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The 


ongoing emission of GHGs is intensifying numerous  

climatic hazards of the Earth’s climate system, which in turn 
can exacerbate human pathogenic diseases1. The societal 

disruption caused by pathogenic diseases, as clearly revealed by 
the COVID-19 pandemic, provides worrisome glimpses into the 
potential consequences of looming health crises driven by climate  
change2–6. While the conclusion that climate change can affect 
pathogenic diseases is relatively well accepted2–6, the extent of human  
vulnerability to pathogenic diseases affected by climate change is not 
yet fully quantified. On one hand, it is increasingly recognized that 
the emission of GHGs has consequences on a multitude of climatic 
hazards of the Earth’s system (for example, warming, heatwaves, 
droughts, wildfires, extreme precipitation, floods, sea level rise 
and so on; Fig. 1)4,7. On the other hand, there is a broad taxonomic 
diversity of human pathogenic diseases (for example, bacteria, 
viruses, animals, plants, fungi, protozoa and so on), and transmis-
sion types (for example, vector-borne, airborne, direct contact and 
so on; glossary in Text Box 1) that can be affected by those hazards. 
The combination of numerous climatic hazards by the numerous 
pathogens reveals the potentially large number of interactions in 
which climatic hazards could aggravate human pathogenic diseases; 
with the set of ‘viable’ interactions, or interactions for which empiri-
cal data exists, approximating the full extent of human vulnerabil-
ity to climate change as it relates to pathogenic diseases. Yet, with 
few exceptions2,8, past studies about the impact of climatic hazards 
on human pathogenic diseases have commonly focused on specific 
groups of pathogens (for example, bacteria9, viruses10), hazards 
(for example, warming11, precipitation12, floods13) or transmission 
types (for example, vector-14,15, food-16, waterborne16,17). This failure  
to integrate available information prevents the quantification of 
the full threat to humanity posed by climate change as it relates 

Q1 to pathogenic diseases. In this paper, we attempt to fill this gap by 
applying a systematic approach to screen the literature for the set of 
interactions in which climatic hazards have been linked to human 
pathogenic diseases.



















Search strategy and selection criteria
We carried out three complementary literature searches (Fig.  2) 
to find case examples of pathogenic diseases affected by climatic 
hazards. For the first search, we performed independent queries 
for each combination of the keyword ‘disease’ with each of ten  
climatic hazards known to be sensitive to GHG emissions (Fig. 1). 
For the second search, we carried out independent queries for  
scientific papers combining each disease name listed in two author-
itative databases of infectious diseases (Supplementary Table  1)  
with each of the ten climatic hazards. Then, we created a table listing 
all diseases resulting from searches one and two as rows and each 
climatic hazard as columns; and subsequently, we carried out addi-
tional searches for combinations of diseases and climatic hazards 
in which the first two searches did not return any case examples. 
For this third search, we used alternative names of the diseases and 
pathogens. All searches were done in Google Scholar. We scruti-
nized >77,000 titles in total across these different searches. For 
inclusion, papers needed to report an explicit climatic hazard (for 
example, heatwaves, floods; Fig. 1) affecting an explicit pathogenic 
disease (for example, malaria, dengue; Supplementary Table 1) in 
an implicit place and/or time (Methods). A total of 830 references 
contained case examples of diseases affected by climatic hazards 
(Supplementary Table 2).

Whereas pathogenic diseases are commonly associated with 
transmissible microbes (for example, bacteria and viruses18), here 
we took a broader definition of pathogens to ensure that we include 
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It is relatively well accepted that climate change can affect human pathogenic diseases; however, the full extent of this risk 
remains poorly quantified. Here we carried out a systematic search for empirical examples about the impacts of ten climatic 
hazards sensitive to GHG emissions on each known human pathogenic disease. We found that 58% (that is, 218 out of 375) of 
infectious diseases confronted by humanity worldwide have been at some point aggravated by climatic hazards; 16% were at 
times diminished. Empirical cases revealed 1,006 unique pathways in which climatic hazards, via different transmission types, 
led to pathogenic diseases. The human pathogenic diseases and transmission pathways aggravated by climatic hazards are too 
numerous for comprehensive societal adaptations, highlighting the urgent need to work at the source of the problem: reducing 
GHG emissions.
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non-microbial and non-transmissible agents that are causative of 
human illness (Methods, also ref. 18). For instance, reducing the 
scope to just microbes would have excluded plant19 and fungal20 

allergens, which are aggravated by warming, floods and storms 
and are becoming a serious health problem for non-communicable 
outbreaks of asthma19, skin21 and respiratory20,22 illness. We found 
40 diseases not listed in authoritative lists of infectious diseases 
(Supplementary Table  1 and Fig.  3), highlighting the number of 
diseases caused by biological agents and affected by climate change 
that would be overlooked by reducing the focus to microbes alone 
(Methods).

Results and discussion
We found 3,213 empirical case examples in which climatic hazards 
were implicated in pathogenic diseases. All empirical case examples 
were related to 286 unique pathogenic diseases (Supplementary 
Table  1), of which 277 were aggravated (glossary in Text Box  1) 
by at least one climatic hazard (Fig. 3). Although 63 diseases were 
diminished (glossary in Text Box 1) by some climatic hazards, 54 of 
them were at times also aggravated by other climatic hazards; only 
nine pathogenic diseases were exclusively diminished by climatic 
hazards (Fig. 4a and Supplementary Table 1). Hereafter, we report 
diseases that were aggravated by climatic hazards, unless otherwise 
indicated. The compilation of pathogenic diseases aggravated by cli-
matic hazards represent 58% of all infectious diseases reported to 
have impacted humanity worldwide (that is, out of an authoritative 
list of 375 infectious diseases documented to have impacted human-
ity (Methods), 218 were found to be aggravated by climatic hazards; 
Fig. 4b and Supplementary Table 1). We found 1,006 unique path-
ways in which climatic hazards, via different transmission types, 
resulted in cases of pathogenic diseases (an interactive display of 
the diseases is available at https://camilo-mora.github.io/Diseases/). 
Warming (160 unique diseases), precipitation (122), floods (121), 
drought (81), storms (71), land cover change (61), ocean climate 
change (43), fires (21), heatwaves (20) and sea level (10) were all 
found to influence diseases triggered by viruses (76), bacteria (69), 
animals (45), fungi (24), protozoans (23), plants (12) and chromists 
(9). Pathogenic diseases were primarily transmitted by vectors (103 
unique diseases), although case examples were also found for trans-
mission pathways involving waterborne (78), airborne (60), direct 
contact (56) and foodborne (50 unique diseases) (Fig. 3). Among 
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Fig. 1 | Climatic hazards of the Earth’s system affected by the ongoing emission of GHGs. We considered the following ten climate hazards. GHGs 
mediate the balance between incoming solar radiation and outgoing infrared radiation; thus, (1) their excess in the atmosphere causes warming. 
Compounded with an increased capacity of the air to hold water, warming accelerates soil water evaporation, leading to (2) drought in places that are 
commonly dry; excess drought can lead to (3) heatwaves when heat transfer from water evaporation ceases. Drought and heatwaves ripen the conditions 
for (4) wildfires. In moist places, the quick replenishment of evaporation strengthens (5) precipitation, which is prone to cause (6) floods as rain falls on 
moist places/saturated soils. Warming of the oceans enhances evaporation and wind speeds, intensifying downpours and the strength of (7) storms, 
whose surges can be aggravated by (8) sea level rise, which in turn can aggravate the impacts of floods. Uptake of CO2 in the oceans causes ocean 
acidification, whereas changes in ocean circulation and warming reduces oxygen concentration in seawater; these combined ocean physical–chemical 
changes are referred to as (9) ocean climate change in this paper. We included (10) changes in natural land cover as one of the hazards because it can be 
a direct emitter of GHGs via deforestation and respiration, modify temperature via albedo and evapotranspiration and because it can be a direct modifier 
in the transmission of pathogenic diseases59,84. This figure is intended as a justification for the hazards used and not as a full array of interactions between 
GHGs and hazards and feedback loops among hazards.





Q2

Box 1 | Glossary

Climate hazard: a climate-related event or trend or their impact 
on geophysical systems (for example, floods, droughts and sea 
level rise) that is linked to GHG emissions (paraphrased for 
brevity from Intergovernmental Panel on Climate Change AR5 
synthesis report7; Fig. 1).



Disease: any disorder of structure or function in any organ of 
the human body.

Pathogen: any biological agent, regardless of size or taxa, 
capable of causing a disease.

Pathogenic disease: any disorder of structure or function in 
any organ of the human body caused by an organism (Methods 
provide additional details).

Transmission pathway: route by which one climatic hazard 
(for example, drought), via a transmission type (for example, 
waterborne), leads to the appearance of a pathogenic disease 
(for example, salmonellosis). Commonly, pathogenic disease 
emerged through alternative triggers (for example, floods, in 
the example above with salmonellosis) or transmission type (for 
example, direct contact).


 Each of such transmission pathways is 

referred as a ‘unique pathway’ in the paper. We report the number 
of unique pathways as they help to reveal the bulk of different 
adaptations required (for example, education campaigns or 
improved medical capacity in the pathways outlined above).

Aggravated diseases: refers to cases in which climatic hazards 
provoked or heightened the severity of a disease. The term is used 
only to refer to the nature of the relationship between a hazard 
and a disease, not the strength of such relationship.

Diminished diseases: refers to cases in which a given climatic 
hazard truncated or reduced the severity of a disease; the term is 
not meant to imply any strength of such relationship.

Q8

Q9
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all case examples of pathogenic diseases impacted negatively by cli-
matic hazards, there were 19 general disease names (for example, 
gastrointestinal infections) that lacked information on the causal 
pathogen (Fig. 3 and Supplementary Table 1); for 116 diseases, there 
was no information provided on the transmission pathway (caveats 
in Supplementary Information 1).

Pathogenic diseases affected by climatic hazards. While numer-
ous biological, ecological, environmental and social factors contrib-
ute to the successful emergence of a human pathogenic disease23, at 
the most basic level, it depends on a pathogen and a person coming 
into contact, and the extent to which peoples’ resistance is dimin-
ished, or the pathogen is strengthened, by a climatic hazard. We 
outline empirical case examples to reveal how climatic hazards can 
affect these aspects in the emergence of pathogenic diseases. Case 
examples were grouped under given subheadings for the purpose 
of better presenting our results and not as an attempt to outline a 
contextual model about the emergence of diseases.


 We caution that 

while empirical cases indicate an effect of climatic hazards on the 
emergence of pathogenic disease, their relative contribution was not 
quantified in this study (caveats in Supplementary Information 1). 
The complete list of cases, transmission pathways and associated 
papers can be explored in detail at https://camilo-mora.github.io/
Diseases/. At this website, users can navigate an interactive Sankey 
plot displaying how climatic hazards lead to pathogenic diseases via 
given transmission modes and click on any disease named in this 
paper to see the case example, citation and a copy of the paper.


 For 

the purpose of transparency, the web tool and background data are 
public. We also provide a supplement listing the papers from which 
case examples were obtained (Supplementary Table 2).

Q15

Q16

Climatic hazards bringing pathogens closer to people. Shifts in 
the geographical range of species are one of the most common eco-
logical indications of climate change24. Warming25 and precipita-
tion changes25, for instance, were associated with range expansion  
of vectors such as mosquitoes25, ticks26, fleas27, birds28 and sev-
eral mammals29 implicated in outbreaks by viruses25, bacteria25, 
animals25 and protozoans25, including dengue25, chikungunya25, 
plague29, Lyme disease25, West Nile virus28, Zika25, trypanosomia-
sis30, echinococcosis31 and malaria25 to name a few. Climate-driven 
expansions were also observed in aquatic systems, including cases 
of Vibrio species (for example, cholera32), anisakiasis33 and enven-
omizations by jellyfish34. Warming at higher latitudes allowed vec-
tors and pathogens to survive winter, aggravating outbreaks by 
several viruses (for example, Zika, dengue)35. Habitat disruptions 
caused by warming, drought, heatwaves, wildfires, storms, floods 
and land cover change were also associated with bringing patho-
gens closer to people. Spillovers from viruses (for example, Nipah 
virus36 and Ebola37), for instance, were associated with wildlife (for 
example, bats38, rodents39 and primates38) moving over larger areas 
foraging for limited food resources caused by drought or finding 
new habitats following wildfires. Likewise, reductions in snow cover 
caused by warming forced voles to find shelter in human inhabi-
tations, triggering hantavirus outbreaks40. Drought also caused the 
congregation of mosquitoes and birds around remaining water 
sources facilitating the transmission of West Nile virus41. Floods 
and storms were commonly associated with wastewater overflow, 
leading to the direct and foodborne transmission of noroviruses16, 
hantavirus42, hepatitis43 and Cryptosporidium44. Warming was also 
related to melting ice and thawing permafrost exposing once-frozen 
pathogens45. For instance, genetic analyses of an anthrax outbreak 
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Keyword matrix for search 1

(General search)

Keyword matrix for search 2

(Specific search: GIDEON/CDC list of infectious diseases)

Search 3 

(Checking data gaps)

200 references × 10 pairs of keyword searches = 2,000 references

375 diseases × 10 hazards × 20 references = 75,000 references

Fig. 2 | Literature search strategy. We 



carried out three complementary literature searches about case examples of diseases affected by climatic hazards. 

Search 1 combined as keywords ‘disease’ by each of the ten climatic hazards analysed. Search 2 combined each disease name listed in two authoritative 
databases of infectious diseases by each of the ten climatic hazards. Search 3 was a data gap confirmation, and in it, we looked for all combinations 
(disease names by climatic hazards) in which the first two searches did not return any case example, using alternative names of the diseases, pathogens 
and hazards.




 For this latest search, an approximation of the number of references scrutinized cannot be calculated because this latter search was variable 

in the number of papers scrutinized until data were found or 200 citations reviewed (Methods).




Q10

Q11

Q12
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in the Arctic circle suggest that the bacterial strain may have been 
ancient and emerged from an unearthed animal corpse as the frozen 
ground thawed46. The successful emergence of pathogens frozen in 
time could be regarded as a ‘Pandora’s box’, given the potentially 
large pool of pathogens accumulated over time and the extent to 
which these pathogens may be new to people45.

Climatic hazards bringing people closer to pathogens. Climatic 
hazards also facilitated the contact between people and patho-
gens by moving people closer to pathogens. Heatwaves, for 
instance, by increasing recreational water-related activities, have 
been associated with rising cases of several waterborne diseases 
such as Vibrio-associated infections47, primary amoebic menin-
goencephalitis48 and gastroenteritis49. Storms, floods and sea level 
rise caused human displacements implicated in cases of lepto-
spirosis50, cryptosporidiosis51, Lassa fever52, giardiasis53, gastro-
enteritis54, Legionnaires’ diseases53, cholera55, salmonellosis56, 
shigellosis56, pneumonia57, typhoid58, hepatitis58, respiratory dis-
ease50 and skin diseases50 among others. Land use changes facilitated 
human encroachment into wild areas and created new ecotones 
that brought people into closer proximity to vectors and patho-
gens59, leading to numerous disease outbreaks such as Ebola60, scrub 
typhus61, Queensland tick typhus61, Lyme disease62, malaria63 and so 
on. Drought and heavy precipitation were involved in the move-
ment of livestock to suitable areas, which in turn led to pathogen 
exposure and disease outbreaks (for example, anthrax64, haemor-
rhagic fever29). Changes in precipitation and temperature were also 
noted to affect human social gatherings and the transmissibility of 
viruses such as influenza65 and COVID-1966. Kappor et al66. sug-
gested that heavy rainfall could exogenously induce social isolation, 
helping to explain lower COVID-19 cases after heavy rainfall; how-
ever, increased cases of COVID-19 were associated with increases 
in precipitation in Indonesia67, perhaps reflecting different behav-
ioural responses to extreme rain. Higher temperatures have been 

associated with increased COVID-19 cases in some instances67, 
and although a mechanism was not outlined, it is possible that 
extreme heat forces people indoors, which can increase the risk of 
virus transmission, especially when combined with poor or reduced 
ventilation; in a related mechanism, increased transmission of coro-
naviruses during cool spells may be related to increased social gath-
erings, among other factors68.

Pathogens strengthened by climatic hazards. In addition to facili-
tating contacts between people and pathogens, climatic hazards also 
enhanced specific aspects of pathogens, including improved climate 
suitability for reproduction, acceleration of the life cycle, increas-
ing seasons/length of likely exposure, enhancing pathogen vector 
interactions (for example, by shortening incubations) and increased 
virulence. Warming, for instance, had positive effects on mosquito 
population development, survival, biting rates and viral replica-
tion, increasing the transmission efficiency of West Nile virus69. 
Ocean warming accelerated the growth of harmful algal blooms 
and diseases caused by Pseudonitzschia sp70., blue–green cyano-
bacteria70 and dinoflagellates70. Ocean warming and heavy pre-
cipitation, which reduces coastal water salinity, appear to provide 
fertile conditions for Vibrio vulnificus32 and Vibrio cholerae71, this 
being a leading explanation for Vibriosis outbreaks in areas where 
this disease is rare72.


 In other cases, warming and intense precipi-

tation increased food and habitat resources, which caused surges 
in rodent populations associated with cases of plague73 and hanta-
viruses74. Storms, heavy rainfall and floods created stagnant water, 
increasing breeding and growing grounds for mosquitoes and the 
array of pathogens that they transmit (for example, leishmaniasis75, 
malaria75, Rift Valley fever73, yellow fever15, St. Louis encephalitis54, 
dengue75 and West Nile fever76). Climatic hazards were also impli-
cated in the increasing capacity of pathogens to cause more severe 
illness (that is, virulence). Heat, for instance, was related to upregu-
lated gene expression of proteins affecting transmission, adhesion,  
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Fig. 3 | Pathogenic diseases aggravated by climatic hazards. Here we display the pathways in which climatic hazards, via specific transmission types, 
result in the aggravation of specific pathogenic diseases. The thickness of the lines is proportional to the number of unique pathogenic diseases. The 
colour gradient indicates the proportional quantity of diseases, with darker colours representing larger quantities and lighter colours representing fewer.




 

Numbers at each node are indicative of the number of unique pathogenic diseases (caveats in Supplementary Information 1). An interactive display of the 
pathways and the underlying data are available at https://camilo-mora.github.io/Diseases/. Several disease names were abbreviated to optimize the use 
of space in the figure; their extended names are provided in Supplementary Table 1. Credits: word clouds, WordArt.com; bacteria, Wikimedia Commons 
(www.scientificanimations.com); other images, istockphoto.




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penetration, survival and host injury by Vibrio spp77,78. Heatwaves 
were also suggested as a natural selective pressure towards ‘heat- 
resistant’ viruses, whose spillover into human populations results in 
increased virulence as viruses can better cope with the human body’s 
main defence (that is, fever)79,80. Food shortages due to drought were 
implicated in reduced bat autoimmune defence, which increased 
virus shedding, favouring outbreaks by Hendra virus81,82.

People impaired by climatic hazards. Climatic hazards have also 
diminished human capacity to cope with pathogens by altering body 
condition; adding stress from exposure to hazardous conditions; 
forcing people into unsafe conditions; damaging infrastructure, 
forcing exposure to pathogens and/or reducing access to medical 
care.


 Body malnutrition and condition, for instance, affect immu-

nocompetence to disease83. As such, the broad effects of climatic 
hazards on land84 and marine85 food supply4,86, and the reduced 
concentration of nutrients in crops under high CO2

87, can directly 
cause human malnutrition, helping to explain the increased risk 
of food-deprived populations to disease outbreaks (for example,  
Cryptosporidium88, measles89 and cholera90). Cases of reduced 
resistance to various diseases were also found in relation to rapid 
weather variability known to be aggravated by GHG emissions65. 
For instance, failure of the human immune system to adjust to large 
changes in temperature was suggested as a likely mechanism to 
explain outbreaks of influenza65. Likewise, stress, via changes in cor-
tisol and down-regulation of inflammatory response, can reduce the 
body’s capacity to cope with diseases91. Exposure to life-threatening 
conditions such as floods and hurricanes, extraneous conditions 
during heatwaves and depression from lost livelihood due to 
drought4 are a few examples in which climatic hazards are inducive 
to stress and cortisol variations and a likely mechanism by which 
climatic hazards reduce the body’s capacity to deal with pathogens. 
Climatic hazards also forced people into unsafe situations that facil-
itated the risk of disease outbreaks. In some instances, drought, by 
reducing water availability, forced the use of unsafe drinking water, 
causing outbreaks of diarrhoea, cholera and dysentery92. Reduced 

Q18

water resources were also conducive to poor sanitation responsi-
ble for cases of trachoma42, chlamydia42, cholera93, conjunctivitis42, 
Cryptosporidium26, diarrhoeal diseases42, dysentery94, Escherichia 
coli93, Giardia95, Salmonella93, scabies42 and typhoid fever94. Climatic 
hazards also affected the risk of disease by damaging critical infra-
structure. For instance, floods, heavy rain and storms were related to 
damages in sewage systems and disrupted potable water involved in 
outbreaks of cholera96, diarrhoea96, hepatitis A96, hepatitis E96, lepto-
spirosis96, acanthamoebiasis96, cryptosporidiosis96, cyclosporiasis96, 
giardiasis96, rotavirus96, shigellosis96 and typhoid fever96. By reducing 
access to medical health, basic supplies or reducing income, these 
hazards were associated with outbreaks of gonorrhoea97 and other 
venereal diseases98.

Diseases diminished by climatic hazards. Whereas the great 
majority of diseases were found to be aggravated by climatic haz-
ards, some were found to be diminished (63 out of 286 diseases; 
Fig. 4a). Warming, for instance, appears to have reduced the spread 
of viral diseases probably related to unsuitable conditions for the 
virus or because of a stronger immune system in warmer condi-
tions (for example, influenza65, SARS99, COVID-19100, rotaviral and 
noroviral enteritis101). However, we also found that most diseases 
that were diminished by at least one hazard were at times aggravated 
by another and sometimes even the same hazard. For instance, in 
some cases, schistosomiasis infections were reduced by floods, 
limiting habitat suitability of the snail host102. However, in other 
cases, floods increased human exposure and broadened the disper-
sal of the host103. Droughts also reduced the prevalence of malaria 
and chikungunya via reduction of breeding grounds104, but in oth-
ers, drought led to increased mosquito density in reduced water 
pools74,105.

Concluding remarks
The global distress caused by the emergence of COVID-19 clearly 
revealed the considerable human vulnerability to pathogenic dis-
eases. Such types of disease have the capacity to not only cause illness 
and death in large numbers of people but can also trigger broader 
socioeconomic consequences (for example, the cumulative finan-
cial costs of the COVID-19 pandemic could mount to US$16 tril-
lion for the United States alone106). It should be noted that this was 
not an isolated event; the burden of diseases such as human immu-
nodeficiency virus, Zika, malaria, dengue, chikungunya, influenza, 
Ebola, MERS and SARS cause millions of deaths each year107 and an 
inexplicable amount of human suffering.


 


As demonstrated in this 

review, 277 human pathogenic diseases can be aggravated by the 
broad array of climatic hazards triggered by our ongoing emission 
of GHGs and include 58% of all infectious diseases known to have 
impacted humanity in recorded history. Furthermore, we found 
over 1,000 different pathways in which the array of climatic hazards, 
via different transmission types, resulted in disease outbreaks by a 
taxonomic diversity of pathogens. The sheer number of pathogenic 
diseases and transmission pathways aggravated by climatic hazards 
reveals the magnitude of the human health threat posed by climate 
change and the urgent need for aggressive actions to mitigate GHG 
emissions.
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all reported ‘infectious’ diseases known to have affected humanity (that is, 
an authoritative compilation of diseases known to have affected humanity 
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Methods
Diseases analysed. To provide a comprehensive assessment for diseases, we define 
‘pathogenic diseases’ broadly as any disorder of structure or function in any organ 
of the human body caused by an organism, regardless of size or taxa. We used 
‘pathogen’ in the broader definition of the term (that is, from the Greek pathos, 
which means ‘suffering’ and implies disease, and gen, which means ‘producer of ’. 
Pathogen: producer of a disease18). Cunliffe18 reviewed the origin and roots of the 
term ‘pathogen’ and concluded that technically the term ‘pathogen’ refers to any 
agent, regardless of its nature, that causes a disease; but this original meaning is often 
‘distorted’ to refer to only microorganisms (for example, viruses and bacteria)18; that 
was not the case in this study. Here we adopt the original definition of pathogen 
as any organism that can harm the human body (we avoided the use of the term 
‘infectious’ disease because such a definition commonly implies microorganisms). 
This was done to ensure we include non-microbial and non-transmissible agents 
that are causative of human illness. For instance, reducing the scope to just microbes 
could have led to the exclusion of plant and fungal allergens, which are aggravated 
by warming, floods and storms and which are becoming a serious health problem 
for non-communicable outbreaks of asthma, skin and respiratory allergies. These 
allergens include not only pollen and spores but also gases.




 For instance, under 

increasing temperatures, certain tree species can increase the production of biogenic 
isoprenes, which in turn are precursors for the formation of ozone near the ground22, 
which in turn can aggravate respiratory allergies. We also found numerous reports 
of harm caused by animals, such as increased snake75 and insect108 envenomizations 
after floods75, droughts109 and heatwaves108, as these disturbances can reduce, expand 
or shift suitable habitats, forcing these animals into closer contact with people. These 
cases were included in our review for the sake of comprehensiveness. We found 40 
diseases not listed in the authoritative Global Infectious Diseases and Epidemiology 
Network (GIDEON) or US Centers for Disease Control and Prevention (CDC) 
database of infectious diseases (Supplementary Table 1), highlighting the number 
of diseases caused by biological agents and affected by climate change that would be 
overlooked by reducing the focus to microbes alone.





Literature search. No single search of the literature would probably yield the 
full array of cases in which climatic hazards have affected pathogenic diseases. 
For instance, authors could name diseases by their (i) generic names or (ii) the 
pathogen’s names, and thus the use of one name or the other could lead to a biased 
assessment of the literature. To ensure a comprehensive assessment of the scientific 
literature, we carried out a systematic mapping of the literature. Specifically, we 
carried out three different systematic searches to capture the multitude of forms in 
which diseases may have been used/named in scientific papers (Fig. 2). We started 
with a general search combining as keywords ‘disease’ by each of the ten climatic 
hazards analysed. We reviewed the first 200 references from each search (that is, 
200 references × 10 pairs of keyword searches = 2,000 references). Then, we carried 
out a second more specific search combining as keywords each disease name from 
an authoritative list of disease names by each of the ten climatic hazards analysed.




 

The list of disease names was obtained from GIDEON and the CDC, which 
combined have 375 disease names.




 We reviewed the first 20 references from each 

search (that is, 375 diseases × 10 hazards × 20 references = 75,000 references). In 
the third literature search, we used alternative disease and pathogen names for the 
cases in which no data were collected in the first and second search; we also used 
‘hurricanes’ and ‘typhoons’ as alternative names for storms. In this third search, for 
each cell in our matrix of hazards by diseases for which we were not able to find 
case examples, we used all alternative names for the diseases and species names of 
the pathogens causing the disease as listed in the GIDEON and CDC databases. In 
practical terms, this third search ensured that data gaps were real and not related 
to a limitation with the use of keywords. For this third search verifying data gaps, 
we looked over the first 200 references returned or until a case example was found, 
whichever occurred first (caveats in Supplementary Information 1). All searches 
were done in Google Scholar between January 2020 and May 2020. Searches were 
not filtered by the date in which papers were published; however, >90% of the 
papers with case examples were published after 2000 (Supplementary Table 2). We 
scrutinized >77,000 titles in total across these different searches. For inclusion, 
papers had to report case examples of diseases affected by climatic hazard. Our 
definition of a case example was any excerpt in a scientific paper in which an 
explicit climatic hazard was claimed to affect an explicit disease in an implicit place 
and time. The purpose of these criteria was to ensure that we collected examples 
with traceable evidence. For instance, a claim such as ‘warming could affect the 
spread of malaria’ was not included as it lacks evidence to a place and time of 
where and when the incident occurred. In turn, a claim such as ‘warmer than 
normal summers have resulted in increasing malaria cases in Kenya’ was included 
as this claim provides traceable evidence that an explicit climate hazard (that is, 
warming) impacted an explicit human disease (that is, malaria) in a given place 
(that is, Kenya). We excluded opinion-based papers that claimed a relationship 
between a disease and a hazard existed but did not include a case example. For 
instance, a paper claiming that ‘malaria is greatly affected by precipitation’ was not 
included; while maybe true, it fails to provide case examples of where and when 
the evidence is. We selected only empirical evidence-based papers (caveats in 
Supplementary Information 1). The search for relevant papers was done only once 
and manually by 11 people, including professors, post-doctoral fellows, graduate 

Q21

Q22

Q23

Q24

students and one undergraduate student.



 Participants were allocated equally and 

randomly the list of keywords to use in Google Scholar. Depending on the search 
(Fig. 2), each user scrutinized a given number of returned titles and summaries, 
and any reference deemed as relevant of having empirical data was added to a web 
database of relevant references. The database of relevant references was maintained 
online to avoid entering duplicated references, which may appear during 
alternative keyword searches. A total of 3,200 relevant references were compiled. 
Portable document formats (PDFs) were secured for each relevant reference.




 The 

papers with PDFs were allocated randomly to each participant, who was in charge 
of reading the given paper and entering in an online database any case of empirical 
data and/or if the paper lacked it. Once all PDFs were read and empirical data 
collected, each entry was read independently by at least one alternative participant 
to ensure the entry met the criteria implemented (that is, each entry was read by 
at least two people, the person who entered and an additional participant). Papers 
came primarily from peer-reviewed journals and scientific books; a total of 830 
references contained case examples of diseases affected by climatic hazards (the 
complete list of references used is shown in Supplementary Table 2). Not all papers 
reported how given pathogens were transmitted, but when such information was 
provided, we also collected it. We followed the checklist for systematic review 
protocols suggested in PRISMA-P (Supplementary Table 3).





The list of diseases used as search criteria came from the GIDEON database 
(www.gideononline.com), which we complemented with the CDC National 
Notifiable Diseases Surveillance System (https://www.cdc.gov/nndss/).




 The two 

databases have 375 disease names combined (Supplementary Table 1). GIDEON 
claims to be a compilation of infectious disease cases dating back to 1348 AD, 
although it claims to be particularly accurate of reported infectious disease 
cases worldwide after 1920. GIDEON was developed in consultation with the 
World Health Organization and has been operational for 25 years, compiling 
human disease cases through dedicated searches over a broad array of public and 
governmental data sources. Case examples of diseases affected by climatic hazards 
were stored in an online database, which included the excerpts as copied directly 
from the paper, the given hazard, transmission type and disease. We created an 
interactive webpage that allows anyone to visualize the numerous pathways of 
transmission and the underlying data (https://camilo-mora.github.io/Diseases/).

To quantify the fraction of infectious human diseases aggravated by climate 
change, we paired the list of pathogenic diseases found to be aggravated by climatic 
hazards with the authoritative list of infectious diseases compiled in the GIDEON 
and CDC databases. In most cases, diseases could be paired by a direct match in 
the disease’s name; but in other cases, we paired diseases using disease synonyms 
and/or the pathogen’s scientific name (the resulting pairing of climate-aggravated 
diseases to the GIDEON and CDC databases is provided in Supplementary 
Table 1). In this paper, we conservatively reported the percentage of diseases 
aggravated by climate change (58%) based on direct and/or pathogen species 
match only. When matches were done to include the pathogen’s genus name, 74% 
of diseases in the GIDEON and CDC databases were found to be aggravated by 
climate change (Supplementary Table 1). This indicates that the numbers we report 
probably underestimate the total impact of climatic hazards on pathogenic diseases.

Data availability
All data collected as part of the literature search are publicly available at:  
https://github.com/Camilo-Mora/Diseases. List of diseases affected by climatic 
hazards is provided in Supplementary Table 1. The list of references with empirical 
cases is provided in Supplementary Table 2.
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