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Abstract: Climate change is increasingly recognized for its impacts on human health,
including how biotic and abiotic factors are driving shifts in infectious disease. Changes in
ecological conditions and processes due to temperature and precipitation fluctuations and
intensified disturbance regimes are affecting infectious pathogen transmission, habitat, hosts,
and the characteristics of pathogens themselves. Understanding the relationships between
climate change and infectious diseases can help clinicians broaden the scope of differential
diagnoses when interviewing, diagnosing, and treating patients presenting with infections
lacking obvious agents or transmission pathways. Here, we highlight key examples of how
the mechanisms of climate change affect infectious diseases associated with water, fire, land,
insects, and human transmission pathways in the hope of expanding the analytical framework
for infectious disease diagnoses. Increased awareness of these relationships can help prepare
both clinical physicians and epidemiologists for continued impacts of climate change on
infectious disease in the future.
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Introduction

Climate change is directly and indirectly impacting human health now.'* The
impacts will continue along this trajectory, in most development and emission
scenarios, growing in scope and scale, without substantial elimination of the root
cause of the climate crisis: the emission of greenhouse gas pollutants.>”’ Despite the
inherent threats that the climate crisis poses to human health, it has been a relatively
recent trend that explicit attention has been paid to the risks a changing climate has
on human health.® For instance, in 1990 when the first Intergovernmental Panel on
Climate Change’s (IPCC) report was released, “health” was mentioned throughout
but not given the profound consideration that modern assessment reports now give
climate and health. Since that initial publication, subsequent assessments and
reports have increasingly dedicated space to specific human health content
areas.'**? In addition to expected climate-driven hazards such as extreme events
like prolonged high temperatures (ie, heat waves), tropical cyclones, droughts, and
flooding, the scope of these assessments has expanded into health-related areas like
infectious and non-infectious diseases, occupational health, mental health, human
migration, and malnutrition.>>"'> This is, in part, due to an exploding research
field that has identified and characterized the myriad ways climate change impacts
health.
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Morbidity and mortality can be directly associated with
extreme temperatures,”'®? tropical and coastal storms,”*
and wildfires.”* 2 Yet, how weather and climate impact health
is complex: the effects are not always direct, instead following
numerous indirect pathways. Social, contextual, and indivi-
dual characteristics contribute to a person’s risk of death or
disease. For instance, during an extreme heat event, a person
with underlying health conditions (eg, asthma, COPD) may
experience increased complications during infrastructure fail-
ures (eg, power outages).”’ In February 2021, winter snow
storms caused delayed delivery of health-care supplies across
the country, including nearly one million COVID-19 vaccine
doses, 730,000 of them going to Texas, alone.”®

While climate change will affect human populations
across the globe, the impacts will vary considerably, multi-
plying existing threats related to equity, justice, diversity,

and inclusion.?’
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Climate change-related health impacts include aller-
gies, pregnancy and newborn complications, heart and
lung disease, risks for children, dehydration and kidney
problems, heat stroke, skin disease, digestive illnesses,
mental health conditions, neurologic disease, nutrition,
trauma, and infectious diseases. While all are important,
the relationship between climate change and infectious
disease is particularly compelling as it is determined by
the integration of the biosphere and the human realm.
Knowledge of both ecological and human health sciences
is needed to understand and project how and why infec-
tious diseases are “on the move” in response to climate
change. The mechanisms by which climate change impacts
infectious disease are diverse and often overlapping,
including ecological, social, and biological factors
(Figure 1). Infectious disease transmission is influenced
by local temperatures, extreme weather events, and
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Figure |1 Conceptual diagram depicting four major infectious disease factors affected by global warming and climate change: transmission and dispersal of pathogens,
pathogen habitat, pathogen evolution and distribution, and susceptibility of hosts. Generalized directions of change (increase, decrease, or multi-directional change) resulting
from climate change for each factor are indicated by symbols. Examples of how each of the factors are affected by climate change related heating, drought, storms, wind, and
fire are provided. Map from NOAA Climate.gov map, based on data from NOAA Centers for Environmental Information. Available from https://www.climate.gov/media/

12884. The re-use of Climate.gov content should not imply NOAA endorsement of a product, service, or organization.
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exposure to animal and insect vectors, as well as increas-
ing interactions between people due to climate and
weather-driven displacement, migration, and rising popu-
lation densities around limited natural resources. Climate
change also influences the habitat for infectious diseases
by impacting land use and both terrestrial and aquatic
ecosystem characteristics in environmental reservoirs (eg,
changes in temperature and moisture regimes),’® increas-
ing disturbances and associated changes in host substrate
availability, and alterations to the timing and seasonality of
the lifecycles of infectious organisms as well as their
hosts. Direct impacts on pathogen populations are evi-
denced in increasing abundances and expanded ranges,
the emergence of novel species and strains,®’ and asso-
ciated host switching or broadening.*? Finally, susceptibil-
ity of humans to infectious disease is impacted by climate
change due to impacts on resources (eg, clean water and
air, high-quality nutrition, shelter) and how these affect
host defense systems, anti-microbial resistance of some
strains of pathogens, and novel, emerging pathogens.****
A summary of the infectious diseases mentioned in this
review and their relationship to climate change and
extreme weather is presented in Table 1.

Climate Change Primer

While the average global temperature is rising, the amount
of warming is not distributed equally. Because of the heat
capacity of water, the ocean functions effectively as a heat
sink, and air above the ocean warms more slowly than air
above land, which means that land-locked areas are
expected to experience more drastic warming than coastal
areas. High latitude areas are experiencing warming more
quickly than the equator, leaving the Arctic to warm about
twice as fast and the Antarctic Peninsula to warm about
five times as fast as the global average.** High altitude
regions also experience global warming at a faster rate
than sea level regions due to changes in humidity and
solar energy.’”

A warming climate also has effects on weather and
extreme weather events such as wildfires, drought, and
coastal storms. Warmer temperatures can enhance water
evaporation from soil and other organic matter and can
increase the water demand of vegetation leading to wor-
sening droughts and wildfires. Drier soils and high wind
events can mobilize pathogens from soil environmental
reservoirs. Warmer sea surface temperatures and sea

level rise can intensify coastal storms.*®>® Extreme

Table | Several Human Pathogens, Their Mode of Transmission, Reported or Suspected Association to Climate Change or lts

Consequences, and Representative References

Vibrio species Water Warming water Randa et al 2004; Logar-Henderson et al 2019; Weis et al 201 I;
temperatures Newton et al 2012; Jones et al 2013

Naegleria fowleri Water Warming water Capewell et al 2015; Gharpure et al 2021
temperatures

Leptospira Water Floods Gaynor et al 2007; Togami et al 2012; Amilasan et al 2009; Lau et

interrogans al 2010

Fusarium species Soil Warming air temperatures | Timmusk et al 2020; Wurster et al 2020

Cryptococcus gattii Soil Warming air and Kidd et al 2007; CDC MMWR 2010; Rosas and Casadevall 1997;
soil temperatures Want and Casadevall 1994; Schiave et al 2009

Various moulds Air Wildfire smoke Kobziar et al 2018; Moore et al 2021; Mulliken et al 2019

Coccidioides Air Wildfire smoke Kobziar and Thompson 2020; Kobziar et al 2018; Elbert et al

2007

Borrelia burgdorferi | Tick vector Wildfire/burn events, Ogden and Lindsay 2016; Ogden et al 2014; Leighton et al 2012;
warming air temperatures | Simon et al 2014; Rounsville 2021

Norovirus Person-to-person Human displacement Yee et al 2007

HIV Person-to-person Human displacement Nsuami et al 2009; Ekperi et al 2018
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weather events are often categorized by monetary losses
and the most notable events are those that make the “bil-
lion-dollar extreme weather events” list.>* From 1980 to
now there have been almost 300 individual billion-dollar
weather disasters in the US, with 22 events in 2020 alone,
including the record-breaking wildfire season that burned
over 10M acres of land in California, more than twice as
much land as the previous record set in 2018.%° Climate
change itself and the resulting extreme weather events
have both direct and indirect effects on human health
such as heatstroke, dehydration, asthma, cardiac events,
and changes in pathogen exposure.' Here, we highlight
key examples of how these mechanisms of climate change
affect the present and future infectious diseases associated
with water, fire, land, insects, and human transmission
pathways.

Woater

Changes in water temperature, salinity, currents, and season-
ality patterns are all results of climate warming that can affect
the abundance and incidence of water-borne infections. Such
infections can cause a range of diseases associated with
ingestion, inhalation, or direct inoculation of pathogens. For
example, climate models indicate that sea surface tempera-
ture increases will track with an increase in the abundance,
geographic distribution, and duration of risk of Vibrio species
infections, some of which have a mortality rate of up to
50%.%* Infections with pathogenic Vibrio species, includ-
ing V. cholerae, the bacterium responsible for the diarrheal
disease, cholera, have been well-studied and infections have
been linked to climate change and extreme weather
events.***> While all Vibrio species can cause severe illness
resulting from a gastrointestinal infection via ingestion or
wound infection via direct inoculation, different species have
varying degrees of disease association. V. cholerae is best
known for its association with profuse watery diarrhea, while
V. vulnificus is more often associated with wound
infections.*® In the US, the non-cholera Vibrio species
V. parahaemolyticus, vulnificus, and alginolyticus are respon-
sible for the largest disease burden among Vibrio species.*’
Altogether, Vibrio infections account for approximately
80,000 illnesses and are estimated to
$300 million annually in the U.S.**

The prevalence of Vibrio species is regional and

cost about

dynamic. Most species naturally occur in coastal and estuar-
ine water where the environment is warm and brackish, with
seasonal variations in prevalence and infection risk.***
Gulf Coast, Mid-Atlantic, and Northeastern states, along

with Washington and Hawaii, have the highest reported
incidence of vibriosis (ie, non-cholera Vibrio infection) in
the U.S.°° An analysis of C.D.C. Vibrio surveillance data
found a 15-year increase in vibriosis incidence nationwide
for all three of the most common non-cholera Vibrio species
from 1996 to 2015, a trend that has been associated with
warming ocean temperatures.’® Warming sea surface tem-
peratures have also been associated with increased inci-
dence of V. vulnificus, the most fatal Vibrio species with
a fatality rate of up to 50%, in coastal locations — notably
Florida and Maryland.**-*' Studies have also found a longer
V. vulnificus and parahaemolyticus detection period with
prolonged water temperature warming, as well as broader
salinity tolerance with higher temperatures.**** The geo-
graphic distribution of cases of primary amebic meningoen-
cephalitis (P.A.M.) also appears to have expanded due to
increasing average annual water temperatures. P.A.M. is
a rare brain infection with roughly eight cases reported in
the US annually. It is primarily a pediatric illness and has
a fatality rate of greater than 97%.°>>> P.A.M. is caused by
an infection with the free-living amoeba Naegleria fowleri,
which is found in soil and warm freshwater, and infection is
most often associated with exposure to natural recreational
water such as lakes or ponds.”* Historically, exposures in
the US have occurred in the southern states, but in recent
years the geographic range seems to have been expanding
northward.”>>* A 2013 C.D.C. review of P.A.M. in the US
from 1937-2013 found that of the 142 cases across 18
states, the majority have been identified in the southern
half of the country, primarily Texas, Florida, and Virginia;
cases have been diagnosed as far north as Minnesota, how-
ever, with the four northernmost cases over the 76-year
timespan all identified in or after 2010.%® This finding was
confirmed in a second review of P.A.M. cases in the US
from 1978-2018 which found 120 reported cases over the
40-year timespan, 85 of whom had a clear known or sus-
pected single exposure.”® Five of the six Midwestern cases
occurred after 2010.°* The authors also performed
a temperature analysis and found a significantly higher
daily average temperature in the two weeks before exposure
compared to the previous 20 years, and a shift in the max-
imum latitude of cases equivalent to 13.3 km northward
each year.”

As evidence of the links between warming water
bodies and water-borne pathogens increases, an increase
in infectious diseases and extreme precipitation events has
also been observed. Leptospira interrogans is a spirochetal
bacterium spread through contact with the urine of
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infected animals that causes the clinical syndrome leptos-
pirosis in humans. Manifestations of disease can range
from asymptomatic infection to a flu-like syndrome with
fevers, chills, and muscle aches to a more severe illness
resulting in multiorgan failure.”>’ In 2004, heavy rains
caused flooding on the University of Hawaii campus in
Honolulu which left indoor standing water in affected
buildings for several days after normal campus activities
resumed. Laboratory testing and epidemiological surveys
confirmed leptospirosis infection in two people whose
only exposure was a flooded campus laboratory.”® About
100-200 cases of leptospirosis are reported within the US
each year and about half of annual cases occur in
Hawaii.>® A 1997 case study of leptospirosis in Hawaii
reported a range of zero to four cases in Oahu per year
from 1986 to 1992 associated with either farming or
recreational swimming.®® As climate change leads to
a combination of rising ocean levels and extreme precipi-
tation events, floods will increase in both rural and urban
areas, also increasing the risk of human infection from

exposure to contaminated water.”®%173

Soil and Plant Biota

Several soil- and plant-dwelling pathogenic microbial spe-

cies with human and food-related infectious disease
impacts are expected to increase in range and virulence
in response to climate change. For example, outbreaks of
Fusarium crop infections have occurred largely with war-
mer weather conditions and are expected to increase with
an overall warming climate.** Fusarium species, which
group
produce mycotoxins which can contami-

make up a and animal

64,65

large of plant
pathogens,
nate food crops leading to deadly human health conse-
quences including acute toxic effects as well as various
cancers.®*%%%7 Climate change-induced increases in storm
frequency and severity may impact other common patho-
genic microbes in surprising ways: Mucorales molds
undergoing shear stresses experienced in tornadoes or
cyclones have increased virulence, which suggests that
storms do more than enhance the distribution of patho-
genic organisms.®’ Clusters of necrotizing myocutaneous
mucormycosis with high mortality rates have been evi-
denced in relation to high-energy events around the
world.**¢7

Cryptococcus gattii, a human pathogenic yeast with
wood and soil as environmental reservoirs, is found in
various geographic locations, but with the highest inci-
dence in Vancouver Island, Canada, where it was first

identified in 1999.°%7° C. gattii is acquired via inhalation
of spores causing some degree of pulmonary infection in
about half of exposed patients. From the lungs, the infec-
tion can disseminate to other sites, most commonly the
central nervous system where it can cause a potentially
fatal meningitis in both immunocompromised and immu-
nocompetent individuals.”' C. gattii has been found to
thrive in sunny areas of moderate temperature with above-
freezing winters, such as Vancouver Island where 7.7% of
tree samples, 9.6% of soil samples, and 27% of air sam-
ples are positive for the fungus.”> C. gattii has been iso-
lated from tree, soil, and air samples further south along
the west coast of North America in Washington and
Oregon at lower prevalence, and infections have been
identified in the additional western states of California
and Idaho.”*"® Cryptococcus and other fungi produce
melanin in response to environmental stress, and melani-
zation of C. neoformans has been associated with
increased temperature tolerance to both heat and cold,
although its relationship to ultraviolet light tolerance has
been mixed.”*7® After a 2010 outbreak of C. gattii in
Oregon, the investigators noted the broader geographic
range than previously identified, indicating the possibility
of the organism’s adaptation to new climates or that
a changing climate may be responsible for creating
a wider hospitable habitat.”

Some have speculated that novel, emerging infectious
agents with high temperature tolerance and resistance to
anti-fungal therapy, such as Candida auris, may be the
result of a combined influence of climate-related changes
in the environment coupled with increased human
contact.”” There is now evidence that environmental
microbes genetically evolve under environmental pressure
along with potentially increasing in prevalence and geo-
graphic distribution.”® As a proof of concept, a recent
study assessed the evolution of the soil bacterium genus
Curtobacterium in response to new but natural environ-
ments and climates including changes in microbial and
other biotic composition, temperature, and
precipitation.”® After only 18 months, shifts were seen in
the abundance of both the overall microbial community
composition and the isolated Curtobacterium population in
response to the environmental changes. Additionally, over
the same period, phenotypic changes were seen in
Curtobacterium communities reflecting adaptation to new
and varying environments, and genotypic changes
occurred even more quickly. Although Curtobacterium is
not a known human pathogen, its rapid evolution may
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have implications for other soil microbes that do cause
human disease.

Air

As climate change leads to warming global average tem-
peratures, longer fire seasons, and longer durations of
drought, it increases the potential for larger and more
severe wildfires especially in regions like the western
U.S.7%8 A 2020 special report in The New England
Journal of Medicine highlighted the human health effects
of climate change and wildfires, with emphasis on direct
burn injury, smoke particulate matter inhalation, and men-
tal health effects.”* Notably missing from the report, how-
ever, were the potential infectious disease complications of
worsening wildfires from either direct burn injuries fol-
lowed by secondary infections, or from smoke and micro-
bial inhalation.?*8! Patient factors such as immune state,
surface area and depth of burns, and severity of illness
play a large role in the risk of infection and susceptibility
to various organisms in burn patients.**®” There is also
increasing interest in the potential ecological changes
associated with wildfires that may play a role in human
pathogen exposure and infection, especially where severe
forest fires are followed by extreme precipitation events
and flooding.

A new area of research (pyroaerobiology) now focuses
on the living components of smoke which are, at least in
part, made up of infectious pathogens of concern for
human and/or crop health.*” In recently published studies,
researchers from the University of Idaho and the
University of Florida analyzed microbial cells in smoke
emitted from prescribed fires in North Florida and found
that smoke contained fivefold higher concentrations of
microbial cells with increased bacterial and fungal species
richness than the pre-ignition air.®”*® The type of fuel
burned (eg, different plant or tree species, organic soils)
also influenced the concentration and diversity of mobi-
The authors further distinguished
between viable and non-viable DNA-containing cells and

lized bioaerosols.®’

found that approximately 80% of the cells in smoke were
viable. Across multiple studies, numerous potential plant
and human pathogens or allergens were identified in wild-
land fire smoke but not in paired background air condi-
tions, including Cryptococcus spp., Aspergillus spp.,
Sarocladium spp., Candida spp., Pseudomonas syringae,
Cladophialophora spp., Ochroconis spp., Bacillus anthra-
cis-cereus, and Mucor spp., among others.*’

Researchers anecdotally noted more invasive fungal
infections after a large wildfire in California, US in
2017, leading them to ask whether wildfire or smoke
exposure could be associated with an increased risk of
invasive fungal infections such as aspergillosis and cocci-
dioidomycosis. To investigate, they collected data from 22
California hospitals over four years and compared admis-
sions for invasive mold infections with the occurrence of
large wildfires within a 200-mile radius of the admitting
hospital. Large fires characterized nearly half of the study
months and were associated with an increased risk of
admission for invasive mold infections, aspergillosis, and
coccidioidomycosis, but not invasive Candida infection
which served as the control.®® This study does not take
into account the potential confounding or multiplicative
effects of seasonal dust and wind storms which may also
influence transport and human intersection with infectious
disease, but serves as a unique example of such
a comparison between wildfire occurrence and fungal
infection admission rates and warrants further study.

During the 2017 wildfire season, a group of incarcer-
ated individuals working as wildland firefighters were
identified by the California Department of Public Health
as cases in a coccidioidomycosis cluster. Ten cases (four
clinical and six lab-confirmed) were reported among the
198 firefighters who worked on the case study wildfire,
and illness was associated with patients who experienced
a dust storm or more frequently worked on constructing
fire lines, both of which disturb soils and can mobilize
fungal Coccidioides spores. None of the study participants
reported wearing respiratory protection. It is unclear
whether the cases were the result of inhaling smoke con-
taining organisms mobilized during combustion (which
can aerosolize mineral and organic soils), or from simply
disturbing the soil during line construction. Importantly,
respiratory coverings are uncommon personal protective
equipment among wildland firefighters.”® Authors suggest
that increasingly severe wildfire seasons may increase both
human and animal exposure to pathogens from soils or
partially combusted vegetation that are transported by
smoke.*-5¢

The epidemiological, experimental, and anecdotal
data indicate the possibility of an association between
wildfires and invasive fungal infections, and there is also
evidence that suggests that wildfire patients may be at
increased risk of certain post-burn bacterial infections as
well.”! Sherry et al’' compared bacterial culture data in
wildfire burn patients to routine burn patients to assess
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differences in bacterial colonization. Among the 18 wild-
fire burn patients and 36 routine burn patients included
in the study, wildfire burn patients had significantly more
cultures resulting in bacterial growth overall and more
Gram negative bacteria cultured from wounds.”' These
findings suggest the possibility that environmental expo-
sures may increase the risk of infection with certain
environmental pathogens while simultaneously contri-
buting to the alteration of the human microbiome.

Insect Vectors

Anthropogenic climate change and extreme weather events
have the potential to alter the habitats and geographic
distribution of large numbers of animals, including hosts
and vectors of human infectious diseases.

The US is home to many tick vectors with the potential
to carry and spread a variety of infectious pathogens.
Lyme disease is the most prevalent vector-borne disease
in the US and is endemic to the Northeast and Midwest. It
is caused by the bacterium Borrelia burgdorferi, trans-
mitted to humans by the Ixodes genera of ticks, primarily
1 scapularis in the US and Canada, with a much smaller
contribution from . pacificus.®* These ticks acquire the
B. burgdorferi pathogen after feeding on a reservoir host,
commonly the white-footed mouse.”” Early stages of
Lyme disease can manifest as a well-defined rash, or, if
left untreated, can develop into more serious consequences
such as arthritis, meningitis, and cardiac arrhythmias.’?

A changing geographic distribution of Ixodes tick spe-
cies also appears to be linked to climate warming, in
general, in North America.”**> While Lyme disease was
first identified in the US in the 1970s, it was not identified
in Canada until around 2004 and northward expansion of
the Ixodes tick continues.”*> Empirical models of Ixodes
distribution in Canada have found that not only will the
geographic distribution of the tick vector expand with
a warming climate, but the rate of expansion also increases
as temperatures warm.”® One of the primary reasons for
this geographic expansion is the increasing reproductive
capacity of ticks that is associated with warmer tempera-
tures and seems to be independent of other factors such as
host abundance, rainfall, and tick migration.”> The geo-
graphic distribution of the white-footed mouse, frequently
the most important reservoir host of B. burgdorferi, how-
ever, is also predicted to expand in both northern and
southern directions with a warming climate.”” Currently,
the white-footed mouse geographic distribution appears to
be expanding at a rate of about 1015 km per year in parts

of the Midwestern US and Canada, most closely asso-
ciated with shortened winters.”® The expansion of both
host
B. burgdorferi have serious and compounding implications

the primary reservoir and insect vector of

for the increasing risk of Lyme disease in North
America.”

A variety of other ticks are known to transmit human
infection in North America, including the Dermacentor
variabilis tick. This species is widely distributed across
the United States and Southern Canada and transmits the
rickettsial organism, Rickettsia rickettsii, the agent of
Rocky Mountain Spotted Fever (RMSF), a potentially
fatal disease.'” A 2020 study aimed to characterize the
tick, reservoir host, and pathogen communities over a two-
year period following a large 2015 wildfire.'°" Ticks were
collected from rodents before and after a wildfire at burned
(Stebbins Cold Canyon Natural Reserve) and nearby
unburned (Quail Ridge Natural Reserve) sites about
6.5km apart in Northern California. All ticks were of
either the Ixodes (five species) or Dermacentor (two spe-
cies) genera. Interestingly, the study found a significant
shift in tick genera proportions from predominantly Ixodes
spp to more equal proportions of Ixodes and Dermacentor
spp at both sites pre- and post-fire: at the Cold Canyon
burned site, 100% of the ticks pre-fire were of the Ixodes
which shifted to 55.81% Ixodes and 44.19%
Dermacentor post-fire; at the Quail Ridge unburned site,

genus,

87.5% of the ticks pre-fire were of the Ixodes genus and
12.5% were of the Dermacentor genus, which shifted to
31.25% Ixodes and 68.75% Dermacentor post-fire.'®' The
authors also found a significant increase in the number of
animals infested with ticks at both sites when considered
together, which was primarily driven by an increase at the
unburned Quail Ridge site from 9.9% pre-fire to 48% post-
fire.'”! Additionally, a longer duration of infestation was
seen at the unburned site where animals were only infested
during the Spring and Summer pre-fire but through all four
seasons post-fire.'°! The number of small mammal species
more than tripled from pre- to post-fire at the burned site,
while near doubling from pre- to post-fire at the unburned
site. These findings suggest that wildland fires alter host
and vector habitats and prevalence of disease-carrying
ticks by increasing abundance of the host reservoir.'®!
Several mosquito-borne diseases are also apparent in
North America and include West Nile, Chikungunya, and
Zika viruses. Local Chikungunya transmission was first
identified in the Americas in 2013, and over the next two
years spread through 45 countries throughout North and
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South America, affecting a suspected 1.7 million
people.'*? Similarly, local Zika virus transmission was
first in 2015 and by the

following year local transmission was being reported in

confirmed in Brazil
multiple countries in North and Central America.'%* West
Nile virus, now the most common mosquito-borne disease
in the US, was not identified in the US until 1999 in
New York City.'” By 2012, the virus had spread through-
out the entire continental U.S.'” The initial mode of
introduction to N.Y.C.
shown positive relationships between warming ambient

remains unclear. Studies have
temperature and the potential for West Nile virus infection
via factors such as increased viral replication, vector
growth rates, and viral transmission to animal hosts,
which will only worsen as global temperatures continue
to rise.'” In the context of the current pandemic, it is
increasingly important to recognize and continue to study
links between climate change and zoonotic and vector-
borne diseases in order to begin to predict and, hopefully,
prevent future outbreaks.

Population Displacement
In 2019, 33.4M people were displaced around the world,
23.9M of whom were displaced by weather-related
events.'® Changing climate and extreme weather events
have been implicated as critical drivers of large-scale
human population movement, though the relationship
between climate change and migration remains highly
debated.'”> %7 Although environmental migration, or the
temporary or permanent movement of people due to
changes in the environment, is a recognized phenomenon,
extreme weather events are increasingly considered to be
exacerbating factors of global human displacement.'®*'°
While weather events such as floods, hurricanes, and fires
have historically been associated with temporary displace-
ment, as these events continue to increase in frequency,
longer lasting environmental change may necessitate per-
manent relocation for vulnerable communities.''" In North
America, for example, droughts and famines related to
climate change and extreme weather events such as El
Nino have been associated with increasing northward
migration from Central America.'''™''* Despite these con-
cerns, individuals displaced due to extreme weather events
are not designated as refugees under international law,
given uncertainties surrounding classification, characteri-
zation, and duration of displacement.'"*

The long-term health impacts of displacement due to
climate and extreme weather events remain to be seen, and

data
Existing literature has suggested that extremes in tempera-

investigating these phenomena remain sparse.
ture and frequency of natural disasters may be associated
with food insecurity and changes in infectious disease

105,115 setting  of

epidemiology. Displacement in the
extreme weather events and subsequent infectious disease
outcomes is less well understood, though overcrowding in
shelters or camps used to house individuals who have been
displaced may be associated with subsequent communic-
able disease outbreaks. For example, following Hurricane
Katrina in 2005, 27,000 people displaced by the event
were evacuated to a single center in Houston, Texas.
Within two weeks, over 1000 people presented to the
with
Additionally, multiple strains of Norovirus, a highly trans-

shelter clinic symptoms of gastroenteritis.
missible gastrointestinal infection, were identified in
nearly half of the people who submitted samples for
analysis.''® Public health investigators hypothesized that
overcrowding and lack of adequate hygiene and sanitation
facilities may have exacerbated the spread of infection.''®

Apart from overcrowding, delayed or missed diagnosis
due to changing infectious disease epidemiology, missed
routine childhood vaccinations in the setting of unexpected
displacement, and increasing population exposure at the
human-animal interface represent other potential routes of
communicable disease transmission in the setting of
extreme weather events and climate change.'®''"!”
Given these challenges, adapting public health surveil-
lance and infrastructure to meet the needs of populations
displaced by climate change-driven natural disasters will
be paramount, and additional research in this area is

needed.

Antimicrobial Resistance and
Climate Change

Not only does climate change have the potential to
increase the risk of human exposure to various infec-
tious agents, there is evidence linking a changing cli-
mate to increasing difficulty in treating infections due to
8120 Antibiotics

used in aquaculture are among the same classes used

increased antimicrobial resistance.
in people and animals, and leave residues in the aquatic
environment, increasing the rates of antibiotic resistance
in the environment with the potential to transfer resis-
tance gene to human pathogens.''® Temperature resis-
tance is also seen among bacteria exposed to a changing

and warming environment, and studies suggest that, due
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to similar mechanisms of resistance such as biofilm
formation, temperature and antibiotic stress on bacteria
can cause a sort of cross resistance.''®

In a US study of three common Gram negative and
Gram positive bacterial pathogens, Escherichia coli,
Klebsiella pneumoniae, and Staphylococcus aureus, the
authors investigated the relationship between antibiotic
resistance and local temperature and other local
characteristics.'”° The study used a data set of over
1.6 million infections and compared regional antibiotic
resistance to local geography and climate.'?* The authors
found a significant association between antimicrobial
resistance patterns and increasing minimum temperatures
and, expectedly, with increased antibiotic prescribing.'?’
They did not, however, find a correlation between antibio-
tic prescribed and minimum temperature.'?® Although
causality could not be inferred, warmer temperatures are
known to increase bacterial growth and horizontal gene
transfer, two factors that at least make the contribution of
climate to antimicrobial resistance  biologically
plausible.'?°"'%* Other indirect effects of warming on anti-
biotic resistance have also been demonstrated.''” Human
bacterial infection rates have been correlated with increas-
ing temperature for reasons probably related to increased
pathogen burden in the environment, an increasing number
of extreme weather events, as well as changing human
behavior due to both short-term weather and long-term
climate effects (Burnham). These factors all play a role
in increased exposure to potential antibiotic resistant
pathogens in the environment as well as in increased

antibiotic prescribing.'"

Conclusion - Potential Threats and
Outlook

We have outlined a few of the infectious diseases and infec-
tious disease risks associated with a changing climate includ-
ing expanding geographic distribution of pathogen,
overcrowding and poor sanitation during extreme weather
events, and evolving bacterial resistance patterns. Delayed
and missed diagnoses of non-environmental communicable
diseases have also been more than a theoretical threat in
extreme circumstances. A study of gonorrhea infection
among high school students in New Orleans before and
after Hurricane Katrina found a doubling of the infection
rate before and after the hurricane.'** Similarly, when
Hurricane Sandy struck the East Coast of the US in 2012, it
also resulted in a decrease in HIV screening of up to

25% percent in certain areas. This is estimated to have caused
thousands of missed testing opportunities.'**!*

It is also imperative to acknowledge the contribution
of the health-care sector to climate change itself. It is
estimated that the health-care sector is responsible for
about 5% of global greenhouse gas emissions, and about
10% of domestic emissions within the United States,
primarily driven by fossil fuel combustion and indirect
emissions related to the production, transportation, and
consumption of pharmaceuticals, medical devices, food
and other supplies.'*® This occurs while simultaneously
caring for individuals who become sick with climate
change-related diseases. Despite this, peer-reviewed lit-
erature examining climate change and health continue to
lag behind those relating climate change to other sectors
such as transportation, engineering, economics, and
energy. This is an area that needs increased focus from
sustainability initiatives as well as infection treatment
and prevention perspectives.

In conclusion, a potential increase in infectious dis-
eases is a newly recognized consequence of climate
change and extreme weather events. Together the phe-
nomena can cause changes in skin microbiome, soil and
atmospheric ecology, vector and host geographic range,
human displacement and sanitation, antimicrobial resis-
tance patterns, as well as in routine healthcare.
Awareness of how the effects of climate change influ-
ence infectious disease can help members of the health-
care profession recognize and prepare for both quantita-
tive and qualitative changes in pathogens and infectious
disease patterns. While the health-care sector should
work toward climate mitigation strategies, climate adap-
tation is increasingly important among health-care prac-
titioners as climate change and its health consequences
become inevitable. The distribution of acceptable habi-
tats for vectors are changing in complexity with global
climate change, as are the ways in which people and
animals are interacting and migrating. The disruption of
once predictable systems will make conducting climate
epidemiology more challenging and will require an
adaptive conceptual approach.
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