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Climate change is driving unprecedented transformations in aquatic ecosystems, where microorganisms
play a fundamental role in maintaining ecological balance and human health security. Rising water
temperatures, pollution intensification, and extreme weather events are driving significant shifts in
microbial community structures. These changes facilitate the proliferation of pathogenic microorganisms
such as Vibrio cholerae and harmful algae like cyanobacteria, which thrive in warmer, nutrient-enriched
environments. The resulting harmful algal blooms release potent toxins, such as microcystins, that
contaminate drinking water and food supplies, leading to severe health impacts, including liver diseases
and carcinogenesis. Furthermore, antibiotic resistance genes are spreading more rapidly due to climate-
induced stressors, increasing the prevalence of antimicrobial-resistant pathogens and compounding the
challenges for global health systems. This discussion article demonstrates that climate change influences
aquatic microbial ecosystems through interconnected mechanisms, including shifts in gene transfer
networks, alterations in microbial metabolism, and ecological feedback loops, ultimately increasing
waterborne disease risks and antimicrobial resistance. Specific solutions are proposed, such as advancing
wastewater treatment technologies to address climate-induced pollution, establishing global microbial
monitoring networks leveraging remote sensing and molecular tools, and implementing early warning
systems for waterborne disease outbreaks. Additionally, the discussion article emphasizes the critical
role of international cooperation in funding and capacity-building efforts, particularly in developing
regions with fragile infrastructures. By highlighting these pressing challenges and proposing actionable
strategies, this research underscores the urgent need for integrated approaches to safeguard water re-
sources, mitigate microbial hazards, and enhance public health resilience in an era of accelerating climate

change.
© 2025 The Author. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Climate change is one of the most pressing global challenges,
affecting weather patterns, ecosystems, societal structures, and
human health [1,2]. Among the most vulnerable environments are
aquatic ecosystems [3,4], where microorganisms are critical in
maintaining ecological balance. These ecosystems are intricately
linked to climate-sensitive ecological characteristics such as tem-
perature, pH levels, and oxygen content, all altered by global
warming. Microorganisms, being highly sensitive to environmental
changes [5], are particularly affected by climate change. This has
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profound implications for various marine processes, as these or-
ganisms are integral to processes like nutrient cycling [6,7], energy
flow [8,9], and pollutant breakdown [10]. Moreover, they are closely
linked to the spread of pathogens and overall water safety and
quality, making any disruption in their communities a potential
public health concern.

The effects of climate change on aquatic ecosystems are multi-
faceted, with key consequences including rising water tempera-
tures, altered precipitation patterns, and increased pollution loads.
These changes disturb microbial communities and exacerbate the
proliferation of pathogenic microorganisms, which thrive in
warmer waters and polluted environments [11,12]. This, in turn,
threatens both the ecological balance of water bodies and public
health. Given these challenges, the need for a global response to
safeguard water resources is particularly urgent in developing
countries where water management systems and disease
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prevention infrastructure are less resilient. This paper will explore
how climate change reshapes microbial communities in aquatic
ecosystems through mechanisms such as increased water tem-
peratures and pollution and how these changes present growing
health risks that require immediate mitigation actions.

2. Climate Change's impact on microbial communities in
aquatic ecosystems and associated health risks

One of the most notable aspects of climate change is the steady
increase in global temperatures, which directly influences water
bodies, particularly freshwater lakes, rivers, and oceans. Changes in
water temperature are a significant driver of microbial activity. As
temperatures rise, the physical and chemical environments of
aquatic systems are altered, which have profound impacts on mi-
crobial composition and function (Fig. 1a). Microorganisms are
highly sensitive to temperature fluctuations, and warmer waters
can lead to significant changes in their physiology, metabolic rates,
and ecological functions, thereby disrupting the balance and health
of entire ecosystems.

Additionally, rising temperatures contribute to ocean acidifica-
tion and reduced dissolved oxygen levels [13], compounding the
stress on aquatic ecosystems. Ocean acidification, caused by the
uptake of atmospheric CO, by seawater, lowers the pH and affects
the calcification processes of marine organisms such as corals and
shellfish, which are vital to the aquatic food web. Concurrently,
reduced oxygen levels, a phenomenon known as ocean deoxy-
genation, create hypoxic zones that force aerobic microorganisms
to shift to anaerobic processes [14], altering the biogeochemical
cycling of carbon, nitrogen, and sulfur.

Under high-temperature conditions, many pathogenic micro-
organisms (e.g., Vibrio cholerae [15] and cyanobacteria [16,17]) can
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Fig. 1. Climate change impacts aquatic microbial ecosystems. a, Global temperature
rise's effects on water bodies; b, Enhanced pathogen proliferation in warmer waters; c,
Formation and effects of harmful algal blooms; d, Oxygen depletion and ecosystem
disruption; e, Industrial pollution and antimicrobial resistance; f, Climate-induced
extreme weather impacts on water quality.
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rapidly proliferate and spread (Fig. 1b). These pathogens are highly
adaptable to temperature changes. In warmer waters, their meta-
bolic rates increase dramatically, resulting in more frequent out-
breaks of microbial diseases [18]. For instance, Vibrio cholerae, the
bacterium responsible for cholera, thrives in warmer waters. It is
especially prolific in tropical and subtropical regions. Research has
highlighted that warmer water accelerates Vibrio cholerae replica-
tion and enhances toxin production, amplifying the severity of
cholera outbreaks. This mechanism is tied to the thermal regulation
of the bacterium's virulence genes [19]. Therefore, the incidence of
cholera outbreaks is closely linked to rising water temperatures. As
global warming continues, previously cooler regions may become
hospitable to these pathogens. This would enable them to expand
their geographical range and increase the risk of new disease out-
breaks (Fig. 1c). The changes in microbial communities driven by
climate change pose significant public health concerns, with the
risk of waterborne diseases rising alongside the spread of
pathogens.

Moreover, rising water temperatures can trigger the widespread
growth of harmful algae, particularly cyanobacteria, which
contribute to harmful algal blooms (HABs) [20,21]. These blooms
often occur in nutrient-rich waters and proliferate under warm
conditions. Rising temperatures enhance the stratification of water
bodies, limiting vertical mixing and creating warm, stable layers
near the surface that are ideal for cyanobacteria growth. Addi-
tionally, elevated temperatures accelerate the metabolic rates of
these algae, boosting their ability to outcompete other phyto-
plankton species and thereby allowing them to dominate aquatic
ecosystems [22]. HABs severely pollute water sources, disrupting
the ecological balance of aquatic systems and releasing toxins, such
as microcystins (Fig. 1c). These toxins can have severe health im-
plications for humans [20]. Microcystins are potent hepatotoxins
produced during cyanobacteria blooms. These toxins inhibit pro-
tein phosphatases 1 and 2A, critical enzymes in cellular signaling. In
humans, this leads to oxidative stress and hepatocyte apoptosis,
which can progress to liver diseases and even hepatocellular car-
cinoma [23,24]. In recent years, the frequency of cyanobacteria
blooms has increased in freshwater lakes and rivers, particularly in
nutrient-enriched environments. Climate change has exacerbated
this issue by intensifying extreme weather events, such as heavy
rainfall, which increases nutrient runoff from agricultural lands
into water bodies. This nutrient loading, combined with rising
temperatures, creates a feedback loop that further encourages HAB
proliferation [25]. The consequences of these blooms extend
beyond pollution—they also deplete dissolved oxygen in the water
[26]. Without adequate oxygen, fish and other aquatic organisms
die off, further disrupting the ecosystem (Fig. 1d). When these
toxins enter drinking water supplies or the food chain, they can
lead to various health issues, including gastrointestinal discomfort,
liver damage, and neurotoxicity [27].

Beyond rising temperatures, extreme weather events, such as
heavy rainfall and flooding, are becoming critical factors in water
pollution levels. These events lead to a surge in surface runoff,
which carries visible debris, dissolved chemicals, pathogens, and
excess nutrients into aquatic ecosystems [28]. Heavy rainfall in-
tensifies soil erosion, introducing sediments that further disturb
the light penetration and temperature stability of water bodies.
This cascading effect can dramatically alter microbial activity and
ecological interactions in affected water systems. Changing pre-
cipitation patterns and more frequent extreme weather events can
also introduce significant quantities of pollutants from industrial
wastewater, agricultural runoff, and urban sewage into water
bodies (Fig. 1e). Agricultural runoff, for example, is rich in nitrogen
and phosphorus. During heavy rainfall or flooding, more fertilizers
are washed into rivers and lakes, dramatically increasing nutrient
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levels [29]. This eutrophication further fuels the growth of harmful
algae, especially cyanobacteria. Moreover, the degradation of algal
biomass consumes large amounts of oxygen, leading to hypoxic or
even anoxic conditions that devastate fish populations and other
aerobic aquatic life [30]. The resultant nutrient overload disrupts
the ecological balance of water systems and produces large
amounts of toxic algal blooms, as mentioned above.

Extreme weather events also lead to increased contamination
by industrial pollutants such as heavy metals, organic chemicals,
and antibiotics [31,32]. For instance, flooding often overwhelms
wastewater treatment systems, causing untreated or partially
treated sewage laden with industrial and pharmaceutical waste to
spill into nearby water bodies. This leads to a significant rise in
pollutant concentrations, including antibiotic residues, heavy
metals, and persistent organic pollutants, which pose severe
ecological and health risks [33]. These pollutants can selectively
affect microbial communities, inhibiting beneficial microbes and
promoting the growth of antibiotic-resistant pathogens (Fig. 1f). For
example, the accumulation of antibiotic residues in water can drive
the spread of resistance genes within microbial communities,
increasing resistant pathogens. These residues act as selective
pressures, favoring the survival and multiplication of resistant
bacterial strains over susceptible ones. Heavy metals such as mer-
cury and cadmium also play a role by co-selecting for resistance
genes through shared genetic platforms like plasmids [34]. Once
these pathogens enter the human body, they can cause serious
infections that are difficult to treat with conventional antibiotics. As
climate change accelerates water pollution, these antibiotic-
resistant pathogens proliferate and spread, further endangering
public health and leading to potential crises.

When urban and rural wastewater treatment systems are
overwhelmed [35,36], untreated sewage can be discharged into
natural water bodies. As discussed, flooding can inundate treat-
ment facilities, causing system failures that result in raw sewage
spilling into rivers and lakes. This disrupts aquatic ecosystems,
creating ideal conditions for waterborne diseases to spread rapidly.
In Mozambique, severe flooding events have been linked to sharp
increases in cholera cases, as contaminated water and damaged
sanitation infrastructure heighten health risks [37]. These un-
treated effluents contain large quantities of pathogens, including
bacteria such as Escherichia coli and Salmonella, as well as parasite
eggs [38,39].

Furthermore, the destruction of sanitation infrastructure during
such events often leaves communities without access to clean
water, compounding the risks of outbreaks. In Somalia, recurrent
flooding has destroyed critical water and sanitation infrastructure,
leading to repeated cholera epidemics. These events underscore the
fragility of public health systems in regions facing climate-induced
disasters [40]. These contaminants in drinking or irrigation water
supplies pose direct health risks, particularly in areas with inade-
quate sanitation infrastructure. Outbreaks of diseases such as
cholera and dysentery are rising in these regions, placing additional
strain on already fragile public health systems.

The United Nations has emphasized the urgent need for resilient
water and sanitation systems capable of withstanding the impacts
of extreme weather events [41]. Strengthening these systems is
essential to prevent the collapse of sanitation services during di-
sasters, which can lead to severe public health crises. This requires
international cooperation, funding, and capacity building, particu-
larly in developing countries where infrastructure is most vulner-
able to climate shocks. Many developing areas are already
grappling with climate-induced water pollution, an urgent threat
to global public health.

Therefore, climate change significantly exacerbates water
pollution and its impact on microbial communities in ways that
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extend far beyond the ecological sphere. Rising water temperatures
are altering microbial dynamics and promoting the proliferation of
harmful algae and pathogens while extreme weather events such
as floods overwhelm wastewater systems, introducing pollutants
and untreated sewage into natural water bodies. These conse-
quences of climate change intensify the risk of waterborne diseases
and create hotspots for antibiotic-resistant pathogens. These effects
destabilize aquatic ecosystems and increase the speed and extent of
pathogen spread, directly threatening human health. Without
effective measures to control water pollution and address the im-
pacts of climate change on aquatic ecosystems, the future may see
more frequent outbreaks of water-related diseases, posing a serious
threat to global public health. Addressing water pollution and
protecting aquatic ecosystems in the face of climate change are
major challenges for nations worldwide, requiring multilateral
cooperation and technological innovation to ensure water safety
and ecological health.

3. Mechanisms of microbial community evolution in aquatic
ecosystems under climate change

Climate change profoundly impacts microbial communities'
structure and function in aquatic ecosystems. Previous sections
discussed how rising temperatures and extreme weather events
alter aquatic environments, leading to pathogen proliferation and
HABs. In the face of these changes, microbial communities are
undergoing complex evolutionary processes. Rising water tem-
peratures modify microbial physiological metabolism and affect
competition among functional groups. Meanwhile, environmental
stress reshapes gene transfer networks among microorganisms,
accelerating the spread of resistance genes. These changes affect
both ecosystem health and public health security.

This section explores two key questions: how climate change
influences antibiotic resistance gene (ARG) transfer within micro-
bial communities and whether rising water temperatures univer-
sally promote pathogen community growth. The first concerns
antibiotic resistance transmission mechanisms, while the second
concerns water safety. By analyzing community evolution patterns
under environmental stress, we can better understand climate
change's profound impact on aquatic ecosystems and provide sci-
entific evidence for predicting and addressing potential risks.

3.1. Selection pressure and transmission mechanisms of ARGs under
climate change

Climate change influences ARG transmission patterns in aquatic
ecosystems through multiple pathways, including temperature
rise, extreme weather events, and pollutant inputs. These envi-
ronmental changes affect microbial physiology and accelerate ARGs
spread by alterations in community structure and gene transfer
efficiency [42]. Antibiotics and resistance mechanisms form com-
plex interaction networks involving multiple targets, including cell
wall synthesis, protein synthesis, and nucleic acid synthesis
(Fig. 2a) [43,44]. These targets and their corresponding resistance
mechanisms show varying responses when environmental tem-
peratures rise.

As the most direct environmental pressure, temperature in-
crease affects ARG transmission across multiple levels. When water
temperatures exceed 33—35 °C, water physicochemical properties
and bacterial physiological states are significantly altered [47,48].
Fig. 2b illustrates how environmental factors (temperature, pH, and
nutrients) regulate ARG transmission through selection pressure.
Under high temperatures, increased bacterial membrane fluidity
and permeability promote plasmid-mediated horizontal gene
transfer (HGT), while activated save our ship (SOS) response
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Fig. 2. Mechanisms of antibiotic resistance gene (ARG) transmission under climate change: a, Antibiotic targets and bacterial resistance mechanisms (Adapted from Ref. [43].
Copyright CC BY 4.0); b, Environmental factors affecting antibiotic resistance gene (ARG) transmission (Adapted from Ref. [45]. Copyright CC BY 4.0); ¢, Horizontal gene transfer
pathways (Adapted from Ref. [44]. Copyright CC BY 4.0); d, Antibiotic resistance gene (ARG) transmission network in aquaculture systems (Adapted from Ref. [46]. Copyright CC BY
4.0). ARGs: antibiotic resistance genes; WWTPs: wastewater treatment plants; HGT: horizontal gene transfer; MGEs: mobile genetic elements; PAHs: polycyclic aromatic hydro-
carbons; DNA: deoxyribonucleic acid; ARB: antibiotic resistant bacteria; VGT: vertical gene transfer.

systems enhance transposon activity, providing more genetic vec-
tors for ARG transfer [49,50].

ARG transmission primarily occurs through HGT. Fig. 2c shows
three main transfer mechanisms: conjugation (direct cell contact),
transformation (exogenous deoxyribonucleic acid [DNA] uptake),
and transduction (phage-mediated transfer). Higher temperatures
significantly enhance these transfer mechanisms’ efficiency.
Particularly for conjugation, elevated temperatures promote
membrane fluidity and increase plasmid transfer frequency while
enhancing bacterial competence probability [51]. Fig. 2d further
demonstrates how gene mutation, vertical gene transfer (VGT), and
HGT form complete ARG transmission networks in environments
like aquaculture.

Extreme weather events and pollutant inputs constitute another
crucial factor that facilitates ARG transmission. Fig. 2b details how
human facilities (wastewater treatment plants, pharmaceutical
factories, and hospitals) release ARGs through various pathways.
Increased surface runoff from storms and floods carries antibiotic

residues and heavy metal pollutants. These pollutants influence
ARG enrichment through co-selection mechanisms (Fig. 2b). This
phenomenon is significant because heavy metals and ARGs often
co-locate on the same mobile genetic elements.

As such, sewage treatment systems are facing new challenges
under climate change. Antibiotic resistance involves multiple mo-
lecular mechanisms that exhibit different activities under high
temperatures (Fig. 2a). Temperature increases affect treatment ef-
ficiency, particularly in biological treatment units. Extreme weather
events may lead to facility overload, making them crucial nodes for
ARG transmission. Here, ARGs from different sources, antibiotic
residues, and heavy metals interact to form complex selection
pressure networks.

Climate change also reshapes ARG transmission networks by
influencing microbial adaptive evolution and community distri-
bution. Fig. 2d shows how gene mutation and horizontal transfer
play crucial roles in bacterial adaptation to environmental stress.
Continuous temperature stress increases mutation rates and affects
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DNA repair system efficiency, accelerating resistance gene evolu-
tion. Fig. 2b shows how environmental factors (pH, moisture, and
nutrition) change microbial community structure and function,
affecting ARG spatial distribution patterns.

These complex influence mechanisms interweave to affect
molecular-level resistance mechanisms (Fig. 2a), community-level
gene transfer (Fig. 2c¢), and ecosystem-level environmental im-
pacts (Fig. 2b—d), collectively shaping ARG transmission dynamics
under climate change. Understanding these multilevel mechanisms
is crucial for predicting and controlling antibiotic resistance spread

and provides scientific bases for prevention strategies. Under
intensifying global warming, we need more systematic monitoring
and assessment of climate change impacts on ARG transmission to
establish multilevel prevention systems to maintain aquatic
ecosystem health and public health security.

3.2. Temperature rise: comprehensive impacts and dynamic
mechanisms on pathogen populations

As a direct consequence of climate change, temperature rise
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exerts broad and profound effects on pathogen populations in
aquatic ecosystems. According to a study by Wu et al. (see Fig. 3a)
[52], temperature elevation can directly promote the growth and
reproduction of most pathogens. This effect is primarily attributed
to the shortening of viral incubation periods and reproduction cy-
cles, the acceleration of pathogen lifecycles, and their significantly
improved survival rates. These changes are particularly evident in
pathogens that have adapted to higher temperatures, such as
certain Vibrio species and Pseudomonas aeruginosa, which demon-
strate enhanced proliferation capabilities after water temperature
increases [53,54]. However, rising temperatures do not universally
benefit all pathogens. When temperatures exceed certain thresh-
olds (e.g., consistently remaining above 37 °C), reproduction may
be inhibited by mechanisms such as water evaporation, oxygen
reduction, or nutrient dilution, especially for species with low heat
tolerance [52].

Behind this widespread impact of temperature rise on pathogen
populations lies a complex set of dynamic mechanisms that extend
beyond direct physiological effects. Referencing another study by
Ding et al. (Fig. 3b) [55], temperature changes trigger a series of
signal cascade reactions, paralleling plant immune response net-
works. These reactions include interconnected pathways such as
calcium ion signaling, mitogen-activated protein kinase (MAPK)
cascades, and reactive oxygen signaling [56]. These signal networks
directly affect pathogen growth rates and toxicity expression by
regulating cellular metabolic pathways. For instance, under high-
temperature conditions, the MAPK signaling pathway can be acti-
vated, potentially enhancing the toxin secretion capabilities of
certain pathogens and thereby further intensifying their threat to
ecological systems and public health [57,58].

At the ecological level, temperature rise indirectly influences
pathogen population dynamics by altering habitats and resource
availability. Temperature elevation may change vegetation
coverage and land use types, affecting pathogen and vector habitats
(Fig. 3a). For example, habitat loss caused by temperature increases
may push certain wildlife species into human settlement areas,
intensifying pathogen transmission opportunities [59]. Addition-
ally, temperature rise can compromise urban water supply systems,
where biofilm formation under high-temperature conditions pro-
vides ideal shelters for pathogens [60]. These disruptions to
ecosystem balance significantly alter the reproduction, survival,
and transmission patterns of pathogens, vectors, and intermediate
hosts, amplifying their ecological and public health impacts.

Temperature rise also accelerates nutrient cycling, profoundly
influencing resource availability for pathogen populations. Mech-
anisms similar to those in plant defense signal transduction net-
works are activated under high-temperature conditions (Fig. 3c),
facilitating the rapid cycling of essential elements like carbon, ni-
trogen, and phosphorus [61]. In eutrophic water bodies, such as
during cyanobacterial blooms, pathogens often attach to algal
surfaces to obtain abundant nutrients and significantly increase
their reproduction rates [62]. This synergistic relationship between
temperature rise and eutrophication alters pathogen population
structures, creating feedback loops that intensify ecological
imbalances.

Nevertheless, the impact of temperature rise on pathogens is
not uniformly promotive. Resource competition and population
dynamics and regulation introduce complexity into these in-
teractions. For instance, high temperatures may decrease dissolved
oxygen content, limiting aerobic pathogens while favoring anaer-
obic species [63]. Simultaneously, competition among pathogens
intensifies, with certain species secreting metabolic inhibitory
substances (e.g., antimicrobial peptides) to suppress rivals [64].

The interaction between temperature rise and pathogen pop-
ulations is thus a multifaceted ecological process involving direct
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physiological changes and intricate ecosystem-level dynamics.
Different types of pathogens (e.g., insect-transmitted or rodent-
transmitted) exhibit varying responses to temperature changes
depending on their ecological niches and adaptability. This vari-
ability underscores the importance of context-specific analyses that
account for regional and environmental differences.

In summary, temperature rise profoundly influences pathogen
population growth and transmission through interconnected
pathways at the molecular, population, and ecosystem levels. Un-
derstanding these mechanisms offers valuable insights for pre-
dicting pathogen behavior under climate change scenarios and
developing targeted public health strategies to mitigate waterborne
disease risks.

4. Conclusion

Climate change alters aquatic microbial ecosystems through
rising temperatures, pollution escalations, and increasingly
frequent extreme weather events. Consequently, these environ-
mental shifts create unprecedented challenges for ecological bal-
ance and global public health.

Water bodies are becoming fertile breeding grounds for path-
ogenic microorganisms in this rapidly changing landscape. Warm,
nutrient-rich waters enable Vibrio cholerae to replicate more
aggressively and produce heightened toxin levels, escalating the
potential for severe cholera outbreaks. Moreover, cyanobacterial
blooms, driven by eutrophication and temperature increases,
release potent microcystins that pose significant threats to aquatic
life and human health, potentially causing liver damage and
increasing hepatocellular carcinoma risks.

The alarming spread of ARGs in aquatic systems further com-
plicates the situation. Environmental pollution and extreme
weather events are accelerating the proliferation of these genes.
The result is resistant pathogens that challenge existing medical
interventions and undermine public health infrastructures.

Confronting these intricate challenges requires a comprehen-
sive, innovative approach. Advanced wastewater treatment tech-
nologies must be developed to eliminate antibiotic residues, heavy
metals, and pollutants that drive microbial mutations. Simulta-
neously, global monitoring networks employing remote sensing
and molecular biology techniques can offer real-time detection of
emerging microbial threats, especially in resource-limited regions.

Ecosystem restoration emerges as a critical strategy in this
complex scenario. By reducing nutrient loading, implementing
stringent pollution controls, and promoting sustainable agricultural
practices, we can mitigate HABs and restore ecological equilibrium.
Community education and early warning systems will further
empower local populations to adopt proactive water conservation
practices.

International collaboration will be the linchpin of these efforts.
Multilateral agreements and dedicated funding mechanisms can
support research, enable data sharing, and provide targeted re-
sources for vulnerable regions. Such collaborative frameworks can
help develop more adaptive and resilient strategies to address
climate-induced microbial challenges.

As environmental transformations accelerate, interdisciplinary
cooperation has become imperative. Researchers must prioritize
understanding regional variations in microbial responses to envi-
ronmental stressors to develop interventions considering local
ecological and socioeconomic contexts. We can create more
nuanced and effective approaches to these complex challenges by
bridging disciplines and perspectives.

Ultimately, mitigating these threats demands sustained
commitment, innovative thinking, and unprecedented global
cooperation. By comprehensively addressing the intricate
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relationships between climate change, microbial ecosystems, and
public health, we can forge a path toward a more resilient and
sustainable future, directly supporting critical Sustainable Devel-
opment Goals.
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