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Climate change is increasingly linked to a surge of extreme weather
events, raising the risk of disease outbreaks and food insecurity.
Meanwhile, anincrease in emerging and re-emerging infectious
diseases, many of which do not respond to available antibiotics owing
to antimicrobial resistance (AMR), poses another great challenge to
public health. Although some studies have shown that climate change
and extreme weather events are associated with higher levels of AMR,
much work remains to determine whether these are causal linkages or
merely parallel reflections of an anthropogenic change. In this Review,
we explore evidence on the relationship between climate and AMR,
highlighting pathways through which rising temperatures and extreme
weather events might intensify this pressing issue. Beyond existing
ecological evidence demonstrating correlations between temperature
and AMR prevalencein clinicallyimportant pathogens, a growing body
of work suggests that the predominantimpact of climate change on
AMR manifests through anincrease ininfectious disease prevalence and
ademand for antimicrobial use. Current evidence on the relationship
between climate and AMR s insufficientin addressing issues related
to temporality and causality, and underscores the need for further
research to understand the nature of these complex relationships.
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Introduction

The decreasing effectiveness of antibiotics owing to antimicrobial
resistance (AMR) threatens the progress made in reducing infectious
disease mortality since the drugs were first used in the 1940s'>. About
two-thirds of approximately 7.7 million deaths from bacterial infections
each year are associated with AMR, with roughly one-sixth directly
attributable to drug-resistant infections®. Meanwhile, invasive fungal
infections affect 6.5 million people annually and are associated with
3.8 million deaths, many of which are owing to antifungal resistance’.
Although AMR is a global challenge, its burden varies greatly across
countries, partly owing to disparities in access to water, sanita-
tion and hygiene (WASH) infrastructure, diagnostics, vaccines and
antimicrobials®”. Over the past three decades, the global AMR burden
has beenincreasing at varying rates across countries and age groups,
with low-income and middle-income countries (LMICs) bearing the
greatestburden, and AMR-related deaths among adults aged 70 years
and older increasing by 80%°.

Although AMR occurs naturally, itisaccelerated by the exposure
of pathogens to antimicrobials, with overuse and misuse increasing the
selection pressure for mutations that enhance survival®. In the context
of bacterial AMR, the transfer of antibiotic resistance genes (ARGSs)
through horizontal gene transfer (HGT) presents an opportunity for
resistance to spread within bacterial populations’. Antimicrobial use
in humans, animals and plants — shaped by the prevalence of infec-
tious diseases and socioeconomic development — is a key driver of
AMR®°2 However, emerging evidence on the planetary consequences
of climate change, such as rising temperatures, extreme weather events
and ecosystemdisruptions, suggests that it may also contribute to the
development and spread of AMR.

Climate change is another major global challenge, influenced
by human behaviour and economic activity>'*. Although economic
growth and industrialization have substantially reduced mortality
frominfectious diseases and malnutrition, these improvements have
come at the cost of pollution and environmental degradation, which

now threaten to reverse those gains. Reliance on fossil fuels and defor-
estation (Box 1), along with a growing human population, have resulted
in increases in atmospheric carbon content' ', These large-scale
environmental changes related to greenhouse gas (GHG) emissions,
specifically carbon dioxide and methane, are linked to record-high
temperatures and extreme weather (droughts, floods and storms),
which have a demonstrable impact on human health'”®, In 2024,
heat-related mortality among those over 65 years of age increased
by 167%, compared with the 1990s, whereas rising temperatures and
changing precipitation patterns are raising the number of people
at risk of vector-borne diseases”. Climate-related hazards, such as
warming temperatures, precipitation, floods, droughts and storms,
are estimated to exacerbate more than half (58%) of human patho-
genic diseases that are sensitive to climate”. Through more than1,000
transmission pathways including various routes (vector-borne, water-
borne, airborne, direct contact and food-borne), climatic hazards led
to conditions thatincreased contact between humans and pathogens
(expanded vector ranges and spillovers), improved pathogen traits
(reproduction, life cycle and virulence), or reduced the defences of a
host by impairing immunity, limiting health-care access and reducing
food security".

Several studies have demonstrated temperature-dependent
increasesininfections caused by drug-resistant pathogensin hospital
and community settings®***,and associations between higher ambient
temperatures and the prevalence of AMR among clinically important
bacterial and fungal pathogens®**. Increased temperatures and thaw-
ing of permafrost have both been linked to a greater abundance and
diversity of ARGs in water environments and permafrost-associated
soils®. Furthermore, rising temperatures have been shown to increase
the frequency of HGT events in pathogenic bacterial populations®?,
However, these associations between temperature and AMR or related
factors do not necessarily imply correlation or causation. Economic
growth and population increase, which drive both anthropogenic
climate change and antibiotic consumption (a major driver of AMR),

Box 1| Global factors mediating the impact of climate change on antimicrobial resistance

The emergence and spread of infectious diseases and antimicrobial
resistance (AMR) are influenced by many global factors that are
sensitive to climate change'®. Increasing pressure on food systems
owing to changing climates and a growing global population leads
to intensified farming practices and a higher risk of food-borne
pathogen outbreaks"*°°. Deforestation, primarily driven by
agricultural expansion and urbanization, brings wildlife closer

to human populations, raising the likelihood of zoonotic disease
spillover®***, Migration owing to poverty, conflicts and climate
issues forces populations to live in overcrowded conditions, with
limited access to health care, placing them at a higher risk of facing
disease outbreaks and contributing to increased transmission

of multidrug-resistant pathogens®*“*'*®, Food insecurity and
malnutrition further exacerbate the global burden of disease and
AMR by increasing susceptibility to infections while weakening
immunity and the ability to fight these infections™>"*¢15"2%° These
interconnected factors create conditions that increase the
frequency and severity of infectious disease outbreaks and the
threat of AMR, which is further amplified by climate change.

This underscores the urgent need to develop comprehensive global

strategies that address climate change and strengthen public health
resilience.

The effects of climate change on health and AMR vary across
regions and populations, as does the ability to mitigate these effects.
Therefore, further research on how changing climates influence
health outcomes is crucial to developing context-specific policies
for action. To address the global burden of infectious diseases and
AMR, priorities should include infection prevention and treatment,
optimizing antibiotic use, and ensuring food security to prevent
malnutrition. Access to clean water and health care remains crucial,
especially for populations living in poverty and in conflict zones
or affected by climate-driven migration”®?. Improving diagnostic
capabilities and enhancing disease and AMR surveillance can help
manage outbreaks and reduce antibiotic misuse and overuse'®*"¢,
Expanding access to a broader range of antibiotics, particularly in
low-resource settings, can reduce reliance on a few overprescribed
drugs and ensure access to the right treatment at the right
time'®*1%1°¢_Finally, promoting food security through sustainable
agriculture and improved animal health can reduce antibiotic and
pesticide use while addressing nutritional needs®**'®,
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Fig.1| Warming climates and extreme weather events exacerbate infectious
disease burden and antimicrobial use. Rising temperatures, droughts and
floods affect pathogens and their hosts through various pathways. Rising
temperatures have been shown toincrease the rate of bacterial infections
and the prevalence of antimicrobial resistance (AMR) in bacterial pathogens
Increased thermotolerance can lead to changes in pathogen life cycles and
expansion of pathogen ranges, resulting in unpredictable seasonal disease
patterns and the emergence of novel pathogens®>>*%%5 Sanitation challenges
during droughts and floods limit access to clean water and sanitation
infrastructure, increasing the incidence and spread of infections®*’*'”",
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Emergence and spread of AMR

Health-care disruptions and population displacementincrease the risk and
transmission of infections, contributing to disease outbreaks and the spread

of multidrug-resistant pathogens®*>'°%, Furthermore, climate change-related
food scarcity and land-use change canincrease human interactions with wildlife,
raising the risk of zoonotic disease spillover®****, The resulting increase in
infectious disease incidence and transmission is estimated to further increase
the demand for antimicrobials, which are both drivers and consequences of AMR.
Although overuse and misuse of antimicrobials increase the selection pressure
for the development of resistance, AMR often results in their overuse. Please note
that this is not an exhaustive list of factors and impacts.

may be common explanatory factors*?°. Nevertheless, plausible
causal pathways for the links between climate change and AMR include
climate-drivenincreasesin the transmission of existing pathogens and
the emergence of novel pathogens, which are heightened by increased
land-use changes and greater contact between humans and wildlife* .

Climate-induced sanitation challenges, such as water source con-
tamination during floods and droughts, can amplify the spread of
drug-resistant pathogens and ARGs between humans, animals and
the environment?***"¥ Furthermore, ecosystem disruptions have led
toincreased food insecurity, population displacement, more frequent
disease outbreaks, and reduced access to essential health services™ *°.
The overall rise in infectious disease incidence and increased reli-
ance on antimicrobials for treatment and prevention are raising the
risk of AMR and making populations more vulnerable to its impact*..
In agriculture, water scarcity, food insecurity and the intensification
of livestock production systems are estimated to lead to increased
antibiotic use in food-producing animals, affecting both animal and
human health™*?, Additionally, changes in temperature, humidity and
precipitation tend to alter the growth rates and geographic ranges of
plant pathogens and insect pests, raising the risk of disease develop-
ment and increasing pesticide use** *. Many of the factors that affect
climate change and AMR are interdependent. Research shows that
climate change and AMR may have shared drivers, such as intensified
agricultural practices, land use and deforestation, and shared solu-
tions, including agricultural transformation and biotechnological inno-
vations that make crops more resistant to climate change or provide
antibiotic alternatives for human and animal health*°.

In this Review, we examine the evidence supporting the links
between climate change and AMR. We highlight opportunities for

action and identify areas wherein further research would help under-
stand the strength of association and causality when it seems plausible
and is supported by evidence (Box 1). We explore the associations
between temperature and the incidence of bacterial infections and
the prevalence of AMR among human bacterial pathogens, as well as
potential biological mechanisms and environmental factors that may
affect these associations. Additionally, we discuss the impact of climate
change on the rise of other infections — viral, parasitic, fungal and
vector-borne —in human health and agriculture, as well as the demand
for antimicrobials. Furthermore, we discuss how temperature may
directly influence the development and spread of AMR through genetic
mutations and HGT. Highlighting the importance of biological and
host-related factors, we review how rising temperatures and extreme
weather events affect host immunity and how socioeconomic deter-
minants of health may influence the development and mitigation of
AMR. Finally, we conclude by highlighting knowledge gaps and research
needs and suggesting actions to mitigate the impact of climate change
on AMR and its effects on human health. Although we acknowledge
the complexity of the relationship between climate, health and AMR,
this Review will not focus on the role of non-communicable diseases
in the climate-AMR nexus.

Infectious disease incidence and transmission
Rising temperatures increase bacterial infection rates

Climatic factors and climate-related hazards affect both pathogens
and their hosts, and have been shown to increase the burden of infec-
tious diseases and related antimicrobial use, which are both key drivers
and consequences of AMR***® (Fig. 1). A recent analysis has revealed
that human pathogenic bacteria have been identified in 88% of over
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1millionsequenced microbial communities from animals, plants, soil
and aquatic environments worldwide*’. These bacterial populations
were influenced by climate factors, such as higher temperatures and
increased precipitation, as well as anthropogenic activities*. Numer-
ous studies have explored the relationship between temperature or
seasonal variations and the prevalence of bacterial infections in hos-
pital and community settings, with most indicating an association
between temperature and Gram-negative bacterial infections?*?*°*,
Gram-negative bacterial infections have been shown to follow a sea-
sonal, temperature-dependent trend, wherein increases in outdoor
temperatures correlate with increased occurrences of bloodstream
infections caused by pathogens such as Escherichia coli, Pseudomonas
aeruginosa, Klebsiella pneumoniae and Acinetobacter spp.****>*2, Other
studies have found associations between higher temperatures and
increased community-onset cases of Acinetobacter baumannii complex
and E. coli infections, but not with hospital-acquired infections***.
Behavioural, geographical and socioeconomic factors may also affect
the incidence of bacterial infections. For instance, proximity to the
equator and lower health-care spending as a proportion of the gross
domestic product (GDP) were associated with a greater likelihood of
Gram-negative bloodstream infections®".

Temperature affects the prevalence of antibiotic resistance
amongbacterial pathogens

Rising temperatures may increase not only bacterial infection rates
butalsotherisk of antibiotic resistance inbacterial pathogens (Fig.1).
Inthe USA, a10 °Crise inambient temperature across different regions
was associated with 2.2% to 4.2% increases in antibiotic resistance
prevalence among pathogens such as E. coli, K. pneumoniae and
Staphylococcus aureus®. Similarly, in China, AMR trends between
2014 and 2020 revealed that a1°Crise in annual average tempera-
ture was associated with 4.7% and 10.7% increases in third-generation
cephalosporin-resistant and carbapenem-resistant K. pneumoniae
isolates, respectively®. Another study supports these findings by
demonstrating that, after accounting for variables such as antibiotic
use, population density and minimum ambient temperature, Euro-
pean countries experiencing greater temporal variations in mini-
mum ambient temperatures between 2000 and 2016 had higher AMR
prevalence among E. coli and K. pneumoniae isolates and declines in
resistance among methicillin-resistant S. aureus isolates*®. Similarly,
alarge ecological study in China has observed that a1°C increase
in average ambient temperature was associated with a 1.14-fold
rise in carbapenem-resistant K. pneumoniae and a 1.06-fold rise in
carbapenem-resistant P. aeruginosa prevalence”’.

However, the relationship between temperature and resistance
development is complex and may not follow a linear trend. A study
investigating antibiotic resistance to broad-spectrum fluoroquinolo-
nesinE. colistrainsat various temperatures ranging from22 °Cto 42 °C
has found that resistance increased 256-fold at 27 °C but declined at
42°C%, In addition to the complex interplay of these physiological
factors, population-level factors have been shown to modulate the
association between temperature and AMR prevalence. In China, the
impact of rising ambient temperature on the prevalence of antibiotic
resistance in E. coli isolates was more pronounced in regions with
lower socioeconomic status, characterized by lower income, fewer
health-care resources, and lower hospital admission rates”. By con-
trast, a large study across 30 European countries has revealed that,
after adjusting for governance and economic indicators, factors such
as antibiotic consumption, population density and the governance

index, rather than temperature change, were correlated with AMR
prevalence®*°. Ecological studies examining the association between
temperature and the prevalence of bacterial infections and antibiotic
resistance offer valuable insights at the population level. However,
these studies often lack information about individual patient groups,
demographics and socioeconomic factors, which makes it challeng-
ing to draw inferences at the individual level or to establish clear
cause-and-effect relationships.

Bacterial responses to temperature changes and antibiotics
Research suggests that the impact of temperature on AMR prevalence
in bacterial pathogens may be orchestrated by overlapping bacte-
rial physiological and genetic responses to both heat and antibiotic
exposure®. Antibiotics that target ribosome functions and induce
protein folding stress have been shown to elicit cellular responses
resembling those of heat-shock or cold-shock®. For example, the sigma
factor 032 regulonin £. coliregulates the response to heat-shock, but
it canalso beinduced by antibiotics such as aminoglycosides, cepha-
losporins and fluoroquinolones®. Through stressor interaction net-
work analysis, researchers have demonstrated an overlap between
bacterial physiological responses to temperature and antibiotics,
with bacteria adapted to high temperatures being more sensitive
to antibiotics that elicit responses similar to those of cold-shock®".
Therefore, it is plausible that bacterial adaptation to warmer tem-
peratures, or thermotolerance, could lead to increased resistance
to certain antibiotics. For example, A. baumannii cells pretreated at
higher temperatures were better at surviving streptomycin exposure
than cells pretreated at normal physiological temperatures®*. Addi-
tionally, exposure of a multidrug-resistant strain of A. baumannii to
various antibiotics induced the heat-shock protein DnaK®*. Moreover,
antibiotics themselves have been shown to shift and reduce the optimal
growth temperature range of the bacteria®.

Extreme weather events increase disease transmission
Extreme weather events such as floods, droughts and storms cause
important sanitation challenges (Fig.1). These include water shortages,
contamination and damage to WASH infrastructure®® %, Moreover,
suchevents oftenlead to population displacement and reduce access
to health-care services”***°, These disruptions increase the risk of
infectious disease outbreaks and weaken health-care systems, contrib-
uting to the spread of drug-resistant infections and a greater reliance
onantimicrobials’”. For instance, flooding can spread bacteria from
wastewater, whereas water scarcity during droughts concentrates bac-
teriain water sources and limits access to clean drinking water’”. During
frequent cholera outbreaks, the extensive use of antibiotics, combined
with the propensity for HGT between Vibrio cholerae strains, contrib-
utes to the emergence and spread of antibiotic-resistant V. cholerae’™.
Furthermore, the widespread use of antibiotics during asingle disease
outbreak can compromise their effectiveness in future outbreaks.
In2018, highresistancerates (240 out of 241 cases) to ceftriaxoneamong
V.cholerae Olserotype Ogawaisolatesin Harare, Zimbabwe, were prob-
ablylinked to the extensive use of extended-spectrum cephalosporins
during a previous typhoid outbreak™.

Climate change affects pathogen seasonality and vector range
Climate-induced changes in the epidemiology and seasonality of
viral and parasitic infections may also have implications for AMR, as
persistent infections increase the susceptibility of a host to bacte-
rial co-infections’ "’ (Fig. 1). Additionally, in low-resource settings,
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misdiagnosis of viralinfections often leads to frequent and inappropri-
ateantibiotic use®*®, Traditionally, peaks in viral respiratory infections
have beenlinked to seasonal variations in temperature, humidity and
behavioural factors; however, climate change could make these sea-
sonal cycles more unpredictable, expand the geographical range of
pathogens, and increase the risk of cross-species viral transmission®>®,
For example, vector-borne parasitic infections such as malaria, den-
gue, West Nile fever, leishmaniasis, Chagas disease and amoebic dys-
entery are predominantly found in tropical and subtropical regions;
however, rising temperatures and increased humidity could expand
the distribution of the disease-causing pathogens to new areas®***,
Projections indicate that the prevalence and geographical range of
these vector-borne diseases will probably increase globally, particularly
in Europe and North America'®®**, The rise in viral and vector-borne
infections is expected to amplify the risk of zoonotic disease transmis-
sionandincreasereliance on antimicrobials, which, in turn, drives the
development of resistance” .

Extreme weather increases disease risk in agriculture
Extreme weather events canincrease the prevalence of infectious dis-
easesinanimals and have an effect on human health®**. Depending on
their severity and duration, heatwaves can cause metabolic disruptions
and immune suppression in animals, making them more susceptible to
infections®. Furthermore, climate-induced disruptions lead to land-use
changes, which canincrease therisk of zoonotic disease transmission
and the spread of mobile genetic elements that confer resistance®®.
Additionally, changing temperature and precipitation patterns alter
the geographic range and transmission potential of pathogens and
their vectors, thereby increasing the number of animals at risk®. Similar
vulnerabilities are observed in aquaculture, wherein environmental
stressors, including temperature fluctuations, salinity changes and low
pH, combined with high-density farming conditions, heighten suscepti-
bility to disease, as well as the risk and spread of infections®. In addition
to environmental dissemination, the consumption of contaminated
animal products and direct contact between humans and animals pro-
vide additional pathways for transmitting drug-resistant pathogens”".
Although the reduction of antibiotic use in animals can reduce the
selection pressure for AMR, more research is needed to understand
and quantify this effect at the human-animal health interface®*.
Antifungals, antibiotic and other biocides are critical inputs in
agriculture, including horticulture. Although antibiotic use in agri-
cultureis generally considered to be lower than in human and animal
health, the lack of comprehensive global monitoring suggests that
it may be more widespread than previously thought®. The effects of
temperature, humidity and CO, levels on plant pesticide use are not
fully understood, mainly owing to the variability in optimal condi-
tions for different plant and pathogen combinations®. However, it
is projected that global warming will alter the regional and temporal
patterns of crop susceptibility to certain pathogens®. This, combined
with the potential for pathogens to develop thermotolerance, could
lead to more frequent pesticide applications and increased selec-
tion pressure for resistance®. For instance, warmer temperatures are
expected to accelerate metabolic and growth rates in some insects,
resulting in higher plant consumption by insects and greater damage
to crops*®. Additionally, climate change may facilitate year-round
survival for some agricultural pests such as the diamondback moth
(Plutella xylostella), the European corn borer (Ostrinia nubilalis), the
codling moth (Cydia pomonella), the peach twig borer (Anarsia lin-
eatella), and the oriental fruit moth (Grapholita molesta), necessitating

repeated pesticide exposure and increasing the pressure for AMR
emergence****?7, Although changes in environmental conditions may
have different effects on plant health and pathogen virulence, the over-
allimpact probably depends on a balance between pathogen growth
andvirulence, plant susceptibility and the effectiveness of pesticides.

Increase in antimicrobial use

Antibiotic consumption in human health

The projected increase in infectious disease burden and exacerba-
tions owing to climate change is expected to lead to greater reliance
onantimicrobials and heightened selection pressure for AMR. Specifi-
cally, antibiotic consumption in humans increased by 10.6% between
2016 and 2023, with the increase potentially reaching 52.3% by 2030
(ref. 99). Notably, a substantial portion of this increase, estimated at
around 37%, is owing to inappropriate antibiotic use, a pattern that
persists across regions regardless of the income levels'*°. Additionally,
climate-induced shifts in the seasonal cycles of infectious diseases,
such as influenza outbreaks, can further increase overall antibiotic
consumption and inappropriate use, ultimately contributing to the
development of antibiotic resistance in both community and clini-
cal settings”*'%', Adding another layer of complexity to the projected
increase in antibiotic consumption is the overreliance on a few anti-
biotics and the lack of access to others, which complicates efforts to
mitigate the health impacts of climate change. For example, rising
temperatures are associated with increases in rates of Gram-negative
bacterialinfections, whichare increasingly challenging to treat owing
to their propensity for antibiotic resistance??*"**5*192_ However, in
many LMICs with high infectious disease burden, limited access to
antibiotics complicates the treatment of these infections'” %, Arecent
study of antibiotic consumptionin11 African countries has found that
facility-level antibiotic use was dominated by only 10% of the Access
category of antibiotics recommended by the WHO, possibly suggesting

alack of access to other antibiotics'*.

Antibiotic consumption in animal health

The rising demand for animal protein production has important
impacts on both animal and environmental health?'°”'¢, Intensified
livestock production systems developed to meet this demand increase
the risk of infectious diseases among animals, whereas animal pro-
tein production contributes 12% of total GHG emissions from human
activities®®'%’, Crowded and unsanitary farming conditions enhance
disease incidence and transmission and weaken animal immune sys-
tems, leading to higher antibiotic use"®"". Notably, antibiotic use in
animals constitutes approximately 70% of total antibiotic consumption
andis projected toreach107,500 tonnes by 2030, an 8% increase from
2020 baseline levels®>'?, Additionally, the use of medically relevant
antibiotics in aquaculture is expected to grow by 33% between 2017
and 2030 globally, with the Asia-Pacific region accounting for 93.8% of
this consumption'>. These estimates do not consider climate-related
increases in antibiotic demand, which suggests that actual future use
may be underestimated. Although research within the One Health
framework remains limited, existing studies indicate a connection
between agricultural antibiotic use and AMR in humans. A recent global
modelling study has identified a significant correlation between ani-
mal antibiotic consumption and AMR in human health'. Similarly, a
meta-analysis has found arelationship between antibiotic resistance
in aquaculture and clinical bacteria in humans’®. In plant agriculture,
the use of azole pesticides has been linked to antifungal resistance in

clinical settings™.
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Rising temperatures and antibacterial resistance
Bacterial mutation rates

Temperature can exert direct effects on AMR through modulation of
pathogen mutation ratesand HGT (Fig.2). For example, anin vitro study
has found that E. coliisolates exposed to ciprofloxacin and rifampicin
had higher resistance mutation rates at 40 °C than at 37 °C, whereas
exposure to ampicillin resulted in lower mutation rates at the higher
temperature'™. A potential mechanism for the overall increase in
mutation rates includes the enhanced activity of error-prone DNA
polymerases during heat-shock™. As previously noted, heat stress
and antibiotics may affect similar cellular functions. Consequently,
mutations that confer thermotolerance may also lead to antibiotic
resistance®. For example, E. coli cultured over 2,000 generations at
increased temperatures developed mutations in RNA polymerase
(ashared target for antibiotic resistance and heat stress), which sub-
sequently conferred rifampicin resistance even without prior antibiotic
exposure'”.

Horizontal gene transfer

Plasmid-mediated ARG transfer via HGT is a well-established path-
way for the spread of antibiotic resistance in both environmental and
clinical settings*"%, Although the effect of temperature on HGT-driven
ARG disseminationis not fully understood, some studies suggest that
higher temperatures canincrease the frequency of conjugation events
among clinically relevant pathogens in environmental models"".
However, this effect seems to be nonlinear and may vary between
species, including both donor and recipient strains. For example,
conjugative transfer of the New Delhi metallo-f3-lactamase 1 gene,
blaypy,, from environmental bacteria to E. coli, Salmonella enterica
serotype Enteritidis and Shigella sonneimore occurred more frequently
at 30 °C than at 25 °C or 37 °C, with transfer to E. coli being the most
efficient across all temperatures'. These variations tend to be influ-
enced by factors such as donor-recipient compatibility and other
environmental conditions'’. These findings, combined with those

1 Temperature

{ 1 ' }

Changes in Enhanced Increased ARGs Heat-shock
pathogen growth horizontal in permafrost- response
and mutation rates gene transfer associated soils

l l

Antibiotic resistance Increased ARGs
mutations in circulation

Pathogen survival AMR spread

Fig.2|Direct effects of temperature on the emergence and spread of
antimicrobial resistance. Temperature can directly affect pathogen growth
and mutation rates, and increase the exchange of antibiotic resistance genes
through horizontal gene transfer”**'*, Environmental consequences of warming
climates such as thawing of permafrost increase the concentration of antibiotic
resistance genes (ARGs) in permafrost-associated soils?*'**'?%, Inaddition, bacterial
adaptation to warmer temperatures, or thermotolerance, could lead to increased
resistance to certain antibiotics that elicit cellular responses resembling heat-
shock responses®*>**, These effects in turn lead to increased antibiotic resistance
mutations and increase the prevalence of ARGs in circulation, which promotes
pathogen survival and the spread of antimicrobial resistance (AMR). Please note
that this is not an exhaustive list of factors and impacts.

from another study showing stronger associations between tempera-
ture and resistance to fluoroquinolone and beta-lactam antibiotics
(wherein plasmid-mediated resistanceis animportant mechanism for
AMR), support the hypothesis that temperature may modulate specific
pathways of antibiotic resistance dissemination**'*"12,

Antibiotic resistance genes in the environment

Inenvironmental settings, increased temperatures can have animpact
onthe abundance and diversity of ARGs'**'**, Ametagenomic studyin
the Yellow River in China has shown thatincreased water temperature
ledto adeclineindiversity butincreased abundance of ARGs in water
samples'*. However, a study modelling river biofilm communities
(whichlimit the spread of foreign ARGs by competing for resources) has
shown thatathigher temperatures, naturally occurring ARGs increased
in abundance, whereas foreign ARGs that originated from wastewa-
ter displayed a reduced ability to establish within the river microbial
communities’*. Other studies assessing ecosystem disturbances
resulting from the thawing of permafrost layers highlight the potential
risks associated with the release of ARGs into permafrost-associated
soils and water environments, such as thermokarst lakes'>'”. One
study has shown that a high proportion of bacterial isolates from
disturbance-induced thaw gradients in Interior Alaska were resistant
to at least one antibiotic, with the highest prevalence being against
ampicillin’?®, Another study has shown that thermokarst lakes, formed
by the accelerated degradation of permafrost, shared similar ARG
profiles with surrounding soils, indicating that the proliferation of
such lakes owing to climate change could amplify the reservoir and

potential spread of ARGs in remote environments'®.

Antifungal resistance

Invasive fungal infections are associated with very high mortality,
particularly inimmunocompromised populations, resulting in more
than 3.7 million deaths each year®. For context, the mortality rate for
multidrug-resistant (MDR) Candida auris ranges between 30% and
60%, whereas mortality from triazole-resistant Aspergillus fumiga-
tus infections is associated with rates of 50% to 100%'* ">, The treat-
ment of severe fungal infections is complicated by limited therapeutic
options with considerable adverse effects and increasing antifungal
resistance**, Although systematic surveillance of antifungal resist-
anceis lacking, available evidence shows antifungal resistance against
all classes of antifungals™"****¢ Antifungal resistance does not spread
through mobile geneticelements and can develop de novoin patients
undergoing prolonged antifungal therapy'”. However, warming cli-
mates and the environmental use of fungicides have been implicated
in the rise of antifungal resistance and the emergence of novel MDR

fungal pathogens''.

Spread and emergence of fungal pathogens

and antifungal resistance

A human body temperature averaging 37 °C is an important defence
against most fungal species, which typically thrive between 20 °C and
30 °C.Few pathogenic fungican tolerate humanbody temperatures™.
However, this is predicted to change with the rise in global tempera-
tures and the development of thermotolerance in additional fungal
species®**1* For example, it is estimated that in a high-warming cli-
mate scenario, the number of regions endemic for coccidioidomycosis
or Valley fever, aninvasive fungalinfection, will double by the year 2100
in the USA™’. These concerning projections are further complicated
by the limited antifungal treatment options and increasing antifungal
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resistance against therapies for Valley fever'*"'*2, In addition to the
climate-driven geographic expansion of endemic mycoses, rising
global temperatures have also beenimplicated in the emergence and
rapid spread of a highly drug-resistant fungal pathogen, C. auris'"**'**,
C.auriswasfirstidentifiedin2009inJapan, but by 2015, drug-resistant
strains belonging to unique clades with significant genetic diversity
were detected on three continents'**. C. auris isolates are more tol-
erant to high temperatures than other Candida spp., implicating a
changing climate as animportant factor facilitating their emergence
and spread®'®. Increased thermotolerance may not lead to antifun-
gal resistance; however, it can facilitate transmission in warming
climates'™. For example, thermotolerance in C. auris has been noted
as akey trait that enables it to survive on various environmental sur-
faces, at temperatures relevant to hosts, and as high as 42 °C, which
enablesit to persist on different surfaces and spread more easily ',
Meanwhile, agricultural use of antifungals may intensify the selection
pressure for resistant strains that are also thermotolerant'"’.

Warming climates increase antifungal use in agriculture
Antifungals and other biocides are essential in agriculture, especially
in horticulture. As temperatures rise, crops are expected to become
more susceptible to pests, which tends to lead to increased pesticide
exposure and selection for novel, drug-resistant pathogens*>**. This
scenariois particularly relevant when antifungals with the same mode
of action are utilized in both agricultural and clinical settings, as is
the case with A. fumigatus and its resistance to azole antifungals™*'*%,
A.fumigatus,afungusthatiscommonlyfoundindecaying vegetationand
soil,isalso ahuman pathogen that causes allergic, chronic and invasive
forms of aspergillosis™’. Although azole antifungals are used to treat
aspergillosis in clinical settings, azole pesticides are frequently used
inagricultural practices"*°. In vivo azole resistance has been shown
toarisein patients with chronic aspergillosis; however, accumulating
evidenceimplicates azole resistance of environmental originin clinical
cases™ "', A, fumigatus can survive increased temperatures above
37 °Cand harsh environmental conditions*****, Together, these findings
suggest that rising temperatures could facilitate the development of
resistant fungal pathogens. Conversely, the use of antifungals in the
environment might provide a selective advantage to fungal strains that
arebothresistant and able to tolerate higher temperatures.

Climate change and host-related factors

Effects on theimmune system

The overall negative impact of climate stressors on human immunity
and the ability to fight infections is well-documented, with extreme
heat, air pollution and malnourishment increasing the risk and fre-
quency of infections'"*® (Fig. 3). Bacterial density, antibiotic dos-
age and immune responses all interact and affect clinical outcomes
following infections™""*%, Although the immune system has a critical
role in fighting infections™*'°, in immunocompromised individuals,
persisting infections and prolonged treatments can increase the risk of
development and spread of AMR'"'*2, Animal models show thatevenin
the absence of AMR, as defined in abiological and phenotypical sense,
immunosuppressionis linked to antibiotic failure, that s, theinability
of antibiotics to clear the infection'®’.

Extreme heat and air pollution are two consequences of warm-
ing climates that impair the integrity of epithelial defence barriers
and overstimulate innate and adaptive immune responses, resulting
in acute and chronic inflammatory conditions that damage tissues
and heighten susceptibility to drug-resistant infections!*¢158164165,

« Extreme heat

o Air pollution
« Food insecurity

l

« Damage of epithelial defence barriers

¢ Heat stress
« Undernutrition

l

e Chronic inflammation
e Immunosuppression
o Immune ‘paralysis’

¢ Susceptibility to infections
e Persisting infections

Antibiotic use

AMR development

Fig. 3| Effects of climate change on host immunity. The consequences of
climate change, including air pollution, extreme heat and food insecurity, create
conditions that weaken defence barriers and compromise immune responses,
increasing susceptibility to infections and antimicrobial resistance (AMR)*.
Extreme heat and air pollution damage epithelial barriers and dysregulate
immune processes, promoting chronic inflammation and susceptibility to drug-
resistant infections'®. Malnutrition owing to climate-driven food insecurity

can cause immune suppression and lead to prolonged antibiotic exposure,
particularly invulnerable populations'**”!, The increases in the risk of
infections and antibiotic use can contribute to AMR development. Of note,
socioeconomic factors moderate the relationships between climate change,
host-related factors and AMR, with stronger AMR associations often linked to
antibiotic use, pollution and socioeconomicindicators rather than climate
variables alone®>"7*'”’, Please note that this is not an exhaustive list of factors
and impacts.

Additionally, climate change-related environmental stressors are
linked toimmune dysregulations, which haveincreased the incidence
of conditions such as asthma, cancers and autoimmune disorders,
often requiring extensive use of antibiotics for both prophylactic and
therapeutic purposes'®.

Extreme weather increases food insecurity and malnutrition

The adverse effects of climate change on food insecurity could increase
the global rates of malnutrition, particularly in sub-Saharan Africa, Asia
and Central America'®. Childhood malnutrition is linked to mucosal
barrier dysfunction, alterations in the intestinal microbiota, immune
deficiencies, increased susceptibility to frequent infections, and
prolonged antibiotic use'”'*®, Illustrating a more direct connection
between malnutrition and AMR, amouse model exploring the roles of
malnutrition and dehydration on susceptibility to methicillin-resistant
S. aureus (MRSA) describes a reversible immune paralysis’, whereby
immune cellsrecruited to engulf pathogens fail to function normally,
rendering the host hypersusceptible to MRSA'®’. Although the use
of antibiotics for uncomplicated acute malnourishment is debated,
broad-spectrum antibiotics are recommended in treatment guidelines
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for severe cases, further increasing the vulnerability to AMR among
fragile populations”*'",

Socioeconomic factors

Socioeconomic factors and population density have important roles
inthe prevalence of infectious disease burden'’>"”>, The transmission
potential of infectious diseases tends to be higher in densely populated
areas, whereas low social and economic development limits the abil-
ity of populations to prevent, detect and mitigate infectious disease
burden**. However, theimpact of climate-related and socioeconomic
factors on AMR has been shown to be heterogeneous in both magni-
tude and direction, reflecting the complexity of the relationship and
the lack of robust data to enable dissection of their effects'”. A large
study of 30 European countries has found that the correlation between
temperature change and AMR disappeared after adjusting for GDP
per capita and governance®. Similarly, a study from China analysing
antimicrobial susceptibility data from more than 20 million isolates
collected from hospitals across 31 provincial-level divisions has iden-
tified a positive correlation between AMR and factors such as human
antibiotic use, veterinary antibiotic use, particulate matter, population
density and GDP per capita’’®. However, climate indices such as tem-
perature, humidity and precipitation showed no such correlation®.
Another comprehensive study covering 101 countries has revealed
thattemperature changes and environmental pollution are associated
with AMR prevalence’. Importantly, it has highlighted that disparities
in AMR between high-income and low-income countries are driven
by poverty, limited health-care access and inadequate sanitation'”.
Population density was also cited as afactor exacerbating AMR spread
inurbanized areas'”. Other factors, such as patient demographics, also
have arole. One study has found differences in seasonal variations
of MRSA infections, wherein community-acquired cases show sea-
sonal patterns across both adult and paediatric populations, whereas
hospital-acquired MRSA infections demonstrate seasonal variation
onlyin children"®.Socioeconomic disparities exacerbate the infectious
disease burden and hinder efforts to mitigate climate-related effects,
thereby challenging preventionand response strategies. For example,
inAfrica, climate changeis shown to exacerbate the AMRissue because
many of the infectious diseases that cause substantial mortality are
sensitive to climate change'***°,

Mitigation
Reducing the incidence of infections through prevention
and treatment
Toaddress the impact of climate change on AMR, it is essential to focus
onloweringinfectionrates through sustainable development strategies
andimproved access to effective antibiotics. Recent trends show that
global contributions to GHG emissions are shifting from high-income
countries (HICs) to LMICs, whereas the least developed nations, respon-
sible for only 3.8% of total emissions, are expected to face the most
severe consequences of climate change™®'. Similarly, although AMR
isaglobal concern, itsimpact varies across countries, driven by limited
access to quality antibiotics, inadequate clean water and sanitation
services, weak infection prevention and control measures, low vaccina-
tionrates, and limited health-care resources®'®>'%*, Collectively, these
challenges disproportionately affect the most vulnerable populations
who bear the brunt of climate change effectsand AMR burden (Box1).
Reducing the burden of infectious diseases in human and ani-
mal health through vaccines and improved WASH infrastructure can
address AMR and mitigate climate change impacts’'®. Overall, better

WASH infrastructure alone could prevent approximately 250,000
AMR-associated deaths annually in LMICs, whereas increasing pae-
diatric immunization coverage could avert an additional 180,000
AMR-associated deaths annually’. These interventions are especially
urgent for populations facing poverty, conflicts and climate-forced
migration, wherein WASH and health-care disparities are most
pronounced (Box1).

Improving antibiotic use through diagnostics and surveillance
Improving the diagnosis and treatment of infections is crucial, as
gapsinsurveillance and access to the right treatment hinder effective
responses to AMR**'¥, Rapid testing technologies for vector-borne and
other diseases could facilitate the appropriate use of antimicrobials
andimprove disease control during outbreaks, including those occur-
ring during extreme weather scenarios'®®. At the population level, early
warning systems integrating disease and genomic wastewater surveil-
lance with climate forecasting could guide appropriate interventions
to prevent outbreaks and reduce reliance on antimicrobials®*'>1°°,

Improving health-care and antibiotic access

In LMICs, the unregulated sale and inappropriate use of antibiotics
obscurealarger access problem'®, Although the antibiotic access issue
has been challenging to quantify, there is accumulating evidence of
disparitiesinaccess to antibiotics treating bacterial infections, includ-
ing those caused by Gram-negative bacteria'®*"', Furthermore, arecent
study has shown that reducing antibiotic consumption by 50% globally
could lower AMR prevalence by 2.1%, whereas combining sustainable
development strategies, such as reducing out-of-pocket health-care
costs, increasing immunization coverage, and health investments,
could result in a 5.1% reduction in AMR"’. These findings support the
notionthatbetter access to health-care services and preventive meas-
ures, combined with access to the right antibiotics at the right time,
may have agreaterimpact on AMR than total reductions in antibiotic
consumption.

Increasing food security through sustainable

agricultural practices

Ensuring food security and eliminating malnutrition can substantially
enhance our ability to mitigate climate-induced increasesininfectious
diseases and the burden of AMR, as malnourished populations are more
susceptible to infections and may require prolonged antimicrobial
treatments'*'*”'*°, Additionally, food scarcity can prompt individuals
to seek unsafe food sources to meet their nutritional needs, increase
interactions with wildlife, and heighten the risk of disease spillover®.
Sustainable agricultural practices, the use of antibiotic alternatives, and
enhanced animal health through vaccination can have animportantrole
in preventing disease emergence and spillovers while also enhancing
livestock productivity and farming sustainability’>"*, Furthermore,
developing and adopting global and local guidelines for pesticide use,
while assessing the risk of cross-resistance, is critical in reducing the
risk of pesticide resistance and its impact on human health.

Conclusion

Theintricate relationship between climate change and AMR highlights
the urgent need for coordinated action to investigate and tackle these
two global health crises. Rising temperatures, extreme weather events,
and associated environmental changes are amplifying the prevalence
andspread of drug-resistant pathogens, while simultaneously increas-
ing the demand for antimicrobials and weakening host immunity.
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There are multiple pathways — from enhanced pathogen thermotol-
erance and horizontal gene transfer to climate-driven zoonotic trans-
missionand intensified agricultural antimicrobial use — through which
climate change may exacerbate AMR. Evidence suggests that climate
change could worsen the burden of infectious diseases and increase
our reliance on antimicrobials. Nonetheless, further research and epi-
demiological evidence are needed to dissect theimpact of climate from
other leading determinants.

To develop effective strategies for mitigating AMR amid changing
climates, moreresearchis required to determine the impact of climate
change on AMR. It is important to note that the majority of evidence
on the association between rising temperatures and AMR is derived
from ecological studies, which lack specificity and the ability to con-
trol for confounders that can obscure or modulate the association.
These studies cannot determine whether the increase in temperature
precedes the increase in AMR prevalence, complicating the explora-
tion of a causal relationship between the two. Research conducted at
the cellular or molecular level reveals that the association between tem-
perature and AMR s organism-specific and antibiotic-specific, and that
increasing temperature does not always correlate with higher antibiotic
resistance. The lack of evidence of adose-response relationship from
these studies further challenges the inference of a causal relationship.
Moreover, AMR detection at the population level is affected not only by
methodological factors but also by population size and its character-
istics. Therefore, AMR measurement biasis another important factor
that must be considered when comparing results across studies. For
example, AMR surveillance data froma specific population subgroup
(that is, hospitalized patients from a tertiary-level hospital) may not
reflect AMR levels in the community.

Inaddition, our understanding of the emergence and transmission
of AMR between microbiomes suggests that climate-drivenincreases
in AMR in agriculture may have consequences for AMR in human
health. For example, antibiotic residues from antibiotics applied to
crops may lead to unintended outcomes, such as drug resistance and
cross-resistance in soil bacteria and zoonotic pathogens, which often
share the same environment"°. However, how and to what extent this
could affect human health are currently unclear. Similarly, the increase
incirculating ARGs owing to the thawing of permafrost could increase
therisk of soil bacteria acquiring antibiotic resistance, but the risk to
humans and animals remains unknown.

Finally, a substantial number of studies addressing the connec-
tionbetween climate and AMR are primarily conducted in HICs. LMICs
have a higher incidence of infectious diseases that are sensitive to
changing climates, weaker health-care systems, and limited capacity
toaddress climate change; all of which may greatly impact the relation-
ship between climate and AMR. These disparities may be even more
pronounced in regions affected by conflict and displacement.

Given that climate change is already underway and opportuni-
ties for adaptation are shrinking, future efforts must focus on under-
standing the relationship between climate change, health and AMR.
To this end, more primary research and epidemiological evidence on
the impact of climate on AMR is needed; such studies should include
various pathogens such as parasites and fungi and should also focus
ontherole of host-related factors such as gender, age and immunity.
In addition, ecological and individual-level studies across differ-
ent geographic, climatic and socioeconomic contexts are needed
to disentangle the role of socioeconomic factors in the climate and
AMR interface. Finally, we require more research to understand how
climate influences the emergence and transmission of AMR at One

Health interfaces, and how the increase of AMR in agriculture affects
human health.

Although climate change and AMR burden may be growing concur-
rently, tackling this dual challenge requires fundamental yet critical
interventions, such as improving WASH infrastructure, expanding
vaccination programmes, enhancing diagnostic capabilities, and
increasing access to effective antibiotics. Addressing socioeconomic
disparities, combating malnutrition and improving health-care access
areall part of broader strategies to improve well-being and strengthen
our ability to fight infections, consequently increasing resilience to
climate change.

Published online: 06 February 2026
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