needs #5: Nature-Based Solutions and Approaches to
Interlinked Crises

Due to the intricate links that exist between climate change, biodiversity loss and disease
emergence (both in human and animal populations), nature-based solutions will be required.
Nature-based solutions are defined as actions to protect, sustainably manage, and restore
natural or modified ecosystems, which address societal challenges effectively and adaptively,
simultaneously providing human well-being and biodiversity benefit (Cohen-Shacham, E,,
Walters, G., Janzen, C. and Maginnis, 2016). Research into effective nature-based solutions is
important as spearhead in addressing the ecological and the health crisis jointly. Indeed, beyond
reducing the risk of pandemics, nature-based solutions have the potential to reduce the impact
of interlinked crises (biodiversity loss, climate change etc.) that affect unequally and inequitably
human populations. For instance, protecting tropical forests would have much-needed ancillary
benefits for climate protection in turn, natural resources conservation and autochthonous tribes
and traditional beliefs as well (Guégan et al, 2020). Strategies and methods to proactively
conserving and restoring our remaining intact ecosystems (e.g. forests) to halt climate change,
biodiversity loss, and - we must hope - the next pandemic need to be further explored (Oakes,
L.E. et al, 2020), as well as ways to implement them. Research to develop, foster and implement
multisectorial and trans-disciplinary action in line with the Planetary Health and the One Health
approaches needs to be strengthened. Actions and measures need to be implemented,
monitored and evaluated at national and often territorial levels. This includes identifying and
assessing opportunities and benefits for the lives, activities, well-being and health together with
local communities, requiring a strong integration of social sciences in the framework of living
laboratories implementation for example. An example for an initiative that can trigger
international and multi-sectoral actions is the FAO-OIE-WHO Tripartite guide “Taking a
Multisectoral, One Health Approach: A Tripartite Guide to Addressing Zoonotic Diseases in
Countries” in 2019 (WHO, FAO & OIE, 2019), which now involves the UN environment
programme (UNEP) in a quadripartite task force (de Garine-Wichatitsky et al, 2020).
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7. Long Term Research Needs #6: Ethical and Philosophical Questions Related to The
Relationship of Humans and Nature and the Implications For Change

The current pandemic provides a window through which to examine broader philosophical and
ethical questions about human relationships to the non-human world. The emergence of new
infectious diseases raises profound questions about the industrial development of wild
environments including tropical forests, the use of wildlife, the intensification of animal
husbandry, the impacts of climate change, and the promotion of economies and lifestyles that
contribute to these effects. If we want to reduce the risk of future pandemics, reconsidering the
frameworks of the values that underpin such risk will be necessary.

This kind of reconsideration of values will need to be very broad. It will need to encompass
issues of environmental and social justice and equity, grounded in recognition of our mutual
interdependence and shared vulnerability (Ruger, 2020) and taking into account, for instance,
how far the environmental destruction and wildlife use that increase the risk of EIDs are related
to poverty and distributive and participative injustice. Such a reconsideration of value
frameworks should also take into account justice between human generations, in particular
what is owed by present people to future people with respect to reducing the risk of pandemic
disease that they face, as well as what kind of environment and associated society and economy
we will be leaving to them.

This reconsideration should move beyond the human to consider human relationships with both
wild and domesticated animals (Rock and Degeling, 2015). The questions here are certainly
complicated, and are likely to reveal tensions between the values of animal welfare, human food
systems, cultural values, and the values of threatened and endangered ecosystems and species.
But the complex nature of these ethical questions is an indication both of how important and
urgent it is to begin exploring them now, and of the need to make such exploration a key target
for long-term research.

Research into ideas about the relationships between humans and nature more generally will be
needed. It should address questions such as: Do anthropocentric attitudes of human superiority
and separation help to bring about the destruction of nature that increases the risk of pandemics
(Crist, 2018)? Does the natural world have “intrinsic value” and what do we mean by this term
(Palmer et al, 2014; Dasgupta, 2021)? To what degree should humans intervene in the
environment in order to decrease disease risks to humans - for instance, by gene editing
organisms so that they pose less risk of transmitting disease? How far do human beliefs,
attitudes and values underpin the destructive environmental practices that increase the risk of
EIDs - or are other social and political factors more directly important? Humility is needed
instead of the assumption that humans can investigate, predict and control all risks emerging
from viruses, bacteria and other microorganisms on Earth, as discussed in research need # 2.
Here again, interactions with the framework mobilized for transitioning toward agroecology
could be addressed at Science/Society interface with perspectives in terms of theory of change.

This kind of research could be pursued within One Health and Planetary Health ethical
frameworks that recognize the ways in which concerns about public health, climate change,
biodiversity loss, environmental justice and animal welfare are inextricably entwined
(Destoumieux-Garzon et al., 2018; Gruetzmacher et al, 2021) and that attempt to tackle these
issues collaboratively and across disciplines, drawing on expertise not only from medicine and
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the natural sciences, but also from ethics, law, religion, indigenous knowledge, behavioural
economics, psychology and sociology.

8. Long Term Research Needs #7: Mechanisms for the Implementation of Profound
Changes to Safeguard the Environment and Human Health and to Reduce Future
Risks of EIDs

The linkages between the integrity of ecosystems and emerging zoonotic diseases still requires
further research (Long term Research Need #1) and in the shorter term, the precautionary
principle necessitates that strong action is taken while this additional research is undertaken
(Evans et al.,, 2020).

Research reviewed in the global report of the Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services (IPBES) in 2019 suggests that there is growing knowledge
available that provides a pathway to predicting and preventing pandemics (IPBES, 2019). The
connections between land use and climate change as key drivers of biodiversity loss and the
links to disease emergence and pandemic risks provide opportunities for prevention, control
and response measures (IPBES, 2020). Therefore, change towards sustainability requires
addressing these root causes, implying fundamental changes in society (IPBES, 2019; HERA WP3
results). IPBES has put forward potential policy options that support transformational changes
to reduce pandemic risks and potentially prevent future pandemics (IPBES, 2019, 2020; Box 4).

To achieve transformational change and the implementation of recommended policy options,
trans-disciplinary implementation research involving social sciences is particularly needed on:
i) the social, ethical, psychological and cultural factors influencing behavioral change in times of
a national/international health crisis; ii) improving the link from science to policy to public risk
communication and dialogue on the need for transformational change towards sustainable
development, considering the lessons learnt from the COVID-19 pandemic (Ref. to WP3/
Workshop results; forthcoming); iii) the most effective way of communicating uncertainty
between and beyond disciplines to donors and policy makers; iv) the links between gender,
environment, exposure and disease as well as social factors and exposure; v) the multiple
barriers to change and the identification of leverage points for transformational change and vi)
the influence of types of governance to influence transformation. “Living laboratories” bring
together public and private actors, companies, associations and individuals, with the aim of
testing new services, tools or uses in real life. They may be defined as a user-centered, iterative,
open-innovation ecosystem, often operating in a territorial context (e.g. city, agglomeration,
region or campus), integrating concurrent research and innovation processes within a public-
private-people partnership. They are a potential format for including all sectors of society and
for allowing innovative practices to emerge. Results can potentially provide good practice
examples and identify and characterize technological and social feasibility and limitations as
well as spatial and ecological conditions of transformational changes involving nature and
people need to be further investigated (IPBES, 2019).

The results are required, for example, to inform concerted international and national action,
integrating low- and middle-income countries (LMICs) to improve pandemic prevention,
preparedness and response. A planetary health approach needs to focus on reducing
inequalities, including the potential of including women in decision making, especially in LMICs
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(de Paula et al, 2021). A foresight paradigm encompassing both participatory methodologies
and foresight computational tools could further enhance our capacity to capture the social,
economic, environmental, ecological dynamics that determine the emergence of infectious
health risks in different socio-economic and cultural contexts.

BOX 4. Policy options to reduce pandemic risks (IPBES, 2019)

Topics include: setting up enabling mechanisms; increasing sustainability and reducing
pandemic risk due to land use change and agricultural expansion; monitoring and protecting
“protected areas” including through legal frameworks; and reducing pandemic risk due to the
wildlife trade, and in this context, emphasizing high quality alternatives to wild meat,
particularly banning or replacing luxury bushmeat in urban areas, while fully respecting the
legitimate rights of Indigenous Peoples and Local Communities who still depend on wildlife as a
vital source of food, income and cultural identity.

Indeed, it is usually the hunting and dismembering that poses the higher risk for pathogen
transmission. However, the ‘luxury bushmeat’ sold in urban areas, will have been hunted and
dismembered, and for every bushmeat item sold there was a hunter in contact with an animal
(their secretions and possibly getting scratched/wounded); which adds another layer, that of
injustice, because it puts the hunters and people from poorer rural areas at higher risk, to satisfy
non-essential demand in urban areas. Also, despite few studies of the mechanisms that drive
risk, recent data demonstrate that the percentage of bamboo rats infected by coronaviruses
increases through the wildlife trade value chain in Vietnam, from 6% in rat farms, to 21% in
large live animal markets, to 56% at the point of slaughter in restaurants. Coronavirus testing
indicates transmission risk increases along wildlife supply chains for human consumption in
Viet Nam, 2013-2014 (Huong et al.,, 2020).

Economic arguments are important when investigating and discussing options for the
implementation of ambitious policies that safeguard nature (tackling climate change and
biodiversity loss), strengthen the resilience of health systems, improve the protection of health
and support the reduction of inequalities (WHO, 2020). With respect to reducing the risks of
pandemics, comparing economic assessment of the disease and of the prevention plans is an
important aspect to be considered in health and environmental impact assessments and the
development and improvement of respective impact assessment tools. It was estimated in 2020
that the COVID-19 pandemic would likely cost between US$8.1 and US$15.8 trillion globally.
Dobson et al. (2020) estimated that in comparison, the present value of prevention costs for 10
years amount to only about 2% of the current pandemic cost: a significant reduction in
transmission of new diseases from tropical forests would cost about US$25 billion/year. It needs
to be investigated how to successfully make the case for a green, healthy and just recovery for
people and the planet and to focus on what is driving human health and well-being (Leggewie,
2020). This includes exploring the transformational potentials of a “Great Mindshift” towards
mainstreaming economics for the agenda of sustainable development (Gopel, 2016).

9. Discussion And Conclusions

“The problems of pandemics, climate and biodiversity loss are strongly interconnected - but so
are the solutions” (Oakes et al., 2020). These massive crises share the destructive relationship of
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most humans to nature as a core cause. It is important to use a new framework to identify and
quantify associations, causal relationships, and risks between ecological change and pathogen
emergence (Gortazar et al, 2014). In line with this statement and the multiple calls for a more
integrated action on Health, we have identified seven long research needs that promote an
effective integration of environmental, ecological, evolutionary, and social sciences to better
anticipate and mitigate EIDs. Together with innovative multidisciplinary facilities embedded in
social-ecosystems, the “ecological health observatories” and the “living laboratories”, they
should respond to an increasing demand of society for a sustainable management of ecosystems
of which the human species is an integral part and from which it strongly depends.

Various recommendations for healthy and green recovery from the current COVID-19 pandemic
have been put forward, on the basis of what is known today about interconnections, drivers and
consequences. The World Health Organization, for example, has compiled a set of prescriptions
and actions for a healthy and green recovery from the COVID-19 pandemic (World Health
Organization, 2020): protecting and preserving nature as the source of human health; investing
in essential services such as water and sanitation and clean energy; ensuring a quick and healthy
energy transition; promoting healthy and sustainable food systems and building healthy, livable
cities and divestment from harmful activities. They are in line with what has been suggested by
the OECD in its report entitled “Biodiversity and the economic response to COVID-19: Ensuring a
green and resilient recovery” (OECD, 2020), namely "to i) ensure that COVID-19 economic
recovery measures do not compromise biodiversity; (ii) scale up investment in biodiversity
conservation, sustainable use and restoration; (iii) put a price on biodiversity loss; and (iv)
foster cross-sectoral and to integrate international collaboration by adopting the One Health
approach, supporting developing countries to safeguard their biodiversity, and developing an
ambitious post-2020 global biodiversity framework”. , overall, it has been estimated that the
cost of the response to COVID-19 will be significantly higher than that of prevention (Dobson et
al,, 2020). In addition, the pandemic has increased poverty and hunger, and it threatens global
stability (Omtzigt and Pople, 2020). The stimulus measures to support the economies around
the globe announced were in the order of USD 10 trillion (OECD, 2020). These amounts are
potentially powerful levers towards a healthy recovery when invested in sectors and measures
that, respectively, safeguard nature, strengthen the resilience of health systems, improve the
protection of health and support the reduction of inequalities (WHO, 2020), towards achieving
the SDGs.

All of these activities are linked to further long term research as well as the need for urgent and
immediate action. Lessons from the COVID-19 pandemic can help to tackle future pandemics as
well as other global emergencies (Vinke et al., 2020). Recovery measures will need to be
assessed for their short and long term effects on the drivers of potential pandemics and it is
important to keep track of constantly emerging results of research on COVID-19 and global
environmental change to be able to link them to new research questions aligned with societal
needs. To ensure multi-disciplinary, intrediscplinary, cross-sectoral and participatory research
to answer emerging questions in relation to pandemic risk and environmental change, we
propose setting up an international scientific and strategic network of scientists and
stakeholders to jointly work towards the prevention of, preparedness and response to potential
EIDs. Open access to and exchange of emerging knowledge is key for an accelerated translation
of knowledge into policy and practice.
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In agreement with the conclusion of (Barouki et al.,, 2021) for emerging research needs in the
context of COVID-19 and the environment, mid- and long term research into EIDs and
environmental change will also need to adopt an integrative approach with the aim of reducing
the risks of future pandemics. Research efforts need to be translated into solutions to jointly
protect and restore ecosystems and biodiversity in order to protect human health, including
from potential EIDs (WHO, 2015). The key justifications for comprehensive transformative
action to safeguard the planet and human health lie in the planetary boundaries and the
interactions between the Earth system’s processes (Steffen et al, 2015; Lade et al, 2020).
Supporting a One Health and Planetary Health scientific research approach, linking human,
animal and ecosystem health to design and test better strategies to prevent pandemics, and an
agreement to strive for aims and goals of these approaches would be required (IPBES, 2020).
We must not lose sight of the bigger challenges ahead in view of the COVID-19 pandemic: In a
world where the human population is expanding at unprecedented rates, the excess
consumption of resources goes far beyond what planet Earth can cope with; human activities are
also driving global warming and the loss of biodiversity, two major threats for life on our planet.
Tackling the crises jointly holds unique opportunities to rethink current economic models as
well (Halonen et al, 2020, 2021; WHO, 2020).

In the context of EIDs and environmental change - as for other challenges we face to safeguard
livable conditions - research needs to be consequential and solution oriented. It has to embrace
the complexity of the issues addressed and focus on the most vulnerable (Frumkin, 2015).
Acting and advocating with a level of urgency proportionate to the scale of the threat, adhering
to the best available science, and practicing clear and consistent communications, are principles
that apply to critical health crises like the COVID-19 pandemic and global climate change alike
(Watts et al, 2021). To reach these ambitious long term goals, the set-up of an international
scientific and strategic network for the prevention of, preparedness for and response to EIDs,
including researchers, stakeholders and decision makers could lead the way, to foster the trans-
disciplinary and cross-sectoral collaboration that is required. Offering a discussion platform and
open access and exchange of emerging knowledge and solutions can accelerate the translation of
research into policy and practice in this regard.
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