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ABSTRACT Climate change is the most serious challenge facing humanity. Microbes
produce and consume three major greenhouse gases—carbon dioxide, methane, and
nitrous oxide—and some microbes cause human, animal, and plant diseases that can
be exacerbated by climate change. Hence, microbial research is needed to help amelio-
rate the warming trajectory and cascading effects resulting from heat, drought, and
severe storms. We present a brief summary of what is known about microbial responses
to climate change in three major ecosystems: terrestrial, ocean, and urban. We also offer
suggestions for new research directions to reduce microbial greenhouse gases and miti-
gate the pathogenic impacts of microbes. These include performing more controlled
studies on the climate impact on microbial processes, system interdependencies, and
responses to human interventions, using microbes and their carbon and nitrogen trans-
formations for useful stable products, improving microbial process data for climate
models, and taking the One Health approach to study microbes and climate change.

Climate change is now widely recognized as the most serious contemporary chal-
lenge for humanity. Indeed, a new report from the Intergovernmental Panel on

Climate Change (IPCC) states that the situation has grown even worse, with 3.3 billion
of the world’s population highly vulnerable to climate change, and that current unsus-
tainable development patterns are increasing exposure of ecosystems and people to
climate hazards (1). We can engage in solutions to change from the current trajectory
as individuals, as action leaders for society, and as microbiologists with domain exper-
tise. Microbes have prominent roles related to climate change. They produce and con-
sume the three dominant gases that are responsible for 98% of the increased warming:
carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O). While microbes are sour-
ces of these gases as part of natural processes, some of their recent increase is due to
changes in human activities that result in microbes having more access to carbon and
nitrogen that they convert into these three products. Our actions can be to understand
and then implement practices that mitigate microbial activities to decelerate the pro-
duction of these gases, such as reduced soil tillage, or use microbes to repurpose waste
carbon or nitrogen into useful and stable products.

Fortunately, microbes also consume these three gases and do so when their growth
conditions favor the use of these gases as resources, namely, photo- or chemoautotrophic
growth (cyanobacteria, algae, nitrifiers), methanotrophy (methane oxidizers), and nitrous
oxide reduction (denitrifiers). The environmental conditions and interactions of these
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microbes, often influenced by humans, determine whether they carry out production or
consumption of these gases. In some cases, we can manage conditions to favor microbial
consumption of these gases.

Microbes that produce and consume these gases live in so many different habitats,
and these habitats have very different spatial scales and process times, making it a
challenge to quantify their contributions and changes in response to environmental
conditions, e.g., warming, storms, and drought. Three ecosystem types pose three dis-
tinct assessment and management challenges: terrestrial, ocean, and urban. Improved
measurements and models are keys to determine greenhouse gas (GHG) fluxes in
these different systems, at different scales, and their patterns of change in response to
human actions.

Beyond microbes’ direct role with GHG, other microbes with pathogenic potential
respond to climate change by having their ranges extended via insect vectors, flood-
ing, or severe storms, and hosts affected by heat or drought may become more vulner-
able, whether they be human, animal, or plant. Among the complex climate change
phenomena are cascading effects that can be difficult to manage or even predict. For
example, a severe storm from more extreme weather can cause sewage overflow that
disperses and mixes pathogens and problematic antibiotic resistances into waterways,
which can greatly expand the pathogenic microbes’ range and their chance for hori-
zontal gene exchange. This can result in multidrug-resistant pathogens reaching drink-
ing water, food crop irrigation, or swimming beaches.

The American Academy of Microbiology hosted a colloquium on 5 November 2021
to discuss the evolving relationship between climate change, microbes, and the cas-
cading effects. The authors participated in the colloquium. This paper builds on some
concepts discussed at the colloquium and provides an extended view and opinions on
some of the needed research to fill the knowledge gaps.

INTERDEPENDENT DYNAMIC OF CLIMATE CHANGE ANDMICROBES IN DIFFERENT
ECOSYSTEMS

Terrestrial environments. Although soil microbes play vital roles in regulating
Earth’s climate by controlling the turnover of soil organic matter (SOM), the largest or-
ganic carbon pool in the terrestrial biosphere, our understanding of how climate
change affects soil microbes and how they regulate Earth’s climate is very limited (2).
Various studies based on topsoil demonstrate that climate warming leads to divergent
succession of grassland microbial communities, accelerates microbial temporal scaling,
reduces microbial diversity, increases network complexity and stability, stimulates soil
respiration and SOM decomposition, lowers respiratory temperature sensitivity, and
shows no effects on soil carbon storage (3–9). Despite these core discoveries, it is not
clear whether such experimental observations are broadly applicable to other terres-
trial biomes and over longer ecological time.

From both theoretical and empirical perspectives, it is expected that the impacts of
climate change on soil microbes would vary substantially across different ecosystems,
primarily due to the huge spatial heterogeneity of terrestrial ecosystems in climate,
plant diversity and composition, soil physics, chemistry, soil microbial community com-
position and structure, and evolutionary history. We also hypothesize that the effects
of climate change on soil microbes will not show a linear increase or decrease over lon-
ger ecological times because ecosystems under natural settings are complex, their
responses are nonlinear, and their dynamics are time dependent.

To search for general patterns of the feedback responses of microbes to climate
change, microbe-centric, multifactor climate change experiments under realistic field
settings are urgently needed across various ecosystems on different continents. This is
because manipulated experiments are the most effective way to separate the effects of
climate change factors from confounding environmental variations and allow us to
quantify the responses and feedbacks of terrestrial ecosystems to anthropogenic per-
turbations (10). Although many manipulated climate change experiments in different
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ecosystems are available, they have been conducted at single sites and thus represent
responses under only one set of site conditions. Also, nonsystematic soil sampling has
been carried out in the majority of these sites because such experiments are often
established as plant centric, which restricts destructive soil sampling. Consequently, in-
formation on the temporal dynamics of microbes in response to climate change is
rarely available. Such microbe-centric experiments would allow us to examine the
responses of different soil microbes (e.g., bacteria, archaea, fungi, protists, and viruses)
and microfauna in both topsoil and subsoil to multiple climate change factors (e.g.,
warming, elevated CO2, drought, increased precipitation, nutrient addition, and their
interactions). Such experiments would also allow us to collect systematic time-series
soil samples (e.g., initially, weekly, monthly, seasonally, and yearly) and associated eco-
system process data (e.g., plant productivity, soil respiration, soil carbon dynamics, and
nutrient status). These data are essential for advanced mathematical tools (e.g., gener-
alized Lotka-Volterra modeling, empirical dynamic modeling, and deep learning) to
predict their nonlinear dynamics and disentangle the underlying community assembly
mechanisms, particularly the biotic interactions among different microbes, kingdoms
(e.g., plants, soil fauna, and microbes), and their importance to ecosystem functioning.

To reduce experimental cost, such microbe-centric experiments should be lever-
aged with existing infrastructures such as university research stations, the National
Ecological Observatory Network (NEON), and Long-Term Ecological Research (LTER),
the last two of which are U.S.-based, continental-scale, complementary ecological
research sites (11). Also, a global consortium should be established to coordinate
research efforts by having identical/consistent experimental treatments, sampling pro-
tocols, and measurements (11, 12).

Finally, with reliable long-term systematic data on microbial dynamics and relevant
ecosystem functional processes from representative ecosystems and environments
worldwide, consensus patterns and possible general rules on the feedback responses
of microbes to climate change can be obtained. Such information can be incorporated
into terrestrial ecosystem models and/or Earth system models (ESMs) to scale our
understanding from individual sites to regional, continental, and global (6, 13).

Ocean environments. The global ocean covers ;70% of the planet to an average
depth of 4,000 m. Oceanic habitats are physically and chemically diverse, with greater
than 50 biomes from the tropics to the poles and from the sunlit surface layer to the
dark abyss (14). Each biome supports a unique microbe-based ecosystem that forms a
complex adaptive system (15), with emergent processes and services that are inextrica-
bly linked to habitat variability. With nearly 4 billion years of evolutionary history, oce-
anic microbes have adapted to a constantly changing planet and have developed
physiological plasticity and resiliency that may confer some protection against human-
induced climate change. However, the current rates of climate change resulting from
heat-trapping greenhouses gases are higher than at any other time in Earth’s history
and, therefore, represent a great threat to the microbial inhabitants of the sea.

Oceans play a critical role in global climate dynamics. They absorb .90% of the
heat accumulating in the atmosphere and have absorbed ;25% of the excess carbon
dioxide since the industrial revolution, the latter leading to ocean acidification. A
warmer, more stratified ocean also leads to deoxygenation, and all three threats are
consequences of excess carbon dioxide emissions from human activities (16). In addi-
tion, enhanced stratification will accelerate the pace of future warming. In the past
century, and especially in the past 2 decades, marine heat waves have been observed
with increasing frequency and duration in all major ocean basins (17, 18), and they are
expected to increase due to anthropogenic climate change. These prolonged periods
(months) of anomalously high sea surface temperature over large regions (thousands
of kilometers) have led to mass mortalities of marine life, including photosynthetic
microorganisms. Rapid habitat changes, like those resulting from marine heat waves,
may threaten global biodiversity and force oceanic habitats into alternate, less desira-
ble ecosystem states with a lower overall resiliency for future change.
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Because the ecological impacts of ocean warming and acidification are essentially
irreversible on time scales of centuries (19), there is a scientific imperative to develop a
comprehensive understanding of microbes and climate change. Due to its global
expanse, most of the ocean is relatively inaccessible, so direct measurements of climate
change impacts on microbial processes are limited to only a few long-term ocean
observatories (20) that will facilitate a more comprehensive understanding of climate
change microbial oceanography. These open-ocean sentinels provide the observatio-
nal data sets that are required for the unambiguous detection of climate change
impacts and for the development of Earth system models to predict the state of future
oceans. New biogeochemical models will need to consider the resiliency of diverse mi-
crobial communities, as well as the interactions of multiple drivers, to accurately pre-
dict the impacts of climate change. In this regard, observations and perturbation
experiments using natural microbial communities are essential since unispecies labora-
tory studies will never capture the adaptation and evolutionary potentials of sea
microbes (21). Detailed studies of the microbial ecology of marine heat waves would
be an excellent component of this future research prospectus.

Finally, the relatively new discipline of intervention ecology is based on the premise
that humans may be able to alter the direction of climate change to facilitate the resto-
ration of natural ecosystems currently under threat (22). A recent National Academies
report on the feasibility, cost, and potential impacts of ocean-based carbon dioxide re-
moval provides a basic research blueprint for the restoration of marine ecosystems
and the services they provide (23).

Urban environments. The rise of megacities with large carbon footprints is a driv-
ing force for feedback loops that exacerbate the negative impacts of climate change,
such as disease outbreaks. An attractive economic response is conversion of green-
house gases into feedstocks within a circular economy, where resources recovered
from waste become feedstocks for renewable energy and valuable products. Waste
streams are also an information resource that can be recovered, deciphered, and used
to inform public health decisions.

(i) Managing landfill methane emissions. As endpoints for municipal solid waste,
landfills must be designed and vigilantly monitored to prevent the escape of methane.
Monitoring and up-to-date models are needed to ensure that rates of methanogenesis
do not exceed the rates of methane oxidation. Aboveground methanotrophic bioreac-
tors can potentially convert recovered methane into valuable products, such as single-
cell protein or bioplastics, while also generating methanotrophic biomass that can be
incorporated into landfill cover soil. Challenges to the design and operation of such
bioreactors are mass transfer limitations due to the low solubility of methane and oxy-
gen, safe management of methane/oxygen mixtures, and provisions for heat manage-
ment (24).

(ii) Sequestering carbon via methane. In urban environments, organic carbon is
transported via sewers and trucks to wastewater treatment facilities and landfills, respec-
tively. Humans and domestic animals produce vast quantities of fecal matter, projected to
be 4.6 gigatons of dry waste globally/year by 2030, with animals producing six times that
of humans (25). Other urban carbon streams include food waste (;0.5 gigatons of carbon
[GtC]/year) and paper/cardboard wastes (0.2 GtC/year). Assuming that collection of these
streams and their conversion to methane (waste organic composition: 50% carbon, 80%
biodegradable, 90% converted to methane) yields 2.2 GtC as CH4 per year. The potential
for carbon sequestration from such streams by pyrolytic conversion of methane to ele-
mental carbon is thus on par with NOAA estimates of the global carbon land sink (2.6 GtC/
year) (https://gml.noaa.gov/outreach/behind_the_scenes/gases.html). Recent advances in
anaerobic secondary treatment of wastewater have demonstrated a net energy-positive
operation in temperate climates (26). Central to this technology is the retention of aceto-
clastic methanogens attached to activated carbon particles and the use of ultrafiltration
membranes to filter water and retain organic particles for hydrolysis and production of
additional methane. Even more methane can be produced by feeding hydrogen and CO2

to hydrogenotrophic methanogens. The combination of high-rate methanogenesis and
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methane pyrolysis could enable recovery of carbon as graphene for a diverse range of
applications in urban environments (27).

(iii) Nitrous oxide mitigation. Nitrous oxide is a potent greenhouse gas and the
most significant ozone-depleting agent in the stratosphere. Under aerobic conditions,
it is a by-product of ammonia oxidation mediated by ammonia-oxidizing archaea and
bacteria. Under denitrifying (anoxic) conditions, N2O is produced by coupling NO
reduction to oxidation of electron donors, such as Fe(II), sulfide, and sulfur, and organ-
ics. Research is needed to identify and quantify N2O production and consumption
mechanisms within critical environments (estuaries, soils, landfills, and wastewater bio-
reactors). In conventional wastewater treatment plants designed for N removal, peak
N2O emissions occur in low-oxygen transition regions. Strategies are needed to miti-
gate these emissions and to ensure reduction to N2. Possible solutions could include
stripping of dissolved N2O into the gas phase and its use as a cooxidant with O2 of bio-
gas methane. Another strategy is to provide electron donors sufficient for efficient
denitrification and to ensure that species expressing N2O reductase are present.
Potentially valuable metrics would include the relative ratios of gene expression for NO
reduction to N2O (qnor 1 cnorB) (28) and for N2O reduction to N2 (nosZ) (29). To pre-
vent N2O emissions, replacement of conventional aerobic treatment systems with
energy-efficient anaerobic systems could enable the beneficial use of the effluent am-
monia as fertilizer, offsetting demand for the Haber-Bosch process.

(iv) Information from wastewater. Climate change and its associated heat, flood-
ing, diminished water quality, and disease vectors can bring increased disease trans-
mission, particularly in densely populated environments. Monitoring of pathogens in
domestic wastewater, as revealed by the COVID pandemic, is proving to be a valuable
tool for monitoring disease transmission. Genetic tracking of SARS-CoV-2 and its var-
iants correlates well with clinical data. Such monitoring can potentially enable early
detection of bacterial or viral disease outbreaks, enabling better informed and more
timely decision-making. Antibiotic resistance genes (ARGs) can also be measured. For
pathogens and ARGs, climate change is thus a “threat multiplier” that drives dispersal
of both pathogens and ARGs (30). Research is needed to determine how effective and
extensive pathogen surveillance can be in managing disease outbreaks, including
those driven by climate change.

CLIMATE CHANGE ANDMICROBES IN PUBLIC HEALTH

Microbes are much more adaptable and opportunistic than we humans. As
microbes respond to climate change, their invisibility in our daily lives obscures their
potential to increase the cost and burden of infectious and chronic diseases. Although
the vast majority of bacteria, viruses, and fungi do not cause disease, climate change
has led to geographic shifts of all organisms, resulting in unprecedented interactions
among hosts, vectors, and microbes. Warmer temperatures, droughts, and weather
extremes have led to the emergence of new pathogens, such as Candida auris, which
may have become thermally adapted for growth in the human body (31). Other fungi
previously thought to be nonpathogenic are now increasingly implicated in the inci-
dence of fungal diseases that are antibiotic resistant and highly invasive (32).

Warmer temperatures affect the densities of airborne microbes and can accelerate
their long-distance transport (33). Higher temperatures and environmental stresses can
also alter human and animal physiologies and defenses against pathogens. Skin and
gut microbiomes may become less protective. Exposures to zoonotic pathogens from
wildlife, termed “spillover,” carry an additional risk of “spillback,” where the pathogen
is reintroduced from humans to animals and undergoes mutations to pose new dis-
ease threats. Interactions between microbes and weakened hosts may induce bacteria
to switch from “normal” to “persister” subpopulations as a “bet-hedging” strategy,
resulting in antibiotic resistance or niche expansion (34). Diverse pathogenic microor-
ganisms possess genetic elements that can be exchanged to increase infectivity and
facilitate colonization of new niches. Increased monitoring and research on pathogen
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responses to climate change and their impacts on host-pathogen interactions will be
crucial for mitigating climate change impacts on public health.

Greater public awareness of microbes’ opportunistic adaptability should lend more
urgency to efforts to combat climate change. Better public understanding of the link-
age between climate change and health threats could be assisted by the promotion of
pathogen surveillance. Wastewater surveillance systems, such as those used to detect
COVID-19, could continue to be enhanced. Real-time water or air monitoring programs
for infectious agents could also be planned for implementation when climate models
predict regional temperature shifts. A recent report by the IPCC now states with “high
confidence” that climate-sensitive aquatic pathogens like Vibrio spp. have increased re-
gional risks of water and foodborne disease. Data and documentation from surveil-
lance efforts, which enabled the development of tools like the Vibrio Map Viewer in
response to the northern expansion of Vibrio in Atlantic waters, will enable federal
agencies to provide stronger guidance and early warnings of public health threats.

Publicity and outreach about the human microbiome could spur promotion of pub-
lic awareness of microbial health threats from climate change (35). Education and
research based on a more holistic, “One Health” way of thinking could help people
acknowledge microbial threats and apply this knowledge to public health surveillance
and protection. Explicit inclusion of “microbes” in definitions of “One Health,” for exam-
ple, would affirm the need to recognize microbes as integral components of our envi-
ronment and forces to be reckoned with. Currently, no common definitions of “One
Health” include the word “microbes” (36). Perhaps they should, so that microbial
awareness can be sustained to keep public health protection as fundamental motiva-
tion for combating climate change.

MICROBES IN MODELS: BRIDGING THE GAP THROUGH INNOVATION

Metagenomics and other omics technologies hold wide potential to provide the
necessary data inputs to inform climate models and pathogen surveillance efforts
under global warming scenarios (37). The recovery of microbial genomes directly from
a given environment through large-scale sequencing has provided a sweeping view
into microbial diversity and functional potential (38, 39). However, this potential has
yet to be translated into applications for climate science and addressing the pressing
impacts of climate change. To facilitate this translation, bold and innovative actions are
needed to expand the toolkit of high-throughput measures of microbial functions and
metabolic rates in situ, to develop and advance mathematical modeling with consider-
ations of microbial scale, and to fundamentally shift data infrastructure and data shar-
ing practices to holistically support rapid dissemination, use, and knowledge extraction
from microbiome data.

Metabolic dynamics and phenotypic properties of microbial communities are poorly
understood. This knowledge gap has limited the incorporation of microbial parameters
into climate models, despite microbes’ mediation of key steps in all biogeochemical
cycles. An understanding of how microbes actively cycle nutrients, interact across spe-
cies, and respond to disturbances (e.g., fires or extreme weather events) could offer
insights into quantifying metabolically relevant features. New molecular assays to mea-
sure metabolic rates in situ and in high-throughput resolution could transform how we
monitor microbiomes. Similarly, new experimental and statistical approaches to associ-
ate genomes from microbial isolates to community-level metabolic phenotypes hold
the potential to leverage metagenome data to infer dynamic processes (40). Further,
hypothesis-driven, mechanistic studies will support a predictive understanding of how
microbes impact ecosystem processes beyond a descriptive framework (41).

The scale at which microbes operate presents another challenge for climate modeling.
Microbes naturally function at the submicrometer scale yet collectively are estimated to
contribute over 90 GtC (42). There is a pressing need to develop a theoretical framework
and mathematical techniques to explicitly associate spatial, temporal, and phylogenetic
factors with microbial scale and community assembly. Microbial community assembly is
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understood to be a mix of deterministic processes (e.g., selective pressures imposed by
abiotic and species interactions) and stochastic processes (e.g., neutral dispersal, coloniza-
tion, or extinction events), with different mechanisms dominating at different scales.
Developing new mathematical techniques to delineate processes impacting assembly
and scale will enable translation of microbial metabolic dynamics to ecosystem and
global models. Furthermore, these new mathematical techniques can inform what micro-
biome measurements are necessary for long-term environmental monitoring, thereby
forming a set of “microbial indicators” of climate change.

Paramount to advancing innovative new tools is the critical need for data infrastruc-
ture and support for open data sharing practices. Long-term research programs have
made significant environmental monitoring investments, including the U.S. Department
of Agriculture (USDA) Long-Term Agroecosystem Research (LTAR) Network, the National
Science Foundation (NSF) LTER Program and NEON, the Department of Energy (DOE)
Next-Generation Ecosystem Experiments (NGEE)-Arctic and Spruce and Peatland
Responses Under Climatic and Environmental Change (SPRUCE), and the International
Consortium of Ocean Observatories (Ocean Sites). All of these research programs include
microbiome measurements and experimentation, yet the lack of coordination for stand-
ardized methods and data streams across these facilities presents unnecessary barriers
to integrate across studies and ecosystems. An immediate path forward would be to cre-
ate a framework for coordinated microbiome protocols and data sharing infrastructure,
analogous to what was established as part of the international, multidisciplinary Tara
Oceans project (43). By taking swift and immediate action to standardize microbiome
data generation, the research community can more readily provide the necessary data
inputs for climate models. A data-driven approach and robust shared data infrastructure
will advance integration of microbes into climate models, providing improved climate
projections and potentially new mitigation strategies that will invariably benefit society.

CONCLUSION

There is overwhelming evidence that microbes contribute to climate change.
Perhaps the clearest example of how microbial life contributes to atmospheric changes
was the oxygenation of our atmosphere in the early epochs of Earth’s geologic history.
Today, microbes continue to be the major players in ongoing atmospheric changes at
all levels, including terrestrial, oceanic, and urban areas. From the warmth of cow
rumen to the melting soils of permafrost regions, the symbiotic coral system in the
oceans, and the carbon wastes of our cities, microbial metabolism is producing and
absorbing gases that can affect climate. Hence, microbial contributions to the carbon
flows to and from the atmosphere must be considered in all models of climate change.
The microbial world could become a critical ally in the efforts to ameliorate the conse-
quences of human emissions of GHG, since it should be possible to promote changes
in microbial activities in some or maybe many environments to consume more and
produce less gases that contribute to the warming of the atmosphere.

The trio of relationships between microbes, climate change, and human well-being
is in need of more research and collaboration across the disciplines to address complex
issues. As microbes adapt to a warming world, they can have direct effects on human
well-being through altered patterns of host-microbe interactions, changed microbial
biogeography, and altered terrestrial, aquatic, and urban microbiology. It is important
that we move beyond the descriptive and correlational studies of microbiomes.
Instead, the field needs more statistically defensible, hypothesis-driven, mechanistic
studies to advance our understanding of the roles of microbes in climate change and
their responses to environmental drivers, whether they be natural or by human inter-
vention. Because the GHG have different residence times in the atmosphere, heat trap-
ping capacities, and amenability to (microbial) interventions, perhaps this should be
considered in setting research priorities (44). The research community needs innova-
tive tools, resourceful research networks and infrastructures, integrated climate mod-
els, and interoperable data and framework to advance our knowledge (45). Moreover,
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efforts to inform policies and educate the public need to take place concurrently to
increase awareness and gather support (45). As an example, the American Academy of
Microbiology is leading the effort in building a 5-year scientific portfolio to focus on
these important aforementioned issues. Consequently, microbiologists must redouble
efforts to tackle multiple fronts to ensure that all discussions about climate change
include the contributions of microbial life to these processes.
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