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Keywords: This narrative review examines the critical nexus between climate change, coronavirus emergence, and Long

Long COVID COVID—a triad that may shape public health outcomes for generations. Climate change disrupts ecological

ff_’luover balances that have historically limited viral spillover events, creating novel interfaces between wildlife reservoirs
1ruses

and human populations. The coronavirus family presents particular concern due to its diversity, adaptability, and
demonstrated capacity for cross-species transmission. With over 200 coronaviruses identified in bat populations
alone, this vast reservoir of genetic diversity, combined with the family’s propensity for recombination, creates
substantial pandemic potential that climate disruption may further amplify. Long COVID has revealed another
dimension of the coronavirus threat: the potential for significant chronic disease burden following acute infec-
tion. This complex multisystem condition affects a substantial portion of SARS-CoV-2 infected individuals, with
mechanisms including viral persistence, autoimmunity, microclot formation, and mitochondrial dysfunction.
Future projections suggest that climate change could increase global viral spillover risk by 30-45% by 2070,
particularly in Southeast Asia, Central Africa, and parts of South America. Artificial intelligence offers promising
tools for addressing these interconnected challenges through enhanced surveillance, accelerated therapeutic
development, and optimized healthcare delivery. Understanding the climate-coronavirus-chronic illness nexus
has become essential to the development of resilient health systems and effective planetary health policies face to
an uncertain future.

1. Introduction

Climate change and emerging infectious diseases form a complex
web of cause and effect calling for integrated scientific understanding
[1,2]. The present review examines the nexus between climate change,
coronavirus emergence, and Long COVID [3]. Climate change disrupts
ecological balances that have historically limited viral spillover events
[2,4,5]. Recent modeling suggests climate change could drive over
15,000 new cross-species viral transmission events by 2070, with
coronaviruses among the most likely candidates [2].

The coronavirus family warrants specific attention for several rea-
sons. Unlike influenza viruses, which have established seasonal patterns
and surveillance systems, coronaviruses have demonstrated increasingly
frequent novel spillover events with high pandemic potential [6]. While
influenza primarily undergoes antigenic drift and occasional reassort-
ment between known strains, coronaviruses possess tan extremely large
RNA viral genome (26-32 kb), extraordinary recombination capacity,
and remarkable receptor plasticity facilitating rapid adaptation to new
hosts [7,8]. Though numerous, enteroviruses typically cause self-
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limiting infections without the respiratory transmission efficiency or
mortality rates seen in novel coronaviruses. Additionally, the vast
reservoir of coronaviruses (over 200 identified in bat populations alone)
remains largely uncharacterized, especially in comparison to the more
thoroughly documented influenza ecology [9,10]. A combination of
genetic adaptability, zoonotic potential, and limited predictability ren-
ders coronaviruses particularly susceptible to climate-driven
emergence.

Long COVID has revealed another dimension of the coronavirus
threat: significant chronic disease burden following acute infection
[11,12]. Approximately 10-30 % of SARS-CoV-2 infections result in
symptoms persisting beyond 12 weeks [13].

This narrative review explores evidence linking these phenomena
and considers how artificial intelligence may help to navigate this
intersection of threats.
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2. Climate change as a driver of viral emergence
2.1. Habitat disruption and Biodiversity Loss

Climate change creates new interfaces between humans and viral
reservoirs through habitat transformation. Rising temperatures shift
habitat ranges for numerous species, including viral reservoirs [13]. A
meta-analysis found that tropical deforestation combined with climate
change has increased human-wildlife contact rates by approximately
4.0 % annually since 2000 [5].

For coronaviruses specifically, bat populations harboring an esti-
mated 3200 coronavirus strains globally are particularly susceptible to
climate-driven habitat changes [9]. Climate change has driven an esti-
mated increase of 40 bat species in Yunnan province (China) alone,
bringing approximately 100 additional coronavirus species into poten-
tial contact with humans [3].

Large spike protein with high ACE2 affinity; multiple

Highest case fatality rate among coronaviruses
immune evasion mechanisms

Notable Genomic Features

Uses aminopeptidase N as receptor

Uses ACE2 receptor (like SARS-CoV-2)

Likely spilled over from cattle in late 19th century
Difficult to culture in laboratory

First coronavirus to cause global outbreak

2.2. Changing Animal Migration patterns

Climate change is altering wildlife movement patterns, creating
novel ecological interfaces in which previously isolated species inter-
mingle. In response to warming trends, mammals have shown average
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3.2. History of previous coronavirus spillovers

Seven coronaviruses are known to infect humans. Four of these cause
common colds globally [23]. Three spillover events in the 21st century
have demonstrated the family’s potential to cause severe disease: SARS-
CoV (2002-2003), MERS-CoV (2012), and SARS-CoV-2 (2019). The
increasing frequency of detected spillovers—from approximately one
per century to three major events in two decades—suggests either
enhanced surveillance or increasing spillover pressure [24].

3.3. Ecological niches

The ecological distribution of coronaviruses spans diverse mamma-
lian and avian taxa, with particularly high diversity in tropical and
subtropical regions [9,25]. This distribution correlates with areas of
high bat species richness.

Climate change is altering these ecological niches. Modeling suggests
that shifts in vegetation types driven by climate change have increased
bat species richness in Central China, Myanmar, and Laos by approxi-
mately 40 %, bringing multiple coronavirus lineages into newly over-
lapping ranges [3].

3.4. Genetic factors enabling adaptability

The spike glycoprotein demonstrates remarkable structural plasticity
across the coronavirus family [8]. This conformational flexibility en-
ables coronaviruses to explore new receptor interactions without sacri-
ficing binding efficiency to ancestral receptors.

Most pandemic-potential coronaviruses utilize angiotensin-
converting enzyme 2 (ACE2) as their primary receptor. SARS-CoV-2
can bind ACE2 orthologs from humans, cats, ferrets, monkeys, and
other mammals with varying effectiveness [26].

As few as five mutations in the spike protein can enable effective use
of human receptors by bat coronaviruses [27], suggesting that the
“species barrier” for coronaviruses may be more porous than previously
recognized.

4. Long COVID as a model for Post-Viral conditions
4.1. Definition and prevalence

Long COVID is characterized by persistent symptoms extending
beyond the acute phase of SARS-CoV-2 infection. The World Health
Organization defines it as occurring “in individuals with a history of
probable or confirmed SARS-CoV-2 infection, usually three months from
the onset of COVID-19 with symptoms that last for at least two months
and cannot be explained by an alternative diagnosis” [28].

Common symptoms include fatigue, dyspnea, cognitive dysfunction
(“brain fog”), post-exertional malaise, cardiovascular abnormalities,
sleep disturbances, and autonomic dysfunction [11,12]. Recent large-
scale cohort studies have provided more refined prevalence estimates.
A 2024 nationwide cohort study by Archambault et al. [29] examining
emergency department patients found that 38.9 % of SARS-CoV-2 test-
positive individuals reported Long COVID symptoms at three months
post-infection, compared to 20.7 % of test-negative individuals. A
Scottish population cohort study of nearly 200,000 adults demonstrated
that after adjusting for confounders, the prevalence of symptoms
attributable to SARS-CoV-2 infection was 6.6 %, 6.5 %, and 10.4 % at 6,
12, and 18 months respectively [30].

Risk factors include female sex, pre-existing conditions (asthma,
diabetes, obesity), older age, and psychological conditions [31,32]. Of
note, while higher rates of Long COVID (50-70 %) have been observed
among hospitalized patients, most Long COVID cases occur in in-
dividuals having experienced mild acute COVID-19 [33]. This apparent
paradox reflects the fact that mild cases represent the vast majority of
overall infections, and research shows Long COVID can develop
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regardless of initial disease severity [34]. Long COVID bears similarities
to other post-viral syndromes, most notably myalgic encephalomyelitis/
chronic fatigue syndrome (ME/CFS) [35].

4.2. Socioeconomic burden

Long COVID has reduced workforce participation and productivity.
Approximately 1.6 million full-time equivalent workers in the United
States alone remain out of the workforce due to Long COVID, repre-
senting approximately $170 billion in lost wages annually [36].

Cumulative healthcare costs globally are estimated to exceed $3.7
trillion when accounting for direct medical expenses and reduced eco-
nomic output [37]. Studies have demonstrated significant reductions in
health-related quality of life among Long COVID patients.

4.3. Healthcare System preparedness

Integrated, multidisciplinary care models have emerged as essential
to effective Long COVID management. Specialized clinics employing
collaborative approaches across multiple specialties have been estab-
lished in many countries [38]. Rehabilitation service capacity has
emerged as a critical bottleneck in many healthcare systems [39].

5. Future projections and Al applications
5.1. Climate-Driven viral emergence scenarios

Models project over 15,000 new viral sharing events among
mammalian species by 2070, with a 3.8-fold increase in cross-species
coronavirus transmission among bat populations [2]. Under moderate
mitigation scenarios, global spillover risk is projected to increase by 4.5
% annually by 2050, rising to 7.2 % under more severe warming [3].

Without significant mitigation efforts, climate change could increase
global viral spillover risk by 30-45 % by 2070, with coronaviruses
among the most affected viral families [40].

5.2. Geographical Hotspot analysis
Regions at elevated risk for future coronavirus emergence include:

Southern China and Northern Southeast Asia: Projected to experi-
ence significant climate-driven increases in bat species richness, with
a 3.2-fold increase in coronavirus spillover risk by 2050 [2].
Central Africa’s Congo Basin: Projected to experience a 2.7-fold in-
crease in spillover risk by 2050 [41].

Western South America: Projected to experience a 2.1-fold increase
in coronavirus spillover risk by 2050 [42].

Under moderate climate change scenarios, approximately 1.5 billion
people may live in high-risk hotspots by 2050.

5.3. Timeline projections

Temporal projections of coronavirus spillover risk provide insights
critical to long-term preparedness planning. The comprehensive
assessment from the Lancet Countdown on Health and Climate Change
indicates that under current policies (projected to result in approxi-
mately 2.7 °C warming by 2100), the average interval between major
coronavirus spillover events could decrease from approximately 10
years (the historical average since 2000) to 4-6 years by the 2050 s, and
potentially to 2-3 years by the 2080 s. Alternative scenarios demon-
strate different trajectories, with a high-emissions scenario (4 °C + by
2100) potentially reducing intervals between major spillover events to
as few as 1-2 years by the end of the century [43].

Fig. 1 illustrates the projected changes in coronavirus spillover risk
over time under three climate scenarios. The green line represents the
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Fig. 1. Projected Coronavirus Spillover Risk Timeline. Annual probability of major spillover events under different warming scenarios. Data sources: [], Carlson et al.

(1.
Adapted from Romanello et al. 432

Paris Agreement target of limiting warming to 1.5 °C, showing only a
slight increase in annual spillover probability. The orange line depicts
the trajectory under current policies (2.7 °C warming), with a substan-
tial acceleration of risk by mid-century. The red line shows the high
emissions scenario (4 °C + warming), with a dramatic increase in
spillover probability that could fundamentally alter global pandemic
preparedness requirements.
Carlson et al. [2] conclude that the ecological transition driving
increased viral sharing “may already be underway, and holding warm-
ing under 2 °C within the century will not reduce future viral sharing.”.

5.4. Al applications for pandemic preparedness and response

Al offers transformative capabilities across multiple dimensions of
pandemic preparedness and response. These applications form an inte-
grated framework addressing the interconnected challenges of climate-
driven viral emergence.

AlI-Powered Surveillance Systems for Early Detection now inte-
grate diverse data streams for early outbreak detection. Advanced
genomic surveillance platforms can identify novel coronavirus strains
with zoonotic potential [44]. Environmental surveillance tools detect

viral signatures in wastewater and environmental samples weeks before
clinical cases appear [45], while digital epidemiology platforms employ

natural language processing to analyze social media and search patterns,

detecting outbreaks 7-14 days before official reporting.
Fig. 2 presents a proposed conceptual framework illustrating how

various Al applications could be integrated across the pandemic
response spectrum, from prevention and preparedness to Long COVID
management. This proposed framework envisions each stage building
upon insights from the previous phase, while a continuous learning loop
would enable ongoing refinement of these technologies based on real-
world outcomes. This integrated approach demonstrates how Al could
create a comprehensive framework for addressing viral threats at every
phase of emergence and response.

Machine Learning for Viral Evolution and Zoonotic Potential
Prediction has advanced significantly, with models correctly fore-
casting 74 % of major mutations in SARS-CoV-2 variants before their
detection [46]. Advanced computational approaches for protein struc-
ture prediction have significantly improved our understanding of coro-
navirus biology, enabling more accurate assessment of variant
transmissibility and immune evasion potential.

Al Tools for Accelerating Therapeutic and Vaccine Development
have dramatically reduced development timelines. Drug repurposing
systems screen existing pharmaceuticals against novel coronavirus
proteins within hours of receiving genomic sequences, while generative
Al platforms for de novo drug design have reduced early-stage

-
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Fig. 2. Al applications across the pandemic response spectrum.
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development from years to weeks [47]. Machine learning algorithms
have enhanced vaccine design by optimizing antigen selection, while
clinical trial processes have been streamlined through Al-powered pa-
tient selection and monitoring, reducing development timelines
significantly.

Digital Health Infrastructure for Long COVID Management uti-
lizes Al to identify disease subtypes through multimodal data integra-
tion, with current systems identifying seven distinct phenotypes with
different underlying mechanisms and treatment responses [48]. Remote
monitoring technologies paired with machine learning algorithms
enable personalized care plans that adapt to patient symptoms and re-
covery trajectories, improving quality of life outcomes and reducing
healthcare utilization.

Predictive Modeling for Healthcare Resources enables planning
during overlapping climate and viral crises. Computational modeling
systems can now simulate the complex interactions between environ-
mental changes, population dynamics, and viral spread to forecast
healthcare needs. Supply chain resilience analysis has correctly identi-
fied 83 % of critical shortages during compound disasters [49].

While many of these individual Al capabilities exist today, their full
integration as proposed in Fig. 2 represents an aspirational framework
that could address viral emergence risks associated with climate change.
Implementing this comprehensive approach would enable earlier
detection leading to containment before widespread transmission, rapid
countermeasure development to reduce outbreak impacts, and
advanced resource modeling to optimize responses during compound
crises involving both climate impacts and viral emergences.

6. Conclusion

Climate change represents a pervasive alteration of the earth’s sys-
tems, disrupting ecological balances that have historically limited viral
spillover events. The coronavirus family stands as particularly signifi-
cant due to its diversity, adaptability, and demonstrated capacity for
cross-species transmission. Long COVID has shown a potential for sig-
nificant chronic disease burden following acute infection.

Future projections suggest that climate change could significantly
increase global viral spillover risk, particularly in regions of Southeast
Asia, Central Africa, and parts of South America. Al offers promising tool
addressing these interconnected challenges through enhanced surveil-
lance, accelerated therapeutic development, and optimized healthcare
delivery.

Understanding this climate-coronavirus-chronic illness nexus is
essential not only for scientific advancement but also for developing
resilient health systems and effective planetary health policies.

CRediT authorship contribution statement

Thorsten Rudroff: Writing — review & editing, Writing — original
draft, Methodology, Investigation, Conceptualization.

Funding

The author declares that no funding associated with the work is
featured in this paper.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

[1] Whitmee S, Haines A, Beyrer C, Boltz F, Capon AG, de Souza Dias BF, et al.
Safeguarding human health in the Anthropocene epoch: report of The Rockefeller

[2

—

[3]

[4]

(5]

(6]

[71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Infectious Diseases Now 55 (2025) 105091

Foundation-Lancet Commission on planetary health. Lancet 2015;386(10007):
1973-2028. https://doi.org/10.1016/50140-6736(15)60901-1.

Carlson CJ, Albery GF, Merow C, Trisos CH, Zipfel CM, Eskew EA, et al. Climate
change increases cross-species viral transmission risk. Nature 2022;607(7919):
555-62. https://doi.org/10.1038/s41586-022-04788-w.

Beyer RM, Manica A, Mora C. Shifts in global bat diversity suggest a possible role of
climate change in the emergence of SARS-CoV-1 and SARS-CoV-2. Sci Total
Environ 2021;767:145413. https://doi.org/10.1016/j.scitotenv.2021.145413.
IPCC [Internet]. 2022. Climate Change 2022: Impacts, Adaptation and
Vulnerability [cited March 24, 2025]. Available from: https://www.ipcc.ch/
report/ar6/wg2/.

Gibb R, Redding DW, Chin KQ, Donnelly CA, Blackburn TM, Newbold T, et al.
Zoonotic host diversity increases in human-dominated ecosystems. Nature 2020;
584(7821):398-402. https://doi.org/10.1038/541586-020-2562-8.

Cui J, Li F, Shi ZL. Origin and evolution of pathogenic coronaviruses. Nat Rev
Microbiol 2019;17(3):181-92. https://doi.org/10.1038/s41579-018-0118-9.
Forni D, Cagliani R, Clerici M, Sironi M. Molecular evolution of human coronavirus
genomes. Trends Microbiol 2017;25(1):35-48. https://doi.org/10.1016/j.
tim.2016.09.001.

Walls AC, Park YJ, Tortorici MA, Wall A, McGuire AT, Veesler D. Structure,
function, and antigenicity of the SARS-CoV-2 spike glycoprotein. Cell 2020;181(2):
281-292.e6. https://doi.org/10.1016/j.cell.2020.02.058.

Ruiz-Aravena M, McKee C, Gamble A, Lunn T, Morris A, Snedden CE, et al.
Ecology, evolution and spillover of coronaviruses from bats. Nat Rev Microbiol
2022;20(5):299-314. https://doi.org/10.1038/541579-021-00652-2.

Zhou P, Yang XL, Wang XG, Hu B, Zhang L, Zhang W, et al. A pneumonia outbreak
associated with a new coronavirus of probable bat origin. Nature 2020;579(7798):
270-3. https://doi.org/10.1038/s41586-020-2012-7.

Nalbandian A, Sehgal K, Gupta A, Madhavan MV, McGroder C, Stevens JS, et al.
Post-acute COVID-19 syndrome. Nat Med 2021;27(4):601-15. https://doi.org/
10.1038/541591-021-01283-z.

Davis HE, Assaf GS, McCorkell L, Wei H, Low RJ, Re’em Y, et al. Characterizing
long COVID in an international cohort: 7 months of symptoms and their impact.
EClinicalMedicine 2021;38:101019. https://doi.org/10.1016/j.
eclinm.2021.101019.

Whitaker M, Elliott J, Chadeau-Hyam M, Riley S, Darzi A, Cooke G, et al. Persistent
COVID-19 symptoms in a community study of 606,434 people in England. Nat
Commun 2022;13(1):1957. https://doi.org/10.1038/541467-022-29521-z.

Chen IC, Hill JK, Ohlemiiller R, Roy DB, Thomas CD. Rapid range shifts of species
associated with high levels of climate warming. Science 2011;333(6045):1024-6.
https://doi.org/10.1126/science.1206432.

Olival KJ, Hosseini PR, Zambrana-Torrelio C, Ross N, Bogich TL, Daszak P. Host
and viral traits predict zoonotic spillover from mammals. Nature 2017;546(7660):
646-50. https://doi.org/10.1038/nature22975.

Riddell S, Goldie S, Hill A, Eagles D, Drew TW. The effect of temperature on
persistence of SARS-CoV-2 on common surfaces. Virol J 2020;17(1):145. https://
doi.org/10.1186/512985-020-01418-7.

Casanova LM, Jeon S, Rutala WA, Weber DJ, Sobsey MD. Effects of air temperature
and relative humidity on coronavirus survival on surfaces. Appl Environ Microbiol
2010;76(9):2712-7. https://doi.org/10.1128/AEM.02291-09.

Ramasamy R. Perspective of the relationship between the susceptibility to initial
SARS-CoV-2 infectivity and optimal nasal conditioning of inhaled air. Int J Mol Sci
2021;22(15):7919. https://doi.org/10.3390/ijms22157919.

Welbergen JA, Klose SM, Markus N, Eby P. Climate change and the effects of
temperature extremes on Australian flying-foxes. Proc Biol Sci 2008;275(1633):
419-25. https://doi.org/10.1098/rspb.2007.1385.

Eby P, Peel AJ, Hoegh A, Madden W, Giles JR, Hudson PJ, et al. Pathogen spillover
driven by rapid changes in bat ecology. Nature 2023;613(7943):340-4. https://
doi.org/10.1038/541586-022-05506-2.

Subudhi S, Rapin N, Misra V. Immune system modulation and viral persistence in
bats: understanding viral spillover. Viruses 2019;11(2):192. https://doi.org/
10.3390/v11020192.

International Committee on Taxonomy of Viruses [Internet]. 2023. Current ICTV
Taxonomy Release [cited March 24, 2025]. Available from: https://ictv.global/
taxonomy.

Corman VM, Muth D, Niemeyer D, Drosten C. Hosts and sources of endemic human
coronaviruses. Adv Virus Res 2018;100:163-88. https://doi.org/10.1016/bs.
aivir.2018.01.001.

Plowright RK, Reaser JK, Locke H, Woodley SJ, Patz JA, Becker DJ, et al. Land use-
induced spillover: a call to action to safeguard environmental, animal, and human
health. Lancet Planet Health 2021;5(4):e237-45. https://doi.org/10.1016/52542-
5196(21)00031-0.

Anthony SJ, Johnson CK, Greig DJ, Kramer S, Che X, Wells H, et al. Global patterns
in coronavirus diversity. VirusEvol 2017;3(1). https://doi.org/10.1093/ve/
vex012.

Damas J, Hughes GM, Keough KC, Painter CA, Persky NS, Corbo M, et al. Broad
host range of SARS-CoV-2 predicted by comparative and structural analysis of
ACE2 in vertebrates. Proc Natl Acad Sci U S A 2020;117(36):22311-22. https://
doi.org/10.1073/pnas.2010146117.

Menachery VD, Yount Jr BL, Debbink K, Agnihothram S, Gralinski LE, Plante JA,
et al. A SARS-like cluster of circulating bat coronaviruses shows potential for
human emergence. Nat Med 2015;21(12):1508-13. https://doi.org/10.1038/
nm.3985.

Soriano JB, Murthy S, Marshall JC, Relan P, Diaz JV. WHO clinical case definition
working group on post-COVID-19 condition. A clinical case definition of post-


https://doi.org/10.1016/S0140-6736(15)60901-1
https://doi.org/10.1038/s41586-022-04788-w
https://doi.org/10.1016/j.scitotenv.2021.145413
https://doi.org/10.1038/s41586-020-2562-8
https://doi.org/10.1038/s41579-018-0118-9
https://doi.org/10.1016/j.tim.2016.09.001
https://doi.org/10.1016/j.tim.2016.09.001
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1038/s41579-021-00652-2
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1038/s41591-021-01283-z
https://doi.org/10.1038/s41591-021-01283-z
https://doi.org/10.1016/j.eclinm.2021.101019
https://doi.org/10.1016/j.eclinm.2021.101019
https://doi.org/10.1038/s41467-022-29521-z
https://doi.org/10.1126/science.1206432
https://doi.org/10.1038/nature22975
https://doi.org/10.1186/s12985-020-01418-7
https://doi.org/10.1186/s12985-020-01418-7
https://doi.org/10.1128/AEM.02291-09
https://doi.org/10.3390/ijms22157919
https://doi.org/10.1098/rspb.2007.1385
https://doi.org/10.1038/s41586-022-05506-2
https://doi.org/10.1038/s41586-022-05506-2
https://doi.org/10.3390/v11020192
https://doi.org/10.3390/v11020192
https://doi.org/10.1016/bs.aivir.2018.01.001
https://doi.org/10.1016/bs.aivir.2018.01.001
https://doi.org/10.1016/S2542-5196(21)00031-0
https://doi.org/10.1016/S2542-5196(21)00031-0
https://doi.org/10.1093/ve/vex012
https://doi.org/10.1093/ve/vex012
https://doi.org/10.1073/pnas.2010146117
https://doi.org/10.1073/pnas.2010146117
https://doi.org/10.1038/nm.3985
https://doi.org/10.1038/nm.3985

T. Rudroff

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

COVID-19 condition by a Delphi consensus. Lancet Infect Dis 2022;22(4):e102-7.
https://doi.org/10.1016/51473-3099(21)00703-9.

Archambault PM, Rosychuk RJ, Audet M, Hau JP, Graves L, Décary S, et al. Post-
COVID-19 condition symptoms among emergency department patients tested for
SARS-CoV-2 infection. Nat Commun 2024;15(1):8449. https://doi.org/10.1038/
541467-024-52404-4.

Hastie CE, Lowe DJ, McAuley A, Mills NL, Winter AJ, Black C, et al. True
prevalence of long-COVID in a nationwide, population cohort study. Nat Commun
2023;14(1):7892. https://doi.org/10.1038/s41467-023-43661-w.

Thompson EJ, Williams DM, Walker AJ, Mitchell RE, Niedzwiedz CL, Yang TC,
et al. Long COVID burden and risk factors in 10 UK longitudinal studies and
electronic health records. Nat Commun 2022;13(1):3528. https://doi.org/
10.1038/541467-022-30836-0.

Reme BA, Gjesvik J, Magnusson K. Predictors of the post-COVID condition
following mild SARS-CoV-2 infection. Nat Commun 2023;14(1):5839. https://doi.
org/10.1038/541467-023-41541-x.

Davis HE, Assaf GS, McCorkell L, Wei H, Low RJ, Re’em Y, et al. Characterizing
long COVID in an international cohort: 7 months of symptoms and their impact.
EClinicalMedicine 2021:101019. https://doi.org/10.1016/j.eclinm.2021.101019.
Kim Y, Bae S, Chang HH, Kim SW. Long COVID prevalence and impact on quality of
life 2 years after acute COVID-19. Sci Rep 2023;13(1):11207. https://doi.org/
10.1038/541598-023-36995-4. Erratum. In: Sci Rep. 2023;13(1):11960.
Komaroff AL, Bateman L. Will COVID-19 lead to myalgic encephalomyelitis/
chronic fatigue syndrome? Front Med (Lausanne) 2021;7:606824. https://doi.org/
10.3389/fmed.2020.606824.

Brookings [Internet]. 2022. New data shows long Covid is keeping as many as 4
million people out of work [cited March 24, 2025]. Available from: https://www.
brookings.edu/articles/new-data-shows-long-covid-is-keeping-as-many-as-4-
million-people-out-of-work/.

Cutler DM. The costs of Long COVID. JAMA Health Forum 2022;3(5):€221809.
https://doi.org/10.1001/jamahealthforum.2022.1809.

Parkin A, Davison J, Tarrant R, Ross D, Halpin S, Simms A, et al. Multidisciplinary
NHS COVID-19 service to manage post-COVID-19 syndrome in the community.

J Prim Care Community Health 2021;12:21501327211010994. https://doi.org/
10.1177/21501327211010994.

Wade DT. Rehabilitation after COVID-19: an evidence-based approach. Clin Med
(Lond) 2020;20(4):359-65. https://doi.org/10.7861/clinmed.2020-0353.

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Infectious Diseases Now 55 (2025) 105091

Grange ZL, Goldstein T, Johnson CK, Anthony S, Gilardi K, Daszak P, et al. Ranking
the risk of animal-to-human spillover for newly discovered viruses. Proc Natl Acad
Sci U S A 2021;118(15):€2002324118. https://doi.org/10.1073/
pnas.2002324118.

Kumakamba C, Niama FR, Muyembe F, Mombouli JV, Kingebeni PM, Nina RA,
et al. Coronavirus surveillance in wildlife from two Congo basin countries detects
RNA of multiple species circulating in bats and rodents. PLoS One 2021;16(6):
€0236971. https://doi.org/10.1371/journal.pone.0236971.

Han BA, O’Regan SM, Paul Schmidt J, Drake JM. Integrating data mining and
transmission theory in the ecology of infectious diseases. Ecol Lett 2020;23(8):
1178-88. https://doi.org/10.1111/ele.13520.

Romanello M, Napoli CD, Green C, Kennard H, Lampard P, Scamman D, et al. The
2023 report of the Lancet Countdown on health and climate change: the imperative
for a health-centered response in a world facing irreversible harms. Lancet 2023;
402(10419):2346-94. https://doi.org/10.1016/50140-6736(23)01859-7.

Dhama K, Khan S, Tiwari R, Sircar S, Bhat S, Malik YS, et al. Coronavirus disease
2019-COVID-19. Clin Microbiol Rev 2020;33(4):00028-120. https://doi.org/
10.1128/CMR.00028-20.

Brosky H, Prasek SM, Innes GK, Pepper IL, Miranda J, Brierley PE, et al.

A framework for integrating wastewater-based epidemiology and public health.
Front Public Health 2024;12:1418681. https://doi.org/10.3389/
fpubh.2024.1418681.

Hie B, Zhong ED, Berger B, Bryson B. Learning the language of viral evolution and
escape. Science 2021;371(6526):284-8. https://doi.org/10.1126/science.
abd7331.

Santus E, Marino N, Cirillo D, Chersoni E, Montagud A, Santuccione, et al. Artificial
intelligence-aided precision medicine for COVID-19: strategic areas of research and
development. J Med Internet Res 2021;23(3):e22453. https://doi.org/10.2196/
22453.

Pfaff ER, Girvin AT, Bennett TD, Bhatia A, Brooks IM, Deer RR, et al. Identifying
who has long COVID in the USA: a machine learning approach using N3C data.
Lancet Digit Health 2022;4(7):e532-41. https://doi.org/10.1016/52589-7500(2.2)
00048-6.

Bassiouni MM, Chakrabortty RK, Hussain OK, Rahman HF. Advanced deep learning
approaches to predict supply chain risks under COVID-19 restrictions. Expert Syst
Appl 2023;211:118604. https://doi.org/10.1016/j.eswa.2022.118604.


https://doi.org/10.1016/S1473-3099(21)00703-9
https://doi.org/10.1038/s41467-024-52404-4
https://doi.org/10.1038/s41467-024-52404-4
https://doi.org/10.1038/s41467-023-43661-w
https://doi.org/10.1038/s41467-022-30836-0
https://doi.org/10.1038/s41467-022-30836-0
https://doi.org/10.1038/s41467-023-41541-x
https://doi.org/10.1038/s41467-023-41541-x
https://doi.org/10.1016/j.eclinm.2021.101019
https://doi.org/10.1038/s41598-023-36995-4. Erratum. In: Sci Rep. 2023;13(1):11960
https://doi.org/10.1038/s41598-023-36995-4. Erratum. In: Sci Rep. 2023;13(1):11960
https://doi.org/10.3389/fmed.2020.606824
https://doi.org/10.3389/fmed.2020.606824
https://doi.org/10.1001/jamahealthforum.2022.1809
https://doi.org/10.1177/21501327211010994
https://doi.org/10.1177/21501327211010994
https://doi.org/10.7861/clinmed.2020-0353
https://doi.org/10.1073/pnas.2002324118
https://doi.org/10.1073/pnas.2002324118
https://doi.org/10.1371/journal.pone.0236971
https://doi.org/10.1111/ele.13520
https://doi.org/10.1016/S0140-6736(23)01859-7
https://doi.org/10.1128/CMR.00028-20
https://doi.org/10.1128/CMR.00028-20
https://doi.org/10.3389/fpubh.2024.1418681
https://doi.org/10.3389/fpubh.2024.1418681
https://doi.org/10.1126/science.abd7331
https://doi.org/10.1126/science.abd7331
https://doi.org/10.2196/22453
https://doi.org/10.2196/22453
https://doi.org/10.1016/S2589-7500(22)00048-6
https://doi.org/10.1016/S2589-7500(22)00048-6
https://doi.org/10.1016/j.eswa.2022.118604

	Climate crossroads: How global warming drives coronavirus emergence, the long COVID crisis of tomorrow, and AI’s role in na ...
	1 Introduction
	2 Climate change as a driver of viral emergence
	2.1 Habitat disruption and Biodiversity Loss
	2.2 Changing Animal Migration patterns
	2.3 Temperature Effects on viral Survival
	2.4 Specific risks for coronavirus reservoirs

	3 Coronavirus Family: Diversity and spillover potential
	3.1 Overview of coronavirus Taxonomy
	3.2 History of previous coronavirus spillovers
	3.3 Ecological niches
	3.4 Genetic factors enabling adaptability

	4 Long COVID as a model for Post-Viral conditions
	4.1 Definition and prevalence
	4.2 Socioeconomic burden
	4.3 Healthcare System preparedness

	5 Future projections and AI applications
	5.1 Climate-Driven viral emergence scenarios
	5.2 Geographical Hotspot analysis
	5.3 Timeline projections
	5.4 AI applications for pandemic preparedness and response

	6 Conclusion
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	References


