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Microbial drought resistance may destabilize

soll carbon

Steven D. Allison @ 2*@

Droughts are becoming more frequent and intense with climate change. As
plants and microbes respond to drought, there may be consequences for the
vast stocks of organic carbon stored in soils. If microbes sustain their activity
under drought, soils could lose carbon, especially if inputs from plants decline.
Empirical and theoretical studies reveal multiple mechanisms of microbial
drought resistance, including tolerance and avoidance. Physiological responses
allow microbes to acclimate to drought within minutes to days. Along with dis-
persal, shifts in community composition could allow microbiomes to maintain
functioning despite drought. Microbes might also adapt to drier conditions
through evolutionary processes. Together, these mechanisms could result in
soil carbon losses larger than currently anticipated under climate change.

Climate change affects soil microbes

Around the world, climate change is impacting all forms of life, including microbiomes (see
Glossary). As the engines of Earth’s biogeochemical cycles [1], microbiomes can alter global car-
bon and nutrient cycling as the environment changes. Given that soils hold nearly 2000 Pg carbon
[2], the climate responses of soil microbiomes could impact global carbon balance and future
levels of greenhouse gases.

In addition to temperature, climate change alters rainfall, snow cover, seasonality, and the fre-
quencies of extreme weather events [3]. Climate models predict a future with more frequent
and intense droughts [4], and drylands occupy over 45% of the global land area, so knowing
how microbes respond to dry conditions is valuable for managing and conserving terrestrial eco-
systems across much of the planet [5]. Although microbial responses to drought have received
increasing attention [6,7], we do not yet fully understand how this important global change
might alter the carbon cycling functions of soil microbiomes [8]. This knowledge gap makes it dif-
ficult to predict the magnitude and direction of carbon—climate feedbacks in the Earth system. To
improve these predictions, we need a comprehensive understanding of both plant and microbial
community responses to drought across ecosystems.

Previous studies [9] show that microbiomes cope with drought through a wide array of mechanisms
that fall into three main categories: physiological acclimation, community shifts, and evolution
(Figure 1). Physiological mechanisms include changes in gene expression and metabolic pathways
that facilitate microbial acclimation to desiccation and rewetting. Community shifts occur when drought
selects for greater relative abundance of microbial taxa with adaptations for life under dry conditions.
Dispersal contributes to community shifts by allowing drought-adapted taxa to migrate into dry loca-
tions. Evolution can lead to new microbial traits that confer drought resistance or tolerance [10].

Given this high potential for microbes to tolerate or avoid drought, | argue that drought-driven
losses of carbon from soil will be larger than currently recognized. In most aerobic sails,
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Figure 1. Physiological response curves may shift as microbiomes respond to drought. In the short term (minutes
to days), physiological acclimation may help to sustain function, such as soil carbon decomposition. Over weeks to decades,
community shifts and evolution could alter response curves to maintain functioning under dry conditions. Broken lines
indicate potential variation in the breadth of the shifted response curves [58]. Figure created with BioRender.com.

heterotrophic microbes like bacteria and fungi are the primary gatekeepers for carbon loss [11].
If heterotrophic microbes bounce back from drought by acclimating, shifting, and adapting, they
may sustain carbon losses from soil. Those losses would need to be offset by carbon inputs from
resilient plants to avert a net decline in soil carbon stocks.

Soil carbon consequences of physiological response to drought

Physiological acclimation can allow microbes to survive, grow, and maintain carbon cycling in the
face of drought [12] (Figure 2). In turn, these physiological responses may help heterotrophic mi-
crobes to sustain soil carbon losses. Soil microbial taxa vary widely in their rates of mortality under
desiccating conditions in the laboratory [13], and there are clear moisture thresholds for microbial
respiration in soils and litter. Some bacteria may respire down to water potentials of —10 MPa, and
some fungi down to —60 MPa [14]. To retain cellular water under low ambient water potentials,
microbes may produce osmolytes through constitutive and inducible pathways [15,16].
Osmolytes are low-molecular-weight compounds that are readily metabolized and could fuel de-
composition of existing soil organic matter through priming effects [17].
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Glossary

Environmental selection: the process
by which environmental conditions such
as moisture or temperature cause
well-adapted taxa to increase in relative
abundance (also called environmental
filtering).

Heterotrophs: organisms that obtain
energy by consuming reduced forms of
carbon.

Legacy: a difference in community
composition or functioning resulting
from prior exposure to an environmental
perturbation.

Microbiome: a community of
microorganisms that may include
bacteria, fungi, archaea, and viruses.
Physiological acclimation: change in
metabolism or behavior that improves
organismal performance without a
change in genotype.

Trait: a phenotypic characteristic of an
organism, population, or community.
YAS framework: an hypothesis that
microbes fallinto at least three life-history
categories that trade off with one
another due to resource limitation: high
growth Yield, resource Acquisition, and
Stress tolerance.

Figure 2. Physiological mechanisms of microbial response to drought. Drought tolerance strategies include
protection from cell walls, biofim formation, and production of osmolytes. Microbes may avoid drought by forming spores
or going dormant during dry periods and resuscitating cellular activity upon wet-up. Microbes may also disperse to areas
with greater water availability, such as water-filled soil pores that act as refugia. Figure created with BioRender.com.
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Microbes can also resist drought by producing extracellular metabolites and cell walls. For exam-
ple, extracellular polymeric substances (EPS) form biofilms that reduce water loss [18]. As sticky
polymers, EPS may contribute to soil aggregation and physical protection of organic matter [19].
In addition, thick cell walls may enable some microbes to prevent water loss even under low en-
vironmental water potentials [20]. Upon death, cell walls may contribute to necromass accumu-
lation in soil [21], which could counter drought-induced carbon losses. Multiple drought tolerance
mechanisms may coincide; for example, EPS and trehalose production both contributed to des-
iccation resistance of E. coli strains in the laboratory [16]. Overall, the potential for net carbon loss
from soil is higher if microbes respond to drought by producing simple metabolites like osmolytes
versus more complex EPS and cell wall materials (Figure 3, Key figure).

In addition to resisting or tolerating desiccation, some microbes employ strategies to avoid
drought. Cells may go dormant by shutting down metabolism or forming spores that can survive
extreme desiccation for decades or even centuries [22]. When dry conditions abate, dormant
cells resume activity. Upon rewetting, some taxa activate within minutes, whereas other require
days to ramp up growth and respiration [23]. These cycles of dormancy and resuscitation
could allow higher decomposition rates during wet periods to offset lower rates during drought.
Known as the Birch effect [24], this pattern of respiration pulses following wet-up may result in
greater carbon release than observed under stable moisture conditions in some soils [25].

Another drought avoidance mechanism is occupation of refugia, or microsites in the soil with
higher water potential. Such microsites may occur at the interfaces of soil particles, deep in the
soil profile, or in topographic locations with higher water availability [26]. Multiple traits could facil-
itate microbial strategies of microsite occupation. Flagella or other motility mechanisms could

Key figure

Direct and indirect feedbacks of trait-based microbial strategies on soil
carbon decomposition
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Figure 3. Investment in drought tolerance may trade off against resource acquisition, which could reduce decomposition.
Alternatively, drought tolerance strategies could help to maintain decomposer biomass and generate easily decomposed
metabolites, resulting in losses of soil carbon. Abbreviation: EPS, extracellular polymeric substances.
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allow microbes to navigate toward high-water microsites as soils dry down. Conversely, dispersal
traits, such as production of spores and volatile organic compounds that attract arthropod
vectors, could be important in allowing microbes to migrate out of refugia and recolonize soils
following wet-up [27].

A broad range of life history traits can influence microbial strategies for drought survival at the
population scale. For example, microbial taxa that grow quickly under wet conditions could
build up large populations and disperse widely, enabling some cells to reach wet refugia during
drought. Such taxa might have very low resistance to desiccation, instead coping with changing
moisture availability through boom-and-bust cycles of population growth and death [28].

While there are many mechanisms of microbial drought response, it remains unclear which are
most important in a field setting. The physiological costs of different strategies likely vary in mag-
nitude and resource demands [20]. Strategy costs and benefits may influence microbial survival,
growth, and functioning under drought in ways that depend on the ecological context. In ecosys-
tems where moisture levels fluctuate over days to weeks, tolerance strategies such as EPS pro-
duction may be effective at maintaining consistency in extracellular water potential. Conversely,
avoidance strategies like dormancy may be more effective in places with extended drought
periods, such as deserts or Mediterranean climates.

Soil carbon consequences of ecological response to drought

At the community scale, microbial taxa that cannot acclimate to drought may be replaced as
better-adapted taxa migrate in and become more dominant [29]. Through this process of envi-
ronmental selection, drought often alters soil microbiome composition [6,30]. In leaf litter,
drought reduces bacterial populations and alters bacterial and fungal community composition
[31-33]. Sheik et al. [34] observed similar changes in response to warming-induced drought in
a tall grass prairie soil. Other studies confirm that drought favors fungi over bacteria, and the rel-
ative abundances of taxa shift within these broad groups [35]. For example, Actinobacteria be-
come more dominant with drought whereas Proteobacteria decline in terms of both relative
abundance and activity [36]. Relative to fungal co-occurrence networks, bacterial networks in
grassland mesocosms were more sensitive to drought disruption [37].

Due to evolutionary trade-offs, drought-induced changes in microbiome composition may
have consequences for soil carbon cycling. The YAS framework assumes that microbes
trade off resource investments in growth yield, resource acquisition, and stress tolerance traits
[38]. If microbes invest in drought tolerance, trade-offs with other YAS traits could affect soil
carbon storage. Drought-tolerant microbes may have lower growth yield, which could reduce
their biomass and decomposition ability [39]. They may also have fewer resources available to
produce enzymes involved in the degradation of soil organic matter. However, if these trade-
offs are weak or non-existent, a shift toward drought tolerance strategies may not limit soil
carbon decomposition.

Empirical evidence for drought-induced YAS trade-offs is mixed. Although drought can alter the
frequencies of genes involved in soil carbon and nitrogen cycling [40,41], Alster et al. [42] did not
observe trade-offs with drought tolerance in a laboratory experiment with fungal isolates grown at
different moisture levels. In a parallel field experiment, they found good evidence for a trade-off
between drought tolerance and growth yield, but little evidence for trade-offs with resource acqui-
sition [43]. In a California grassland, experimental drought altered microbial abundance and com-
munity composition, resulting in lower rates of litter decomposition by drought-exposed
microbiomes [44]. However, little impairment of litter decomposition was observed when
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desert-adapted microbiomes were transplanted to cooler, wetter sites along a climate gradient in
southern California [45].

Even if drought reduces the microbiome capacity for soil carbon degradation in the short term,
resilience in community composition could allow carbon losses to recover over time. Alternatively,
if recovery is slow, there could be a legacy of prior exposure to drought. Kaisermann et al. [46]
found evidence for drought legacy effects on microbiome composition and microbe-mediated
plant growth. Conversely, there were no drought legacy effects on bacterial growth, fungal
growth, or microbial community composition after at least 10 years of drought treatment at five
European sites along a climate gradient [47]. In the California grassland system [44], there was
a legacy of impaired decomposition, but it dissipated after 1 year (Figure 4). A complementary
modeling analysis confirmed that moderate drought was unlikely to cause legacies of impairment
that lasted beyond this timeframe [48]. These results suggest that legacy effects may not occur
unless drought intensity is strong enough to alter microbiome composition through community
shifts or evolution.

Some studies have found legacies of resilience to drought. Prior exposure to 16 years of drought
caused a Mediterranean soil microbiome to retain higher bacterial alpha diversity following exper-
imental drought treatment in a greenhouse experiment [35]. In Puerto Rican tropical forest soils
previously exposed to drought, a second drought treatment had relatively little additional impact
on the phylogenetic diversity of bacteria [49]. Canarini et al. [50] found that recurrent drought over
10 years altered microbial community composition more than 1 year of drought. At the same
time, the 10-year drought treatment resulted in a strong legacy effect that buffered microbial com-
munity functioning relative to the 1-year drought.

Integrated consequences of drought responses for soil carbon

Collectively, previous empirical studies support the argument that drought can lead to substantial
losses of soil carbon. Based on a meta-analysis, the proportion of carbon lost with drought and
rewetting increases with soil carbon content, meaning that carbon-rich soils may be particularly
vulnerable to drought impacts [8]. Multiple microbial mechanisms may contribute to this re-
sponse. Drought selects for microbial taxa, such as Actinobacteria, with adaptive physiological
traits. These taxa increase in relative abundance, resulting in altered microbiome composition
that often, but not always, persists following drought. When it persists, a change in microbiome
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Figure 4. Legacy of drought exposure inhibits microbiome functioning for 1 year. Microbiomes from ambient and
drought plots in California grassland were transplanted onto sterilized grassland litter which decomposed in the field for 1
year. Microbiomes were then collected at the end of the year and inoculated onto fresh litter for two subsequent years.
Microbiomes originating from drought plots decomposed significantly less litter mass, but only during the first year. Figure
adapted from Martiny et al. [44].
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composition often, though not always, results in legacy effects on ecological properties such as
microbial biomass, extracellular enzyme activity, and plant growth. In some cases, these legacies
impair ecosystem functioning (Figure 4), but in other cases, they can buffer functioning against
ongoing or future drought disturbance [50].

The implication of these outcomes is that microbiomes display an array of responses to environ-
mental selection by drought, only a subset of which impair functioning. Together with physiolog-
ical acclimation and evolutionary adaptation, these ecological responses likely provide resistance
and resilience of the soil microbiome’s diversity and metabolic capacity in the face of drought [51].
In contrast to YAS predictions, there is limited empirical evidence that drought-induced shifts in
microbiome composition reduce the potential for organic matter decay through resource alloca-
tion trade-offs. Although such trade-offs may occur, they may have offsetting impacts on carbon
cycling; for example, a trade-off-induced decline in extracellular enzyme production could be off-
set by a greater total biomass of drought-tolerant microbial decomposers.

It is also possible that microbes have evolved drought-tolerance mechanisms that avoid trade-
offs with resource acquisition traits. Rather than trading off, investment in carbon and nutrient ac-
quisition could fuel the production of metabolites that confer drought tolerance. Under selection
by drought, de novo mutations could introduce novel genetic variation that leads to evolutionary
adaptation through broader exploration of trait space. Although experimental evolution studies
with drought are limited, comparative genomic studies show that bacterial and fungal responses
to drought are phylogenetically conserved [33], and there is longstanding evidence that microbes
evolve within a few hundred generations in response to temperature change [52,53]. We need
additional experiments to understand the rates and mechanisms of microbial evolution in re-
sponse to changing drought frequency and intensity, along with subsequent rewetting.

Heterotrophic microbes are key determinants of soil carbon turnover, but the net carbon lost will
depend on how steeply plant inputs decline as ecosystems become drier. Although drought often
reduces plant productivity and may trigger legacy effects [54], the consequences for soil carbon
balance are more uncertain. Following drought, trees may pump carbon below ground to recover
root function [55]. Also, symbiotic microbes in the rhizosphere and phyllosphere may respond to
drought in ways that benefit their plant hosts, boosting the drought resilience of plant inputs and
soil microbiomes in tandem [56]. Yet, given that desertification often results in soil carbon loss [5],
recovery of plant inputs may be insufficient to counter carbon losses driven by resilient microbes.
Overall, the relative drought response of plant inputs compared to microbial decomposition re-
mains uncertain (see Outstanding questions).

Concluding remarks and future perspectives

Although desiccation has direct negative impacts on microbial metabolism, multiple mechanisms
may help to sustain soil carbon losses under drought. Physiological acclimation, shifts in commu-
nity composition and life history strategy, as well as evolutionary adaptation, may all maintain het-
erotrophic functioning in soils that experience higher drought frequency and intensity. While
stable functioning is often beneficial, in this case it could reduce soil carbon storage if plant carbon
inputs decline more steeply with drought than heterotrophic losses. In a global modeling analysis,
soils were predicted to lose more carbon if microbes adapted to climate warming [57]. The same
might happen if microbes adapt to drought.

Still, accurately predicting the net impact of drought on soil carbon will require additional research.
First, we need empirical measurements of heterotrophic sensitivity to drought, including the rela-
tive contributions of physiological, ecological, and evolutionary mechanisms to drought
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Outstanding questions

What are the physiological costs of
drought strategies? Quantifying the
costs of desiccation tolerance and
avoidance is essential for predicting
which strategies are most relevant.
Several techniques offer promise for
quantification. Transcriptomics and
metabolomics can provide semi-
quantitative data on the metabolic
pathways active under drought.
Genome-scale metabolic models can
leverage genomic sequences to pre-
dict metabolic rates as environmental
conditions change.

How do microbes evolve in response to
drought? Evolutionary processes such
as mutation, horizontal gene transfer,
and genetic drift likely contribute to
microbial drought response. Still, the
dominant mechanisms, rates of change,
and consequences for phenotype
remain largely unexplored, especially in
comparison to other selective forces like
warming. Likewise, it remains unclear
how microbes adapt to long-term
changes in drought frequency and
intensity of precipitation events. Addi-
tional evolution experiments should be
run in the laboratory and field to fill
these knowledge gaps.

How do plant responses to drought
compare with microbial responses?
Although there are many studies of
plant physiology, community shifts, and
evolution in response to drought, the
consequences for soil carbon inputs are
not well understood. Drought may
induce some plants to allocate more
carbon below ground to acquire water,
but if plant productivity declines due to
water limitation, reallocation may not
maintain  carbon inputs to sail.
Quantifying plant inputs versus microbial
outputs of carbon is crucial for
determining soil carbon balance under
drought.

How do we predict soil carbon balance
with drought? We need improved
models that account for mechanisms
of plant and microbial response to
drought at the ecosystem scale. A hier-
archical, multiscale approach can help
to reconcile the vastly different scales
of microbial, plant, and ecosystem pro-
cesses. For instance, outputs from trait-
based, microbial-scale models can
generate moisture-response functions
for use in ecosystem models.
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resistance and resilience [58]. These data should be gathered at broad spatial scales, for exam-
ple, along gradients, to assess dependence on environmental variation. Observations must also
cover a range of temporal scales, from minutes to decades, to quantify rates of response to
drought. Second, microbial, ecosystem, and plant ecologists should work together to assess rel-
ative drought impacts on plant inputs versus heterotrophic losses. Finally, we need updated
models of drought impacts on soil carbon cycling from microbial to global scales [59,60]. Models
are powerful tools for scaling up measurements and mechanisms to predict soil carbon balance.
With well-crafted models in hand, scientists can make better predictions to guide policy and mit-

igation efforts as the climate changes.
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