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Abstract 
Anthropogenic activities are impacting the environment in ways that may intersect and have compounding effects. In soil, the spread 
of antibiotics and resistant microbes, and thereby antimicrobial resistance (AMR), can accelerate because of climate change and 
anthropogenic activities. Here we propose that the dual production and release of antimicrobial compounds to the environment, and 
the increase in global temperatures as a consequence of climate change, will have synergistic effects leading to both enhanced climate 
change and disease risk. We predict that an increase in AMR will reduce microbial carbon use efficiency (CUE) because interactions 
amongst microbes will lead to the allocation of available resources towards AMR and metabolism instead of grow th. This reduction in
CUE may lead to increased greenhouse gas release; however, the extent to which AMR can affect the stability of soil carbon by altering
microbial CUE remains unknown. This concern is especially pertinent in the Arctic, which is warming faster than anywhere else on
Earth and contains substantial soil carbon reservoirs.
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Introduction 
Antimicrobial resistance (AMR) is a global health concern and 
is predicted to cause 300 million deaths and up to $100 trillion 
loss to the global economy by 2050 [1]. It was estimated that 
nearly 65 000 t of antibiotics were used in livestock farming in 
2010, and this has been projected to rise to 105 000 t by 2030
[2]. In humans, widespread resistance to last-resort antibiotics 
threatens our ability to treat common infections [3]. Antibiotics 
applied to humans and livestock can, within a few hours, enter the 
environment either unaltered or as active metabolites that spread
AMR [4]. Antibiotics also pose an unmitigated environmental risk 
because they alter microbial communities in natural en viron-
ments responsible for driving global biogeochemical cycles [5, 6]; 
however, the mechanisms by which antibiotics affect microbial 
carbon (C) and nutrient cycling through AMR remain unknown.

Soil is one of the largest and most diverse habitats on Earth, 
and it is fundamental to global net primary productivity and food 
production, amongst other ecosystem services. It also serves as a 
major r eservoir of organic C, storing roughly 2500 Gt – more than
three times the C in the atmosphere [7]; however, these functions 
are increasingly threatened by natural and anthropogenic pres-
sures, including the spread of AMR. Soil microbial communities 

harbour an extensive reservoir of antimicrobial resistance genes 
(ARGs), with up to 30% of all known different ARGs represented
in soil metagenomes [8, 9]. These genes are widespread across 
terrestrial biomes and have even been detected in remote regions
such as the Arctic [10–12]. Whilst AMR is primarily discussed as 
a human health crisis, it also has the potential to disrupt the 
ecological functions of microbial communities that underpin soil
carbon cycling.

Climate warming poses an additional, and perhaps more 
widely recognized threat to long-term soil-C storage. The 
Arctic, in particular, is undergoing rapid warming, possibly 
crossing climatic tipping points t hat could trigger widespread
permafrost thaw and microbial decomposition of previously
frozen carbon [13]. Rising temperatures can accelerate microbial
metabolism [13], enhancing organic matter decomposition and 
increasing greenhouse gas emissions from soil [14]. In parallel, 
antibiotic pollution alters microbial composition and interactions, 
potentially undermining key soil processes such as organic 
matter stabilization. Despite these converging stressors, the 
integrative effects of AMR and climate warming on soil microbial
communities – and their consequences for soil-C persistence
remain largely unexplored.
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Pathways for antibiotic entry into soil
Antibiotic production and resistance amongst microbes are 
ancient phenomena, having evolved naturally. For example, 
ARGs, including those effective against β-lactams, tetracyclines, 
and glycopeptides, were discovered in pristine 30 000-year-old 
permafrost soil from the Alaska/Yukon region, which predates the
societal production and use of antibiotics by tens of thousands of
years [15]. Nevertheless, the industrial development of antibiotics 
for medical intervention has interrupted this natural evolutionary 
process. As a result, pristine ecosystems with low antibiotic 
concentrations and naturally occurring AMR are incr easingly
being subjected to enhanced antibiotic concentrations and
accelerated AMR spread [16]. Antibiotics have contributed to a 
rise of AMR in the environment, which now constitutes a global
public health crisis.

The pathways by which industrial antibiotics enter soil are 
numerous and vary in intensity across ecosystems. In agricultural 
ecosystems, manure fr om livestock treated with antibiotics to
enhance yield is often used as fertilizer [17].  The  manure  can  
contain unmetabolized antibiotic residues and AMR microbes. 
In grazing ecosystems, which cover ∼40% of the Earth’s ice-free 
land, a nimal excreta can directly enter the soil, creating localized
areas of high antibiotic concentration [18]. These hotspots exert 
selective pressure on soil microbiota, promoting the prolifera-
tion of resistant strains. Other pathways for a ntibiotic entry into
soils include irrigation with treated or untreated wastewater [19], 
improper disposal of unused or expired antibiotics – either in 
landfills or through sewage systems [20], and the deposition of 
airborne particles containing anthropogenically derived antibi-
otics (from antibiotic volatilization from manure or wastewa-
ter, or emissions from pharmaceutical manufacturing) onto soil 
surfaces through w et (rainfall) or dry deposition, leading to dif-
fuse contamination over broad and even remote areas [21]. Wild 
birds and animals can also carry and disseminate AMR (through 
zoonotic spr ead) from human-dominated landscapes to more
pristine ecosystems [22, 23]. 

The delivery of antibiotics to soil can be sufficient to develop 
and spread AMR, even at sub-inhibitory concentrations of antibi-
otics (as low as ng/kg to μg/kg) [24]. When antibiotics enter envi-
ronments, the lowest concentration where resistance is favoured 
– known as the minimal selective concentrations (MSCs) – can
be orders of magnitude lower than minimal inhibitory concentra-
tions (MICs) [17, 25]. Therefore, even at ultra-low concentrations, 
antibiotics can affect non-target micr obial populations, disrupt-
ing ecosystem functions [26]. Persistent antibiotics – compounds 
that resist degradation in soil and water due to chemical stability, 
low biodegradability, or strong sorption to particles – can remain
bioavailable for weeks to months, continuously exerting selective
pressure for AMR [27]. 

In this perspective, we discuss the interconnected effects of 
warming and AMR on soil-C dynamics and ecosystem function. 
We hypothesize that the interplay between climate warming and 
AMR may create a feedbac k loop where microbial community
shifts not only contribute to increased greenhouse gas emissions
but also enhance the spread of AMR (Fig. 1). In the following sec-
tions, we explore the mechanisms linking these challenges. First, 
we examine how warming influences soil-C dynamics, focusing 
on microbial CUE and its role in C storage versus respiration. Sec-
ond, we investigate the effect of warming on the spread of AMR, 
particularly through increased microbial turnover and horizontal 
gene transfer. Third, we explore how AMR may have repercussions 
on C cycling, altering microbial resource allocation, diversity, 

and function in ways that reduce CUE and destabilize C pools.
We then discuss the compounding effects of these interactions,
including potential ecosystem-dependent variations and seasonal
dynamics. Finally, we discuss potential management approaches
to safeguard soil health in a warming world.

Warming and carbon
Soil-C storage and sequestration in response to climate warming 
is well-studied, and there is a consensus that soil transitions from 
a C sink to a source even when subjected to a moderate rise
in temperature [28, 29]. The global loss of topsoil C under 1◦C 
warming by 2050 is projected to be 30–203 Pg C [28]. The flux of 
C between soil and atmosphere is sensitive to temperature due 
to changes to both the C inputs to the soil (through plant pro-
duction and litter) and outputs from the soil (through microbial 
degradation of o rganic C). Warming can increase C input to soil
through enhanced plant productivity, a longer growing season,
and increased photosynthesis rates [30]. In contrast, rates of 
microbial decomposition of soil organic matter are also enhanced
under warming [31], potentially offsetting increased C inputs. 
A key mechanism underlying this effect is the direct influence 
of temperature on microbial extracellular activity: extracellu-
lar enzymes produced by microbes become more sensiti ve with
increased temperature, accelerating the breakdown of organic
matter and stimulating respiration [32]. This temperature sensi-
tivity arises due to 1) shifts in micr obial abundance and commu-
nity composition [33]; 2) priming effects that enhance microbial 
decomposition through increased root exudation and labile C
inputs [34] and 3) microbial acclimation (or lack thereof) to warm-
ing, which alters microbial CUE and the partitioning of C between
biomass production and respiration [35]. Microbial CUE – a central 
determinant of soil organic C (SOC) storage – represents the frac-
tion of assimilated C that is allocated to new microbial biomass
[36]. Microorganisms with a high CUE allocate a greater proportion 
of their C uptake into biomass, promoting SOC accumulation. In 
contrast, low CUE diverts more C to respiration, leading to losses
and increased CO2 emissions [37]. Warming also accelerates the 
decomposition of older, more stable C pools, further r educing soil-
C storage [31]. Physical changes to C accessibility, such as the 
thawing of permafrost, will also make centuries-old frozen soil
C vulnerable to microbial decomposition [38, 39]. The magnitude 
of C release from soils to the atmosphere depends on regional 
factors such as moisture, ecosystem type, and rates of warming
[40, 41]. Localized studies are crucial to assessing the effect of 
prolonged temperature rise on soil C. Meanwhile, robust upscaling 
methods are needed to overcome large uncertainties introduced
in making global assessments and climate model simulations [42], 
which also hinder the framing and implementation o f climate
stewardship policies.

Warming and A MR
Prolonged rises in global temperatures can increase AMR by 
increasing the relative abundance of m icrobes that naturally har-
bour antibiotic-resistance genes [43–45], as well as increasing the 
rate of horizontal gene transfer (HGT) [46] – thereby increasing the 
number of antibiotic-resistant organisms as well as the number 
of antibiotics against which these organisms develop resistance. 
Warming can also induce metabolic and physiological changes in 
microbes at the cellular level, which may co-activate pathways
for antibiotic tolerance. These changes could include alterations
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Figure 1. A perspective of the climate feedback loop of temperature, AMR, and microbial carbon use efficiency (dotted lines are h ypothesized
pathways).

in the cell membrane composition, protein-folding machinery, 
and the upr egulation of stress responses [47, 48]. Whilst these 
pathways can provide broad-spectrum tolerance, they are distinct 
from genetic AMR, which involves horizontally acquired or 
mutational traits that confer heritable drug resistance. The 
co-activation of shared stress pathways could, in some cases, 
increase microbial efficiency by streamlining cellular responses 
to multiple stressors; however, many of these responses – 
particularly efflux systems and protein quality control machinery 
– incur substantial energetic costs when chronically activated. As 
a result, under sustained warming and antibiotic exposure, the 
energetic demands of maintaining resistance traits and acti vating
general stress responses may reduce microbial CUE, even when
some molecular pathways are shared. Additionally, recent studies
have shown that warming-induced increases in organic matter
decomposition can release heavy metals, which are otherwise
protected in the soil [49]. These heavy metals can lead to increased 
metal resistance, which may act as selective agents for the spread
of AMR [50]. Climate warming also increases the prevalence of 
pathogenic bacteria and disproportionately affects developing
countries [51–53]. In response, nations – especially those facing 
higher disease burdens – may increasingly rely on antibiotics 
to mana ge infections exacerbated by climate-related changes,
potentially accelerating AMR.

AMR and carbon
We predict that increasing AMR will reduce microbial CUE, 
deplete SOC stocks, and enhanced CO2 production from soils. 
Under selective pressure from AMR, microbial communities 
may allocate a disproportionate share of cellular resources to 
resistance, maintenance, and survival, rather than growth. These 
energetic costs include the synthesis and regulation of eff lux
pumps, enzymes that degrade antibiotics, and other protective
proteins. Additionally, HGT of resistance genes (via plasmids
or transposons) imposes additional metabolic demands on
recipient cells [12], resulting in reduced CUE with ecosystem-
level consequences for soil C. A recent meta-analysis estimated 
that antibiotics reduced microbial biomass by 17%, with the 
magnitude of reduction varying by the latitude from which the
soil was collected [54]. Another meta-analysis reported that the 
fitness cost of AMR ranges from 1% to 50%, depending on the
mode of acquisition [55]. This cost reflects the difference in 
microbial growth with and without antibiotic exposure.

As microbial CUE declines, less C is incorporated into biomass 
or stabilized as recalcitrant organic matter through microbial 
necromass, whilst more is respired as CO2. Although necromass 
is not inherently stable, it can persist through interactions 
with soil minerals, incorporation into aggregates, or protection 
within physically inaccessible microsites. Consequently, over 
time , reduced microbial CUE may lead to lower soil-C seques-
tration, as a greater proportion of carbon is respired rather
than incorporated into microbial biomass or stabilized organic
matter [56]. Experimental evidence supports this hypothesis: 
microbial communities exposed to antibiotics, often with elevated 
resistance gene levels, have been shown to respire more CO2 per
unit biomass than unexposed controls, indicating a lower CUE
[6, 57]; however, the influence of AMR on soil-C dynamics is likely 
to be complex and context-de pendent, varying across ecosystems
and environmental conditions.

Soil C may also influence AMR through feedbacks between 
both the quality and quantity of soil C, and the structure and 
function of microbial communities (Box 1). For example, high-
quality or easily degr adable C sources can stimulate microbial
growth and activity, thereby increasing opportunities for HGT of
ARGs [12]. In contrast, low-quality or recalcitrant C tends to select 
for microbial taxa that are adapted to resource-limited condi-
tions, which m ay in turn shape the resistance profiles of these
communities [58]. Variations in soil-C content can also modulate 
microbial interactions, such as competition and cooperation, that 
influence the persistence and spread of resistance traits [59]. As 
such, the concept of “healthy soils”, particularly through the sus-
tainable management of soil C, represents a promising pathway
for AMR mitigation and stewardship [60]. 

Box 1. Case study and emerging questions
In a recent field experiment, Lucas et al. [61] examined the com-
bined effects of elevated temperature and antibiotic exposure on 
microbial contributions to soil-C cycling. The study revealed that 
these stressors jointly reduced bacterial network complexity and 
promoted fungal dominance, likely due to decreased competition 
and increased nutrient availability from bacterial necromass. This 
shift led to a lower microbial C:N ratio, with potential long-term 
implications for soil-C stabilization. This example illustrates how
intersecting stressors can restructure microbial communities in
ways that affect CUE and SOC stabilization. Although the study
did not measure AMR directly, antibiotic exposure likely selected
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for resistant taxa, raising broader concerns about long-term com-
munity metabolic trade-offs within affected communities; how-
ever, the broader applicability of these findings remain uncertain, 
as natural soils are simultaneously exposed to multiple stressors, 
including fungicides, heavy metals, and land-use change. Key 
open questions include: To what extent can environmental stres-
sor–induced restructuring of microbial communities mitigate the 
negative effects of those stressors on the ecosystem? Could legacy
effects or ecological memory within AMR-affected communities
attenuate immediate respiratory responses to warming? Finally,
how generalizable are these patterns across diverse ecosystems
and longer temporal scales?

Compounding effects of AMR, w arming,
and carbon
Both AMR and climate warming independently shape soil micro-
bial communities in ways that influence soil C cycling. Prior stud-
ies have shown that both elevated temperatures and antibiotic
exposure can reduce microbial CUE [5, 62], and both stressors are 
known to alter AMR dynamics; however, the nature of their com-
bined impact on soil microbial processes remains unresolved. We 
hypothesize that warming-induced microbial shifts, compounded 
by increased antibiotic exposure, may promote resource alloca-
tion towards resistance and maintenance rather than growth. 
This reallocation could reduce microbial CUE and enhance soil C 
loss. If realized, such changes could accelerate both global warm-
ing and the spread of AMR – posing compounding challenges for 
environmental and public health. The effects of warming and 
AMR on microbial CUE and soil-C loss may be non-redundant 
and potentially synergistic. In an additive scenario, the combined 
effect on microbial communities or soil C equals the sum of the 
individual impacts. In a multiplicative scenario, the joint effect is 
the product of their individual effects. When the observed impact 
is significantly greater or less than expected under either of these 
models, it is considered an interaction – which may be synergistic 
(greater than expected) or antagonistic (less than expected). In the 
context of soil C, a synergistic interaction would imply that warm-
ing and AMR together reduce CUE and accelerate C loss more than
predicted based on their independent impacts. This is particularly
concerning for systems already vulnerable to warming, such as
permafrost regions, or those heavily impacted by antibiotics, such
as agricultural soils. Understanding whether warming and AMR
interact additively, multiplicatively, or synergistically is critical for
accurately predicting soil-C feedbacks under future climate and
antibiotic-use scenarios. In the following section, we examine how
these interactions may vary across ecosystems.

Ecosystem-dependent effects 
The impacts of AMR, C cycling, and climate warming are unlikely 
to be uniform across ecosystems. We highlight several ecologi-
cally significant regions – such as the Arctic, tropical grasslands 
and forests, and agricultural systems – where the interactions
amongst these factors may be especially pronounced.

(i) Arctic soils 

Arctic permafrost soils store an estimated 1672 billion tons of 
C – more than twice the amount currently present in the atmo-
sphere [63]. This vast C reservoir is highly vulnerable to micro-
bially mediated degradation, a process that accelerates under 
warming and results in the release of CO2 and CH4 [64–66]. Arctic 

warming is intensifying due to polar amplification, occurring at 
three to four times the global average [67, 68]. Even the release 
of just 1% of this stored C could increase a tmospheric CO2 con-
centrations by 6.6–8.7 ppm [63] – three to four times the curre nt
annual rise – pushing CO2 levels further into the 425–785 ppm 
range associated with a 1.5◦C warming threshold [69]. 

The Arctic is often considered pristine compared to more pop-
ulated regions but the detection of both ancient and anthro-
pogenic ARGs suggests a more complex baseline. Studies have 
documented ARGs – even clinically significant ones – in remote
Arctic environments, highlighting pathways of human-linked dis-
semination (e.g. via migratory wildlife and wastewater spread)
[12, 70–72]. Accelerating environmental and human pressures are 
likely to enhance the emergence and spread baseline of AMR in 
the Arctic. Thawing permafrost, expanding human activity (e.g. 
shipping, infrastructure, tourism), limited and costly treatment of 
wastewater in cold and remote regions, and increasing connec-
tivity through waterways and migratory species all contribute to
the risk of antibiotic dissemination in the region [12, 71, 72]. Even 
sub-inhibitory concentrations of antibiotics can select for resis-
tance traits and disrupt microbial networks [15]. These changes 
may restructure microbial communities – favouring resistance 
maintenance over growth – which could reduce microbial CUE 
and enhance soil carbon loss; however, the extent to which AMR 
will spread in the Arctic, and how it may interact with climate
warming and soil C dynamics, remains largely unknown.

(ii) Tropical ecosystems 

Tropical grasslands and forests are undergoing extensive and 
rapid land-use change to support growing human populations. 
Tropical grasslands alone store ∼10%–30% of global soil C [73], 
whilst trees in tropical forests sequester an estimated 200–300 
Pg C, roughly a third o f the C currently held in the atmosphere
[74]. C fluxes in these regions exhibit high interannual variability, 
primarily driven by fluctuations in temperature and precipitation. 
As these ecosystems undergo land-use change to pasture lands 
or urbanization, AMR can also increase, contributing to variable
carbon exchanges.

Tropical countries report some of the highest rates o f antibiotic
use globally [75]. These overlapping stressors – climate variability, 
land-use change, and antibiotic pressure – may jointly intensify 
microbial activity and reduce microbial CUE, potentially amplify-
ing microbially driven soil-C loss [76]; however, the magnitude and 
direction of this impact remain highly uncertain. We hypothesize 
that the mechanisms by which AMR and warming influence soil-
C dynamics in tropical systems a re highly localized and depen-
dent on ecosystem context, microbial composition, and land-use
history.

(iii) Agricultural lands 

Agricultural systems constitute the largest human-managed 
land use globally [77], and are increasingly shaped by the appli-
cation of organic fertilizers such as livestock manure and sewage 
sludge. Whilst these inputs a re often promoted as sustainable,
they are also major vectors for ARGs [76]. The widespread use 
of antibiotics at sub-therapeutic doses in livestock production to 
enhance livestock growth and health contributes substantially
to the introduction of AMR into soil [76]. Even in C-depleted 
agricultural soils, resistance traits can proliferate due to high 
microbial turnover, resource inputs, and selective pressure from 
sub-therapeutic antibiotic residues. These lands are also vul-
nerable to warming-induced C losses that feed back to AMR–
carbon–warming interactions. Substantial inputs of manure and
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fertilizers can enhance soil-C storage by incr easing microbial
CUE [78, 79], but the spread of AMR in agricultural soils may 
reduce microbial CUE and thereby limit these benefits. Moreover ,
manure addition can also have a negative effect on soil-C [78], 
as the large quantity of labile C from manure primes already C-
depleted soils for further C loss to the atmosphere – creating a 
feedback loop that accelerates both warming and the spread of 
AMR. This dynamic threatens both the ecological sustainability 
and economic viability of agriculture, as C lost through AMR and 
warming must be replenished using costly organic fertilizers. We 
propose that increased resistance within microbial communities 
– driven by antibiotic exposure and elevated temperatures – may
reduce microbial CUE and accelerate soil-C depletion in agricul-
tural landscapes. This intersection of environmental and anthro-
pogenic pressures underscores the urgent need for integrated
management strategies that simultaneously promote soil health
and mitigate resistance spread.

(iv) Priorities 

The ecosystem-specific interactions between AMR, warming, 
and soil C underscore the complexity of this emerging research 
frontier. Despite growing recognition of this feedback, significant 
knowledge gaps remain. We outline key research priorities in Box
2 to guide future empirical and modelling efforts.

Box 2. Research priorities at the
AMR–warming–carbon nexus

1) Mechanistic insight: Critical gaps remain in the mecha-
nistic understanding of the combined AMR and warming-
related mechanisms impacting microbes and soil C. Some 
key questions include: a) How do microbial metabolisms 
differ between soil microbial communities exposed to AMR 
and warming, and those that have not? b) What changes 
occur to transcriptomic profiles of microbial communities 
exposed to warming and AMR, if any? c) Do aboveground 
plants respond differently in plots exposed to warming and 
AMR than those that have not been? d) How do microbial 
communities exhibit re sistance and resilience to changes in
the ecosystem caused by the joint effects of warming and
AMR?

2) Temporal scales: Long-term studies are needed to determine 
whether combined warming and AMR lead to sustained soil-
C loss or microbial adaptation and stabilization.

3) Spatial scales: Most soil manipulation experiments are lim-
ited to small plots (∼101 m2); scaling to landscape levels 
(104–106 m2) is essential for broader-scale applicability and 
ecosystem-level relevance.

4) Context specificity: Can mechanisms observed at the level 
of one ecosystem be generalized to other ecosystems? Do 
different antibiotics, or combinations of antibiotics, interact 
with warming and affect ecosystem dynamics differently? 
Studies ar e needed across diverse biomes and ecoregions, 
testing a range of ecosystem types, antibiotic treatments,
and warming scenarios.

5) Carbon, nutrients, and climate-warming gases. In addition to 
CO2,  trace  gases  such  as  methane  (CH4) and carbon monox-
ide (CO) are important components of the C cycle yet are less 
studied in the context of warming and AMR. These atmo-
spheric gases serve as energy sources to microbial coloniz-
ers, thus playing an important role in pedogenesis in pioneer
ecosystems [80–82]. Moreover, biogeochemical cycles do not 
operate in isolation, and thus future studies must consider 

other elemental cycles, including N and P cycling, in relation 
to warming-AMR interactions.

6) Data-model integration: To predict the impacts of AMR 
and warming on soil carbon at scale, data collected across 
diverse spatial and temporal contexts must be integrated 
using robust statistical and computational frameworks. 
Current climate models often struggle to resolve microbial 
processes and typically do not incorporate emerging stres-
sors such as AMR; however, as AMR increasingly influences 
microbial community structure and function, particularly 
under warming, its omission could limit the accuracy of 
future soil-C projections. Interactions between multiple 
stressors (e.g. warming and AMR) intr oduce nonlinearities 
that are difficult to capture without targeted empirical 
data and model parameterization. We recommend that 
climate and Earth system modellers begin to incorporate 
AMR-related microbial processes, in close collaboration with
empirical scientists, to improve the predictive power of soil
carbon and climate feedback models.

7) Multidisciplinary resolve: Addressing this complex challenge 
will require joint efforts from ecologists, social scientists, 
economists, and polic ymakers. Promising directions include:
a) reducing antibiotic inputs, 
b) soil amendments to reduce bioa vailable antibiotics ,
c) local land-use strategies to buffer w arming,
d) coordinated AMR monitoring, and 
e) global initiatives (e.g. “One Health”, 4 p er 1000) to align 
mitigation goals.

Conclusion and future directions
We propose that an integrated, interdisciplinary framework – 
combining environmental monitoring, microbial functional pro-
filing, and long-term field experiments – is essential to disentan-
gle the interactions between AMR, climate warming, and soil-C 
cycling. We argue that this intersection represents a critical and
understudied research frontier in microbial ecology.

Understanding how microorganisms mediate the coupled 
dynamics of AMR, climate warming, and soil-C fate is vital 
for accurately forecasting soil-C trajectories and developing 
strategies to mitigate both climate change and AMR risks. W e
emphasize that AMR should not be viewed solely as a public
health crisis, but also as an ecological disruptor with global
biogeochemical consequences.

Future research and policy must address warming and AMR 
in tandem to develop effective, scalable solutions that preserve 
soil function, safeguar d C stocks, and ensure ecosystem resilience
under a changing climate.
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27. Cycoń M, Mrozik A, Piotrowska-Seget Z. Antibiotics in the 
soil environment—degradation and their impact on micr obial
activity and diversity. Front Microbiol 2019;10:412419. https://doi. 
org/10.3389/fmicb.2019.00338 

28. Crowther TW, Todd-Brown KEO, Rowe CW. et al. Quantify-
ing global soil carbon losses in response to warming. Nature
2016;540:104–8. https://doi.org/10.1038/nature20150 

29. Hicks Pries CE, Castanha C, Porras RC. et al. The whole-soil 
carbon f lux in response to warming. Science 2017;355:1420–3.
https://doi.org/10.1126/science.aal1319 

30. Buermann W, Forkel M, O’Sullivan M. et al. Widespread seasonal 
compensation effects of spring warming on northern plant
productivity. Nature 2018;562:110–4. https://doi.org/10.1038/ 
s41586-018-0555-7 

31. Hopkins FM, Torn MS, Trumbore SE. Warming accelerates 
decomposition of decades-old carbon in forest soils. Proc

D
ow

nloaded from
 https://academ

ic.oup.com
/ism

ej/article/19/1/w
raf220/8273752 by U

niversity of East Anglia user on 17 N
ovem

ber 2025

https://amr-review.org/
https://amr-review.org/
https://amr-review.org/
https://amr-review.org/
https://doi.org/10.1073/pnas.1503141112
https://doi.org/10.1073/pnas.1503141112
https://doi.org/10.1073/pnas.1503141112
https://doi.org/10.1073/pnas.1503141112
https://doi.org/10.1126/science.aad9450
https://doi.org/10.1126/science.aad9450
https://doi.org/10.1126/science.aad9450
https://doi.org/10.1126/science.aad9450
https://doi.org/10.1126/science.aad9450
https://doi.org/10.1016/j.trac.2007.02.007
https://doi.org/10.1016/j.trac.2007.02.007
https://doi.org/10.1016/j.trac.2007.02.007
https://doi.org/10.1016/j.trac.2007.02.007
https://doi.org/10.1016/j.trac.2007.02.007
https://doi.org/10.1111/gcb.16600
https://doi.org/10.1111/gcb.16600
https://doi.org/10.1111/gcb.16600
https://doi.org/10.1111/gcb.16600
https://doi.org/10.1111/ele.13390
https://doi.org/10.1111/ele.13390
https://doi.org/10.1111/ele.13390
https://doi.org/10.1111/ele.13390
https://doi.org/10.1126/science.1097396
https://doi.org/10.1126/science.1097396
https://doi.org/10.1126/science.1097396
https://doi.org/10.1126/science.1097396
https://doi.org/10.1126/science.1220761
https://doi.org/10.1126/science.1220761
https://doi.org/10.1126/science.1220761
https://doi.org/10.1126/science.1220761
https://doi.org/10.1111/1462-2920.12631
https://doi.org/10.1111/1462-2920.12631
https://doi.org/10.1111/1462-2920.12631
https://doi.org/10.1038/s41396-022-01225-8
https://doi.org/10.1038/s41396-022-01225-8
https://doi.org/10.1038/s41396-022-01225-8
https://doi.org/10.1038/s41396-022-01225-8
https://doi.org/10.1186/s40168-022-01405-w
https://doi.org/10.1186/s40168-022-01405-w
https://doi.org/10.1186/s40168-022-01405-w
https://doi.org/10.1186/s40168-022-01405-w
https://doi.org/10.1186/s40168-022-01405-w
https://doi.org/10.1186/s12866-025-03745-7
https://doi.org/10.1186/s12866-025-03745-7
https://doi.org/10.1186/s12866-025-03745-7
https://doi.org/10.1186/s12866-025-03745-7
https://doi.org/10.1038/s41467-023-36086-y
https://doi.org/10.1038/s41467-023-36086-y
https://doi.org/10.1038/s41467-023-36086-y
https://doi.org/10.1038/s41467-023-36086-y
https://doi.org/10.1038/s41467-023-36086-y
https://doi.org/10.5194/bg-17-4405-2020
https://doi.org/10.5194/bg-17-4405-2020
https://doi.org/10.5194/bg-17-4405-2020
https://doi.org/10.5194/bg-17-4405-2020
https://doi.org/10.1038/nature10388
https://doi.org/10.1038/nature10388
https://doi.org/10.1038/nature10388
https://doi.org/10.1038/nature10388
https://doi.org/10.3389/fmicb.2024.1445155
https://doi.org/10.3389/fmicb.2024.1445155
https://doi.org/10.3389/fmicb.2024.1445155
https://doi.org/10.3389/fmicb.2024.1445155
https://doi.org/10.1073/pnas.1409836111
https://doi.org/10.1073/pnas.1409836111
https://doi.org/10.1073/pnas.1409836111
https://doi.org/10.1073/pnas.1409836111
https://doi.org/10.1016/j.tim.2014.05.005
https://doi.org/10.1016/j.tim.2014.05.005
https://doi.org/10.1016/j.tim.2014.05.005
https://doi.org/10.1016/j.tim.2014.05.005
https://doi.org/10.1016/j.tim.2014.05.005
https://doi.org/10.1016/j.scitotenv.2024.173288
https://doi.org/10.1016/j.scitotenv.2024.173288
https://doi.org/10.1016/j.scitotenv.2024.173288
https://doi.org/10.1016/j.scitotenv.2024.173288
https://doi.org/10.1016/j.scitotenv.2024.173288
https://doi.org/10.1038/s41579-021-00649-x
https://doi.org/10.1038/s41579-021-00649-x
https://doi.org/10.1038/s41579-021-00649-x
https://doi.org/10.1038/s41579-021-00649-x
https://doi.org/10.1038/s41579-021-00649-x
https://doi.org/10.1016/j.envint.2022.107077
https://doi.org/10.1016/j.envint.2022.107077
https://doi.org/10.1016/j.envint.2022.107077
https://doi.org/10.1016/j.envint.2022.107077
https://doi.org/10.1016/j.envint.2022.107077
https://doi.org/10.1371/journal.pone.0053039
https://doi.org/10.1371/journal.pone.0053039
https://doi.org/10.1371/journal.pone.0053039
https://doi.org/10.1371/journal.pone.0053039
https://doi.org/10.1371/journal.pone.0053039
https://doi.org/10.1038/45724
https://doi.org/10.1038/45724
https://doi.org/10.1038/45724
https://doi.org/10.1038/nrmicro3270
https://doi.org/10.1038/nrmicro3270
https://doi.org/10.1038/nrmicro3270
https://doi.org/10.1038/nrmicro3270
https://doi.org/10.1371/journal.ppat.1002158
https://doi.org/10.1371/journal.ppat.1002158
https://doi.org/10.1371/journal.ppat.1002158
https://doi.org/10.1371/journal.ppat.1002158
https://doi.org/10.1371/journal.ppat.1002158
https://doi.org/10.1038/srep16818
https://doi.org/10.1038/srep16818
https://doi.org/10.1038/srep16818
https://doi.org/10.1038/srep16818
https://doi.org/10.3389/fmicb.2019.00338
https://doi.org/10.3389/fmicb.2019.00338
https://doi.org/10.3389/fmicb.2019.00338
https://doi.org/10.3389/fmicb.2019.00338
https://doi.org/10.1038/nature20150
https://doi.org/10.1038/nature20150
https://doi.org/10.1038/nature20150
https://doi.org/10.1038/nature20150
https://doi.org/10.1126/science.aal1319
https://doi.org/10.1126/science.aal1319
https://doi.org/10.1126/science.aal1319
https://doi.org/10.1126/science.aal1319
https://doi.org/10.1126/science.aal1319
https://doi.org/10.1038/s41586-018-0555-7
https://doi.org/10.1038/s41586-018-0555-7
https://doi.org/10.1038/s41586-018-0555-7
https://doi.org/10.1038/s41586-018-0555-7


Warming and AMR disrupt soil carbon | 7

Natl Acad Sci USA 2012;109:E1753–61. https://doi.org/10.1073/ 
pnas.1120603109 

32. Chen J, Luo Y, García-Palacios P. et al. Differential responses of 
carbon-degrading enzyme activities to w arming: implications
for soil respiration. Glob Chang Biol 2018;24:4816–26. https://doi. 
org/10.1111/gcb.14394 

33. Blankinship JC, Niklaus PA, Hungate BA. A meta-analysis of 
responses of soil biota to global change. Oecologia 2011;165:
553–65. https://doi.org/10.1007/s00442-011-1909-0 

34. Fontaine S, Bardoux G, Abbadie L. et al. Carbon input to soil ma y
decrease soil carbon content. Ecol Lett 2004;7:314–20. https://doi. 
org/10.1111/j.1461-0248.2004.00579.x 

35. Crowther TW, Bradford MA. Thermal acclimation in widespread 
heterotrophic soil microbes. Ecol Lett 2013;16:469–77. https://doi. 
org/10.1111/ele.12069 

36. He X, Abs E, Allison SD. et al. Emerging multiscale insights 
on microbial carbon use eff iciency in the land carbon
cycle. Nat Commun 2024;15:8010. https://doi.org/10.1038/ 
s41467-024-52160-5 

37. Tao F, Huang Y, Hungate BA. et al. Microbial carbon use effi-
ciency promotes global soil carbon storage. Nature 2023;618:
981–5. https://doi.org/10.1038/s41586-023-06042-3 

38. Nadeem I, Nakicenovic N, Yaqub A. et al. Permafrost thawing 
and estimates of vulnerable carbon in the northern high lat-
itude. Earth Syst Environ 2025;9:715–40. https://doi.org/10.1007/ 
s41748-024-00491-0 

39. Armstrong McKay DI, Staal A, Abrams JF. et al. Exceed-
ing 1.5◦C global warming could trigger multiple climate tip-
ping points. Science 2022;377:eabn7950. https://doi.org/10.1126/ 
science.abn7950 

40. Ren S, Wang T, Guenet B. et al. Projected soil carbon loss with 
warming i n constrained earth system models. Nat Commun
2024;15:102. https://doi.org/10.1038/s41467-023-44433-2 

41. Hao Y, Mao J, Bachmann CM. et al. Soil moisture controls 
over carbon sequestration and gr eenhouse gas emissions: a
review. NPJ Clim Atmos Sci 2025;8:16. https://doi.org/10.1038/ 
s41612-024-00888-8 

42. Soden BJ, Collins WD, Feldman DR. Reducing uncertainties in
climate models. Science 2018;361:326–7. https://doi.org/10.1126/ 
science.aau1864 

43. Li Z, Sun A, Liu X. et al. Climate warming increases the 
proportions of specific antibiotic r esistance genes in natural
soil ecosystems. J Hazard Mater 2022;430:128442. https://doi. 
org/10.1016/j.jhazmat.2022.128442 

44. MacFadden DR, McGough SF, Fisman D. et al. Antibiotic resis-
tance increases with local temperature. Nat Clim Chang 2018;8:
510–4. https://doi.org/10.1038/s41558-018-0161-6 

45. Lin D, Du S, Zhao Z. et al. Climate warming fuels the global 
antibiotic re sistome by altering soil bacterial traits. Nat Ecol Evol
2025;9:1512–26. https://doi.org/10.1038/s41559-025-02740-5 

46. Yang JW, Nam J-H, Lee KJ. et al. Effect of temperature 
on carbapenemase-encoding plasmid transfer in Klebsiella
pneumoniae. Microorganisms 2024;12:454. https://doi.org/10.3390/ 
microorganisms12030454 

47. Rodríguez-Verdugo A, Lozano-Huntelman N, Cruz-Loya M. 
et al. Compounding effects of climate w arming and antibi-
otic resistance. iScience 2020;23:101024. https://doi.org/10.1016/ 
j.isci.2020.101024 

48. Casadevall A, Kontoyiannis DP, Robert V. On the emergence of 
Candida auris: climate change, azoles, swamps, and birds. mBio
2019;10:e01397. https://doi.org/10.1128/mBio.01397-19 

49. Li C, Zhang Y, Chen R. et al. Influence of mineralized organic 
carbon in marine sediments on ecolog ical heavy metal risk:

Bohai Bay case study. Environ Res 2024;240:117542. https://doi. 
org/10.1016/j.envres.2023.117542 

50. Baker-Austin C, Wright MS, Stepanauskas R. et al. Co-selection of 
antibiotic and metal r esistance. Trends Microbiol 2006;14:176–82.
https://doi.org/10.1016/j.tim.2006.02.006 

51. Mendelsohn R, Dinar A, Williams L. The distributional impact 
of climate change on ric h and poor countries. Environ
Dev Econ 2006;11:159–78. https://doi.org/10.1017/S1355770 
x05002755 

52. Diffenbaugh NS, Burke M. Global warming has increased global 
economic inequality. Proc Natl Acad Sci USA 2019;116:9808–13.
https://doi.org/10.1073/pnas.1816020116 

53. Mora C, McKenzie T, Gaw IM. et al. Over half of known 
human pathogenic diseases can be aggravated by climate
change. Nat Clim Chang 2022;12:869–75. https://doi.org/10.1038/ 
s41558-022-01426-1 

54. Chen J, Zhu B, Zhang Y. A meta-analysis on the responses 
of soil microbial biomass and community structure to antibi-
otics. Appl Soil Ecol 2023;184:104786. https://doi.org/10.1016/j. 
apsoil.2022.104786 

55. Vogwill T, MacLean RC. The genetic basis of the fitness costs 
of antimicrobial resistance: a meta-analysis approach. Evol Appl
2015;8:284–95. https://doi.org/10.1111/eva.12202 

56. Malik AA, Martiny JBH, Brodie EL. et al. Defining trait-
based microbial strategies with consequences for soil carbon
cycling under climate change. ISME J 2020;14:1–9. https://doi. 
org/10.1038/s41396-019-0510-0 

57. Wepking C, Avera B, Badgley B. et al. Exposure to dairy 
manure leads to greater antibiotic resistance and increased 
mass-specific respiration in soil microbial communities. Proc
R Soc B Biol Sci 2017;284:20162233. https://doi.org/10.1098/ 
rspb.2016.2233 

58. Xu Q, Zhang H, Vandenkoornhuyse P. et al. Carbon star-
vation raises capacities in bacterial antibiotic resistance 
and vir al auxiliary carbon metabolism in soils. Proc Natl
Acad Sci USA 2024;121:e2318160121. https://doi.org/10.1073/ 
pnas.2318160121 

59. Pagaling E, Hough R, Avery L. et al. Antibiotic resistance patterns 
in soils acr oss the Scottish landscape. Commun Earth Environ
2023;4:403. https://doi.org/10.1038/s43247-023-01057-0 

60. Zheng D, Yin G, Liu M. et al. Global biogeography and projec-
tion of soil antibiotic resistance genes. Sci Adv 2022;8:eabq8015.
https://doi.org/10.1126/sciadv.abq8015 

61. Lucas JM, Sone BM, Whitmore D. et al. Antibiotics and tem-
perature interact to disrupt soil c ommunities and nutri-
ent cycling. Soil Biol Biochem 2021;163:108437. https://doi. 
org/10.1016/j.soilbio.2021.108437 

62. Frey SD, Lee J, Melillo JM. et al. The temperature response of soil 
microbial efficienc y and its feedback to climate. Nat Clim Chang
2013;3:395–8. https://doi.org/10.1038/nclimate1796 

63. van Huissteden J, Dolman A. Soil carbon in the Arctic and the 
permafrost carbon feedback. Curr Opin Environ Sustain 2012;4:
545–51. https://doi.org/10.1016/j.cosust.2012.09.008 

64. Biskaborn BK, Smith SL, Noetzli J. et al. Permafrost is warm-
ing at a global scale. Nat Commun 2019;10:264–11. https://doi. 
org/10.1038/s41467-018-08240-4 

65. Zimov SA, Schuur EAG, Chapin FS. Permafrost and the global
carbon budget. Science 2006;312:1612–3. https://doi.org/10.1126/ 
science.1128908 

66. Tarnocai C, Canadell JG, Schuur EAG. et al. Soil organic car-
bon pools in the northern cir cumpolar permafrost region. Glob
Biogeochem Cycles 2009;23:GB2023. https://doi.org/10.1029/2008 
GB003327

D
ow

nloaded from
 https://academ

ic.oup.com
/ism

ej/article/19/1/w
raf220/8273752 by U

niversity of East Anglia user on 17 N
ovem

ber 2025

https://doi.org/10.1073/pnas.1120603109
https://doi.org/10.1073/pnas.1120603109
https://doi.org/10.1073/pnas.1120603109
https://doi.org/10.1073/pnas.1120603109
https://doi.org/10.1111/gcb.14394
https://doi.org/10.1111/gcb.14394
https://doi.org/10.1111/gcb.14394
https://doi.org/10.1111/gcb.14394
https://doi.org/10.1007/s00442-011-1909-0
https://doi.org/10.1007/s00442-011-1909-0
https://doi.org/10.1007/s00442-011-1909-0
https://doi.org/10.1007/s00442-011-1909-0
https://doi.org/10.1111/j.1461-0248.2004.00579.x
https://doi.org/10.1111/j.1461-0248.2004.00579.x
https://doi.org/10.1111/j.1461-0248.2004.00579.x
https://doi.org/10.1111/j.1461-0248.2004.00579.x
https://doi.org/10.1111/j.1461-0248.2004.00579.x
https://doi.org/10.1111/ele.12069
https://doi.org/10.1111/ele.12069
https://doi.org/10.1111/ele.12069
https://doi.org/10.1111/ele.12069
https://doi.org/10.1038/s41467-024-52160-5
https://doi.org/10.1038/s41467-024-52160-5
https://doi.org/10.1038/s41467-024-52160-5
https://doi.org/10.1038/s41467-024-52160-5
https://doi.org/10.1038/s41586-023-06042-3
https://doi.org/10.1038/s41586-023-06042-3
https://doi.org/10.1038/s41586-023-06042-3
https://doi.org/10.1038/s41586-023-06042-3
https://doi.org/10.1007/s41748-024-00491-0
https://doi.org/10.1007/s41748-024-00491-0
https://doi.org/10.1007/s41748-024-00491-0
https://doi.org/10.1007/s41748-024-00491-0
https://doi.org/10.1126/science.abn7950
https://doi.org/10.1126/science.abn7950
https://doi.org/10.1126/science.abn7950
https://doi.org/10.1126/science.abn7950
https://doi.org/10.1126/science.abn7950
https://doi.org/10.1038/s41467-023-44433-2
https://doi.org/10.1038/s41467-023-44433-2
https://doi.org/10.1038/s41467-023-44433-2
https://doi.org/10.1038/s41467-023-44433-2
https://doi.org/10.1038/s41612-024-00888-8
https://doi.org/10.1038/s41612-024-00888-8
https://doi.org/10.1038/s41612-024-00888-8
https://doi.org/10.1038/s41612-024-00888-8
https://doi.org/10.1126/science.aau1864
https://doi.org/10.1126/science.aau1864
https://doi.org/10.1126/science.aau1864
https://doi.org/10.1126/science.aau1864
https://doi.org/10.1126/science.aau1864
https://doi.org/10.1016/j.jhazmat.2022.128442
https://doi.org/10.1016/j.jhazmat.2022.128442
https://doi.org/10.1016/j.jhazmat.2022.128442
https://doi.org/10.1016/j.jhazmat.2022.128442
https://doi.org/10.1016/j.jhazmat.2022.128442
https://doi.org/10.1038/s41558-018-0161-6
https://doi.org/10.1038/s41558-018-0161-6
https://doi.org/10.1038/s41558-018-0161-6
https://doi.org/10.1038/s41558-018-0161-6
https://doi.org/10.1038/s41559-025-02740-5
https://doi.org/10.1038/s41559-025-02740-5
https://doi.org/10.1038/s41559-025-02740-5
https://doi.org/10.1038/s41559-025-02740-5
https://doi.org/10.3390/microorganisms12030454
https://doi.org/10.3390/microorganisms12030454
https://doi.org/10.3390/microorganisms12030454
https://doi.org/10.3390/microorganisms12030454
https://doi.org/10.1016/j.isci.2020.101024
https://doi.org/10.1016/j.isci.2020.101024
https://doi.org/10.1016/j.isci.2020.101024
https://doi.org/10.1016/j.isci.2020.101024
https://doi.org/10.1016/j.isci.2020.101024
https://doi.org/10.1128/mBio.01397-19
https://doi.org/10.1128/mBio.01397-19
https://doi.org/10.1128/mBio.01397-19
https://doi.org/10.1128/mBio.01397-19
https://doi.org/10.1016/j.envres.2023.117542
https://doi.org/10.1016/j.envres.2023.117542
https://doi.org/10.1016/j.envres.2023.117542
https://doi.org/10.1016/j.envres.2023.117542
https://doi.org/10.1016/j.envres.2023.117542
https://doi.org/10.1016/j.tim.2006.02.006
https://doi.org/10.1016/j.tim.2006.02.006
https://doi.org/10.1016/j.tim.2006.02.006
https://doi.org/10.1016/j.tim.2006.02.006
https://doi.org/10.1016/j.tim.2006.02.006
https://doi.org/10.1017/S1355770x05002755
https://doi.org/10.1017/S1355770x05002755
https://doi.org/10.1017/S1355770x05002755
https://doi.org/10.1017/S1355770x05002755
https://doi.org/10.1017/S1355770x05002755
https://doi.org/10.1073/pnas.1816020116
https://doi.org/10.1073/pnas.1816020116
https://doi.org/10.1073/pnas.1816020116
https://doi.org/10.1073/pnas.1816020116
https://doi.org/10.1038/s41558-022-01426-1
https://doi.org/10.1038/s41558-022-01426-1
https://doi.org/10.1038/s41558-022-01426-1
https://doi.org/10.1038/s41558-022-01426-1
https://doi.org/10.1016/j.apsoil.2022.104786
https://doi.org/10.1016/j.apsoil.2022.104786
https://doi.org/10.1016/j.apsoil.2022.104786
https://doi.org/10.1016/j.apsoil.2022.104786
https://doi.org/10.1016/j.apsoil.2022.104786
https://doi.org/10.1111/eva.12202
https://doi.org/10.1111/eva.12202
https://doi.org/10.1111/eva.12202
https://doi.org/10.1111/eva.12202
https://doi.org/10.1038/s41396-019-0510-0
https://doi.org/10.1038/s41396-019-0510-0
https://doi.org/10.1038/s41396-019-0510-0
https://doi.org/10.1038/s41396-019-0510-0
https://doi.org/10.1098/rspb.2016.2233
https://doi.org/10.1098/rspb.2016.2233
https://doi.org/10.1098/rspb.2016.2233
https://doi.org/10.1098/rspb.2016.2233
https://doi.org/10.1073/pnas.2318160121
https://doi.org/10.1073/pnas.2318160121
https://doi.org/10.1073/pnas.2318160121
https://doi.org/10.1073/pnas.2318160121
https://doi.org/10.1038/s43247-023-01057-0
https://doi.org/10.1038/s43247-023-01057-0
https://doi.org/10.1038/s43247-023-01057-0
https://doi.org/10.1038/s43247-023-01057-0
https://doi.org/10.1126/sciadv.abq8015
https://doi.org/10.1126/sciadv.abq8015
https://doi.org/10.1126/sciadv.abq8015
https://doi.org/10.1126/sciadv.abq8015
https://doi.org/10.1126/sciadv.abq8015
https://doi.org/10.1016/j.soilbio.2021.108437
https://doi.org/10.1016/j.soilbio.2021.108437
https://doi.org/10.1016/j.soilbio.2021.108437
https://doi.org/10.1016/j.soilbio.2021.108437
https://doi.org/10.1016/j.soilbio.2021.108437
https://doi.org/10.1038/nclimate1796
https://doi.org/10.1038/nclimate1796
https://doi.org/10.1038/nclimate1796
https://doi.org/10.1038/nclimate1796
https://doi.org/10.1016/j.cosust.2012.09.008
https://doi.org/10.1016/j.cosust.2012.09.008
https://doi.org/10.1016/j.cosust.2012.09.008
https://doi.org/10.1016/j.cosust.2012.09.008
https://doi.org/10.1016/j.cosust.2012.09.008
https://doi.org/10.1038/s41467-018-08240-4
https://doi.org/10.1038/s41467-018-08240-4
https://doi.org/10.1038/s41467-018-08240-4
https://doi.org/10.1038/s41467-018-08240-4
https://doi.org/10.1126/science.1128908
https://doi.org/10.1126/science.1128908
https://doi.org/10.1126/science.1128908
https://doi.org/10.1126/science.1128908
https://doi.org/10.1029/2008GB003327
https://doi.org/10.1029/2008GB003327
https://doi.org/10.1029/2008GB003327
https://doi.org/10.1029/2008GB003327


8 | Roy et al.

67. AMAP. Arctic Climate Change Update 2021: Key Trends and 
Impacts. Summary for Policy-makers. Arctic Monitoring and 
Assessment Programme (AMAP), Tromsø, Norway. 16 pp. 2021.
https://www.amap.no/documents/doc/arctic-climate-change-
update-2021-key-trends-and-impacts.-summary-for-policy-
makers/3508 

68. Rantanen M, Karpechko AY, Lipponen A. et al. The Arctic 
has warmed nearly four times faster than the globe since
1979. Commun Earth Environ 2022;3:168. https://doi.org/10.1038/ 
s43247-022-00498-3 

69. Betts RA, McNeall D. How much CO2 at 1.5◦C and 2◦C? Nat Clim
Chang 2018;8:546–8. https://doi.org/10.1038/s41558-018-0199-5 

70. Makowska-Zawierucha N, Trzebny A, Zawierucha K. et al. Arctic 
plasmidome analysis reveals distinct relationships among asso-
ciated antimicrobial r esistance genes and virulence genes along
anthropogenic gradients. Glob Chang Biol 2024;30:e17293. https:// 
doi.org/10.1111/gcb.17293 

71. Tan L, Li L, Ashbolt N. et al. Arctic antibiotic resistance gene 
contamination, a result of anthropogenic activities and natural
origin. Sci Tot Environ 2018;621:1176–84. https://doi.org/10.1016/ 
j.scitotenv.2017.10.110 

72. Dube N, Smolarz K, Sokołowski A. et al. Human pharmaceuticals 
in the arctic – a review. Chemosphere 2024;364:143172. https:// 
doi.org/10.1016/j.chemosphere.2024.143172 

73. Grace J, José JS, Meir P. et al. Productivity and carbon fluxes 
of tropical savannas. J Biogeogr 2006;33:387–400. https://doi. 
org/10.1111/j.1365-2699.2005.01448.x 

74. Mitchard ETA. The tropical forest carbon cycle and cli-
mate change. Nature 2018;559:527–34. https://doi.org/10.1038/ 
s41586-018-0300-2 

75. Browne AJ, Chipeta MG, Haines-Woodhouse G. et al. Global 
antibiotic consumption and usage in humans , 2000–18: a spatial
modelling study. Lancet Planet Health 2021;5:e893–904. https:// 
doi.org/10.1016/S2542-5196(21)00280-1 

76. Jadeja NB, Worrich A. From gut to mud: dissemination 
of antimicrobial resistance between animal and agricul-
tural niches. Environ Microbiol 2022;24:3290–306. https://doi. 
org/10.1111/1462-2920.15927 

77. Foley JA, Ramankutty N, Brauman KA. et al. Solutions for a cul-
tivated planet. Nature 2011;478:337–42. https://doi.org/10.1038/ 
nature10452 

78. Gross A, Glaser B. Meta-analysis on how manure applica-
tion changes soil or ganic carbon storage. Sci Rep 2021;11:5516.
https://doi.org/10.1038/s41598-021-82739-7 

79. Xu Q, Li L, Guo J. et al. Active microbial population dynamics 
and life strategies drive the enhanced carbon use efficiency in
high-organic matter soils. mBio 2024;15:e0017724. https://doi. 
org/10.1128/mbio.00177-24 

80. Ni G, Lappan R, Hernández M. et al. Functional basis of pri-
mary succession: traits of the pioneer microbes. Environ Microbiol
2023;25:171–6. https://doi.org/10.1111/1462-2920.16266 

81. Hernández M, Calabi M, Conrad R. et al. Analysis of the micro-
bial communities in soils of different ages follo wing volcanic
eruptions. Pedosphere 2020;30:126–34. https://doi.org/10.1016/ 
S1002-0160(19)60823-4 

82. Hernández M, Vera-Gargallo B, Calabi-Floody M. et al. 
Reconstructing genomes of carbon monoxide oxidisers 
in v olcanic deposits including members of the class
Ktedonobacteria. Microorganisms 2020;8:1880. https://doi. 
org/10.3390/microorganisms8121880 

© The Author(s) 2025. Published by Oxford University Press on behalf of the International Society for Microbial Ecology. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/ 
by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
The ISME Journal, 2025, 19(1) , wraf220
https://doi.org/10.1093/ismejo/wraf220 
Perspective

D
ow

nloaded from
 https://academ

ic.oup.com
/ism

ej/article/19/1/w
raf220/8273752 by U

niversity of East Anglia user on 17 N
ovem

ber 2025

https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508
https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508
https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508
https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508
https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508
https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508
https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508
https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508
https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508
https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508
https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508
https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508
https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508
https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508
https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508
https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508
https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508
https://www.amap.no/documents/doc/arctic-climate-change-update-2021-key-trends-and-impacts.-summary-for-policy-makers/3508
https://doi.org/10.1038/s43247-022-00498-3
https://doi.org/10.1038/s43247-022-00498-3
https://doi.org/10.1038/s43247-022-00498-3
https://doi.org/10.1038/s43247-022-00498-3
https://doi.org/10.1038/s41558-018-0199-5
https://doi.org/10.1038/s41558-018-0199-5
https://doi.org/10.1038/s41558-018-0199-5
https://doi.org/10.1038/s41558-018-0199-5
https://doi.org/10.1111/gcb.17293
https://doi.org/10.1111/gcb.17293
https://doi.org/10.1111/gcb.17293
https://doi.org/10.1111/gcb.17293
https://doi.org/10.1016/j.scitotenv.2017.10.110
https://doi.org/10.1016/j.scitotenv.2017.10.110
https://doi.org/10.1016/j.scitotenv.2017.10.110
https://doi.org/10.1016/j.scitotenv.2017.10.110
https://doi.org/10.1016/j.scitotenv.2017.10.110
https://doi.org/10.1016/j.chemosphere.2024.143172
https://doi.org/10.1016/j.chemosphere.2024.143172
https://doi.org/10.1016/j.chemosphere.2024.143172
https://doi.org/10.1016/j.chemosphere.2024.143172
https://doi.org/10.1016/j.chemosphere.2024.143172
https://doi.org/10.1111/j.1365-2699.2005.01448.x
https://doi.org/10.1111/j.1365-2699.2005.01448.x
https://doi.org/10.1111/j.1365-2699.2005.01448.x
https://doi.org/10.1111/j.1365-2699.2005.01448.x
https://doi.org/10.1111/j.1365-2699.2005.01448.x
https://doi.org/10.1038/s41586-018-0300-2
https://doi.org/10.1038/s41586-018-0300-2
https://doi.org/10.1038/s41586-018-0300-2
https://doi.org/10.1038/s41586-018-0300-2
https://doi.org/10.1016/S2542-5196(21)00280-1
https://doi.org/10.1016/S2542-5196(21)00280-1
https://doi.org/10.1016/S2542-5196(21)00280-1
https://doi.org/10.1016/S2542-5196(21)00280-1
https://doi.org/10.1016/S2542-5196(21)00280-1
https://doi.org/10.1016/S2542-5196(21)00280-1
https://doi.org/10.1111/1462-2920.15927
https://doi.org/10.1111/1462-2920.15927
https://doi.org/10.1111/1462-2920.15927
https://doi.org/10.1038/nature10452
https://doi.org/10.1038/nature10452
https://doi.org/10.1038/nature10452
https://doi.org/10.1038/nature10452
https://doi.org/10.1038/s41598-021-82739-7
https://doi.org/10.1038/s41598-021-82739-7
https://doi.org/10.1038/s41598-021-82739-7
https://doi.org/10.1038/s41598-021-82739-7
https://doi.org/10.1128/mbio.00177-24
https://doi.org/10.1128/mbio.00177-24
https://doi.org/10.1128/mbio.00177-24
https://doi.org/10.1128/mbio.00177-24
https://doi.org/10.1111/1462-2920.16266
https://doi.org/10.1111/1462-2920.16266
https://doi.org/10.1111/1462-2920.16266
https://doi.org/10.1016/S1002-0160(19)60823-4
https://doi.org/10.1016/S1002-0160(19)60823-4
https://doi.org/10.1016/S1002-0160(19)60823-4
https://doi.org/10.1016/S1002-0160(19)60823-4
https://doi.org/10.1016/S1002-0160(19)60823-4
https://doi.org/10.1016/S1002-0160(19)60823-4
https://doi.org/10.3390/microorganisms8121880
https://doi.org/10.3390/microorganisms8121880
https://doi.org/10.3390/microorganisms8121880
https://doi.org/10.3390/microorganisms8121880
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/ismejo/wraf220

	 Microbial interactions between climate warming and antimicrobial resistance threaten soil carbon storage and global health
	Introduction
	Pathways for antibiotic entry into soil
	Warming and carbon
	Warming and AMR
	AMR and carbon
	Compounding effects of AMR, warming, and carbon
	Ecosystem-dependent effects
	Conclusion and future directions
	Author contributions
	Conflicts of interest
	Funding
	Data availability


