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Abstract   24 

Earth’s climate crisis threatens to disrupt ecosystem services and destabilize food security. 25 

Microbiome management will be a crucial component of a comprehensive strategy to maintain 26 

stable microbial functions for ecosystems and plants in the face of climate change. Microbiome 27 

rescue is the directed, community-level recovery of microbial populations and functions lost 28 

after an environmental disturbance. Microbiome rescue aims to propel a resilience trajectory for 29 

community functions. Rescue can be achieved via demographic, functional, adaptive, or 30 

evolutionary recovery of disturbance-sensitive populations. Various ecological mechanisms 31 

support rescue, including dispersal, reactivation from dormancy, functional redundancy, 32 

plasticity, and diversification, and these mechanisms can interact. Notably, controlling microbial 33 

reactivation from dormancy is a potentially fruitful but underexplored target for rescue.   34 

  35 

    36 

Introduction  37 

Resilience is the capacity of a system (plant, soil, or microbiome) to recover after being 38 

altered by a disturbance and is a critical component of ecological stability [11–13] (Figure 1). 39 

Environmental microbiomes provide critical functions that feedback on Earth’s climate[1–4]. 40 

Therefore, understanding and predicting how disturbances alter microbiome functions is a 41 

requisite part of a comprehensive strategy to stabilize systems and adapt to climate change. Also, 42 

because microbiomes are synergistic components of soil and plant systems [5–7], microbiome 43 
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management [8–10] will become essential to preserve ecosystem services and food security by 44 

supporting soil and plant resilience.   45 

Across many ecosystems, microbiomes are repeatedly observed to be highly sensitive but 46 

often also highly resilient to various disturbances[11–13], even after those disturbances that seem 47 

intense, extreme, or unnatural (e.g.[14–18]). Despite decades of research in microbiome 48 

disturbance ecology, there remain critical knowledge gaps about the ecological and evolutionary 49 

mechanisms that drive resilience and their relative contributions to microbiome responses to 50 

disturbance. How can the field advance from simply identifying and describing patterns of 51 

microbiome responses to disturbances? How can the field move toward prediction, forecasting, 52 

and microbiome management to maintain critical microbial functions on a rapidly changing 53 

planet?   54 

Microbiome rescue is the successful recovery of multiple functional populations that 55 

were compromised during a disturbance. Thus, the collective rescue of disturbance-sensitive 56 

populations can drive a community trajectory of functional resilience. By advancing the 57 

understanding of the ecology of microbiome resilience via rescue, microbiome interventions can 58 

be directed, developed, and tested for utility in soils and plants, including crops. Several 59 

excellent recent pieces have offered synergistic ideas to those presented here (e.g., [12,19–21]). 60 

While acknowledging and bridging from these works, this work’s emphasis will be to explore a 61 

conceptual framework that can be investigated to inform the ecological mechanisms of 62 

resilience. These mechanisms can support plants and soils facing climate change by directing the 63 

rescue of microbial communities. 64 

A distinction with microbiome rescue is the emphasis on the resilience of the microbial 65 

community and its functions as a system. In contrast, previous works have focused on the rescue 66 
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of host-supportive microbial populations and outcomes for the host (“microbial rescue,” 67 

e.g.,[19]. Related, “community rescue” has been specified as populations that evolve in response 68 

to a lethal disturbance (e.g. [21]), with subsequent research progressing to consider the 69 

possibility of ecological adaptation alongside evolution (e.g., [16,17]).     70 

    71 

Main Text  72 

The microbiome rescue framework (Figure 2) is inspired by evolutionary concepts to alleviate 73 

populations at risk of extinction due to dwindling sizes and bottlenecks [22]. Microbiome rescue 74 

connects to the ecological concept of temporal turnover, which is the replacement of some 75 

populations with others over time [23]. Different types of rescue, and the mechanisms that 76 

support them, could interact or synergize to maximize the community trajectory of resilience 77 

toward complete functional recovery (Figure 2). Key parameters to consider for rescue include 78 

the degree and discretion of mortality imposed by the disturbance (disturbance selectivity, Box 79 

1) and the most probable rescuers to support the most likely mechanism in the post-disturbance 80 

environment (Figure 2).   81 

Demographic rescue (Figure 2) is the reintroduction of microbial populations that were 82 

fully sensitive to the disturbance. Mechanisms of demographic rescue include the dispersal of 83 

cells across a regional landscape and reactivation from the local dormant pool. Conspecific 84 

populations are the rescuers because they are likely to offer similar functions. For simplicity, 85 

conspecific refers to populations with highly similar or identical genotypes to the disturbance-86 

sensitive populations, though it should be acknowledged that there can be within-population 87 

heterogeneity in function. The success of demographic rescue relies on the ecological selection 88 

of the original microbiome populations and functions in the post-disturbance environment. 89 
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Notably, the post-disturbance environment may not be identical to the pre-disturbance 90 

environment, and microbial activities may facilitate environmental recovery or redirect to a 91 

different environment.    92 

Microbiomes facing short-term (pulse) disturbances that temporarily alter the 93 

environment may be more likely to recover via demographic rescue than microbiomes facing 94 

long-term (press) disturbances that alter the environment enduringly. Short-term environmental 95 

disturbances prime for demographic rescue include weather-related events like drought, flood, 96 

heat waves, and cold snaps. Because demographic rescue is a straightforward replacement of lost 97 

microbiome populations with the same populations, it may be reasoned that it has the lowest 98 

difficulty and highest potential compared to the other rescue types. Thus, demographic rescue 99 

may be effective even in situations of an incomplete understanding of microbiome functions, as 100 

the original functions may be expected to be retained given the recovery of the pre-disturbance 101 

membership. One example of demographic recovery (of many in the literature) was an 102 

observation that temperate soil microbiomes exposed to multiple years of elevated temperature 103 

recovered in their structure after the local temperature returned to normal [14]. 104 

Functional rescue (Figure 2) is the supplementation of functional redundancy in the 105 

community. In other words, heterospecific members are (re)introduced or activated, leading to a 106 

different composition but equivalent functionality after the disturbance. As true for demographic 107 

rescue, mechanisms of functional rescue include regional dispersal and local reactivation, plus 108 

the mechanism of local functional redundancy. The most likely rescuers of the sensitive 109 

populations include heterospecific populations that are not genetically like the lost population but 110 

provide similar functions, potentially at similar rates and efficiencies. Depending on the 111 

function(s) of interest to recover, possible rescuer populations may be predicted by 112 
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(meta)genomes or traits that can inform as to overlapping functional pathways and responses. For 113 

example, some microbial genes that support transformations within the nitrogen cycle are 114 

broadly distributed taxonomically and biogeographically [24,25], and so it has been suggested 115 

that their high redundancy may lead to stable functioning despite changes in the environment 116 

(see [26]). Functional rescue may support recovery after either press or pulse disturbances and 117 

may be especially useful in situations of point environmental pollution (e.g., chemical spill). For 118 

example, pollution-induced community tolerance (PICT) considers how community tolerance to 119 

a pollutant may improve with exposure and support stable maintenance of functions, despite the 120 

inevitable loss of pollutant-sensitive populations [27]. The success of functional rescue relies on 121 

the ecological selection of the functionally equivalent microbiome populations in the post-122 

disturbance environment. As a directed microbiome intervention, it may be reasoned that 123 

functional rescue has medium-high difficulty due to the requirement first to understand and 124 

target specific, desired functions to ensure maintenance in the post-disturbance microbiome.   125 

Adaptive rescue (Figure 2) is when the surviving individuals of disturbance-sensitive 126 

populations adapt phenotypically to the disturbed conditions and persist but maintain their 127 

original genetic background. Thus, the rescuers are the surviving members of disturbance-128 

sensitive populations. An example of adaptive rescue is phenotypic heterogeneity within a 129 

population that a priori manifests both sensitive and resistant phenotypes to the impending 130 

disturbance. In this case, the resistant phenotypes survive the disturbance, and the sensitive 131 

phenotypes do not, but in the end, the population can recover. Adaptive rescue can also include 132 

phenotypic plasticities, such as temporary entry into protected states like spores, cysts, or other 133 

resistant phenotypes (e.g., persister cells that are insensitive when exposed to antibiotics and 134 
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remain viable [28]). Adaptive rescue also could manifest as resistance and may be common 135 

among microbial populations that inhabit ecosystems that experience disturbance regimes.  136 

The success of adaptive rescue relies on the ecological selection of the surviving cells in the 137 

post-disturbance environment, which can be driven by non-lethal exposure to the disturbance, 138 

building plastic tolerance before a subsequent exposure of greater intensity [16,17,21]. As a 139 

directed microbiome intervention, adaptive rescue may be relatively challenging to direct due to 140 

the need to understand and responsively control molecular cues for the phenotypic adaptations, 141 

either responding before or immediately following the disturbance.    142 

While phenotypic mechanisms underpin adaptive rescue, genotypic mechanisms underpin 143 

evolutionary rescue. Evolutionary rescue (Figure 2) is when multiple local populations 144 

genotypically diversify to have a selective advantage over kin sensitive to the disturbance or 145 

disturbance regime, with no cost to functional performance (also called “community rescue” 146 

[21]). Diversification occurs in microbiomes via horizontal gene transfer [29,30] or beneficial 147 

mutations [30,31], leading to selective sweeps. The most likely rescuers are surviving individuals 148 

of partially sensitive populations that have diversified with positive selection in the post-149 

disturbance environment but without cost to function. In addition, rescuers could be non-kin 150 

contributors of advantageous genes via horizontal gene transfer. Evolutionary rescue may be 151 

more likely following a press disturbance, within a disturbance regime, or in co-selection with a 152 

host also experiencing the disturbance. Indeed, previous studies have demonstrated the potential 153 

for evolutionary rescue given exposure to compounded press disturbances [16,21]. Evolutionary 154 

rescue may be difficult to achieve as a directed microbiome intervention. However, recent work 155 

suggests that in specific situations, such as when high-diversity communities are dominated by 156 

competitive interactions, diversification via horizontal gene transfer of resistance genes may 157 
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increase community stability after disturbance [32]. In addition, there is excitement about the 158 

potential of directed microbiome engineering or co-evolution ex-situ to contend with anticipated 159 

disturbances [33]. Host-engineered or co-evolved microbiota could be applied as probiotics or 160 

bio-inoculants to test their efficacy for rescue in situ. 161 

  Within the range of potential microbiome responses to disturbance, there are several 162 

junctures that could support microbiome resilience via rescue (Figure 1, blue stars indicating 163 

potential intervention opportunities). Specifically, demographic and adaptive rescue could be 164 

used to promote resilience in structure (single-state “engineering” resilience), and functional and 165 

evolutionary rescue could be used to promote functional redundancy. According to the ecology 166 

literature, interventions to prevent a regime shift (i.e., a fundamental change in the community 167 

structure and function apparent by a shift in dominant nutrient and energy sources) are possible if 168 

they occur before the system crosses a critical threshold, past which ecological forcing will 169 

inevitably lead to a regime shift [34–37]. In the case of a successful rescue intervention before 170 

the critical threshold, the trajectory of recovery can proceed toward either resilience in structure 171 

or functional redundancy. With sufficient knowledge of system dynamics, the microbiome could 172 

be rescued after a regime shift with a radical intervention (ecological resilience), likely an 173 

intervention that will couple ecosystem restoration with microbiome rescue. Fecal transplants in 174 

the human gut microbiome are exemplary microbiome interventions (of a notable few) given 175 

regime shifts [38]. 176 

While microbiome resilience could proceed “naturally” without intervention as the 177 

outcome of ecological assembly processes [30,39,40](and often does after a relatively minor 178 

perturbation), the aspiration is to understand those deterministic mechanisms and to leverage 179 

them to achieve maximal effectivity and efficiency in resilience via rescue. Several general 180 
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strategies could be favorable as rescue interventions. Each of these general strategies would need 181 

to be tailored and tested to enrich populations that offer the functions lost after disturbance. As 182 

one strategy, rescue could be directed with non-biologically active additives that enrich 183 

particular microbiome members or functions. This strategy is perhaps best demonstrated in the 184 

human gut ecosystem with prebiotics, which are typically non-human-digestible foods that 185 

enrich bacterial fermenters to support gut health [41]. In agriculture, “prebiotics” may include 186 

plant or waste products that enrich community members to improve soil, such as biochar, treated 187 

wastewater effluent, and others [42]. As another rescue strategy, reactivation from the dormant 188 

reservoir could be directed with environmental or molecular signals; for example, free amino 189 

acids could reactivate endospore-forming Bacillota lineages, and resuscitation promotion factors 190 

(rpf) could reactivate exospore-forming Actinomycetota lineages [43,44]. Also, microorganisms 191 

could be supplemented into the system directly as bioinoculants, such as in the case of a plant 192 

growth-promoting bacterial strain discovered for wheat [45] or as considered with native 193 

arbuscular mycorrhizal fungi for plant community restoration [46]. However, bioinoculation 194 

approaches often are challenged by a lack of persistence or activation of the added 195 

microorganisms [47]. Additionally, more complicated rescue strategies may include repressing 196 

competitors or enriching cooperators (see, for example, the biotic interactions section in [48]), 197 

engineering plant hosts to improve microbiome recruitment [49,50], or restoration of the 198 

environment to support conditions that select for the desired microbial populations (e.g., [51]). 199 

When considering how to direct rescue, it is important to consider whether microbiome 200 

rescue towards recovery to its pre-disturbance state is aligned with the desired functional 201 

outcome. Take caution that a pre-disturbance functional state of a microbiome may not 202 
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necessarily be “natural” (e.g., without the legacy of anthropogenic influence) or optimal to 203 

achieve the desired microbial functions.  204 

___________________Start Box 1 205 

Box 1. Who is resistant, who is lost, and who should be rescued? Considerations of 206 

mortality after disturbance to inform rescue strategies. 207 

(Figure A.)  208 

Microbiomes are comprised of many populations that collectively exhibit a range of 209 

susceptibilities to a disturbance, and the degree of loss of microbiome populations or functions 210 

will directly affect determining effective rescue strategies. For rescue, it is important to consider 211 

which microbiome populations are selected against, given the disturbance. These are the 212 

populations that may need to be rescued as a cohort. Here, terms are proposed to describe the 213 

disturbance’s community-level mortality, including the many comprising populations and their 214 

responses. The terms combine concepts of fitness and selection with that of disturbance intensity 215 

and can inform how complicated it may be to initiate a resilience trajectory via rescue.   216 

Selective mortality is the complete or nearly complete loss of disturbance-sensitive 217 

populations. The disturbance is lethal to a subset of the microbiome populations but 218 

inconsequential to other populations, which retain full viability. Examples of disturbances that 219 

can result in selective mortality include selective antibiotics or heavy metals or changes in 220 

temperature, pH, or other abiotic gradients that explain the principal niche axes of microbial 221 

habitats. Selective mortality can disrupt or reorganize biotic interactions among surviving 222 

microbiome populations. Indeed, reconstituting biotic interactions may be necessary for 223 

microbiome resilience [52] if those interactions evoke inter-dependencies that are relatively more 224 

important than environmental drivers for preserving functions. There also are potential indirect 225 
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losses or gains among the insensitive populations, for example, due to release from competition 226 

or loss of a synergistic partner [53,54]. Therefore, understanding how the network of microbiome 227 

interactions determines community functions could be critical for directing rescue.  228 

Partial mortality is when a disturbance acts equitably on all populations such that all 229 

populations decrease in size, but few are entirely lost to extinction. Partial mortality can occur if 230 

there are physical protections for the microbiome, as in a structurally heterogeneous 231 

environment. For example, a forest fire that burns only the top five centimeters of soil may be re-232 

seeded by protected microbiome members that survived at lower depths. A disturbance resulting 233 

in partial mortality may be the best-case scenario for rescue, as the pre-disturbance populations 234 

persist and may collectively recover with minimal intervention as the environment recovers.    235 

Notably, several studies report that a low-intensity disturbance that results in partial or 236 

selective mortality can equip enduring populations for survival upon subsequent exposure to a 237 

high-intensity event that would otherwise be expected to induce lethality (e.g., recently, 238 

[16,21,32]). This scenario also has relevance in contexts of compounded disturbances[55]. 239 

Finally, mass mortality is all microbiome populations’ complete or nearly complete local 240 

extinction. Mass mortality may occur after an extreme, intense, or unnatural disturbance, such as 241 

a volcano eruption, highly toxic chemical spill, or severe radiation exposure. In the case of mass 242 

mortality without intervention, primary succession proceeds from a “blank slate” environment 243 

[39,40], typically seeded by immigrating cells dispersed from the regional metacommunity. A 244 

disturbance event that results in mass mortality offers the maximum control and potential for the 245 

orchestration of microbiome rescue because there are no biotic contingencies in the disturbed 246 

environment, like competition or invasion resistance. After mass mortality, microbiome rescue 247 
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would likely need to be paired with ecosystem restoration to facilitate the functional resilience of 248 

the microbiome. 249 

 ___________________End Box 1 250 

Controlling microbial activation is an underexplored target for rescue   251 

Dormancy is a reversible state of low metabolic activity employed by diverse microbial 252 

lineages as a bet-hedging strategy in unfavorable conditions [56]. Furthermore, dormant states 253 

are standard among microbial populations in the environment, with soil reported to have >80% 254 

of cells and >55% of taxa persisting in a dormant state at any time [56]. The dynamics of 255 

microbial dormancy include the process of inactivation (also called initiation into dormancy) and 256 

reactivation (also called resuscitation) (Figure 3)[57]. Both inactivation and reactivation can be 257 

either stochastic or deterministic processes. In cases of deterministic dynamics, environmental or 258 

biological signals may cue the start of the process. There is also the case of scout cells, in which 259 

a stochastic reactivation of one cell is followed by a microbial-mediated cue to reactivate 260 

dormant kin in a conducive environment [58].    261 

  Though studies that consider microbiome activation dynamics remain few, the studies 262 

that report activity have observed signals of both reactivation and inactivation during and after 263 

environmental changes [56–60], suggesting that responsive switches in activation may be 264 

common. In addition, there is a vast literature on soil “priming,” which shows that some 265 

microbiome members are more prone to respond readily to resource inputs, which is attributed to 266 

differences in their initial activity statuses as well as to their resource preferences (e.g., [59–64].) 267 

Our soil warming experiment showed that reactivation alone contributed 18% to microbiome 268 

resilience [65]. In this study, the activating taxa were different from those active before the 269 

warming, suggesting the potential for functional redundancy.  270 
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Reactivation offers potential advantages as a mechanism for either demographic or 271 

functional rescue. It could leverage existing local microbiome diversity without the need to 272 

introduce nonnative populations and thus target local dormant populations likely to be adapted to 273 

the recovered environment (if so, before the disturbance). While the long-term persistence of 274 

desired microbiome populations can be a challenge for bio-inoculation (e.g.,[47]), reactivated 275 

cells may likely persist in the local environment because they offer dormant phenotypes that 276 

survived the disturbance. Cue-responsive dynamics offer an apparent environmental- or signal-277 

based intervention to control the activation. Finally, reactivated populations may be more likely 278 

to fit into the recovered biotic context because of legacy interactions within the microbiome. For 279 

these reasons, intensified research efforts toward understanding reactivation as a directed rescue 280 

mechanism to support a resilience trajectory are critical.    281 

  282 

Conclusions 283 

Microbiome research is at a critical moment to accelerate fundamental, ecological 284 

knowledge of microbiome resilience that will direct the development of microbiome-enabled 285 

solutions for ecosystems and hosts facing climate change. Foremost, high-quality and extensive 286 

microbiome time series that capture disturbances are requisite. For comparisons and to draw out 287 

generalities, representative time series are needed from communities and ecosystems that scale in 288 

complexity from controlled mesocosms in the laboratory to the highest-diversity field 289 

ecosystems. When analyzing these time series, there is a need to measure and quantify resistance 290 

and resilience using metrics that are transferrable and comparable across systems and studies, 291 

and a need to adopt and adapt quantitative modeling of dynamic systems, including Bayesian 292 

approaches to enable adjustment of priors as new data points are observed over time. For a time 293 
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series, it is also crucial to assess active taxa and to determine how activity status may switch 294 

during and after disturbance. Several technologies offer a range of precision for determining the 295 

active microbiome populations (e.g., bio-orthogonal non-canonical amino-acid targeting with 296 

cell sorting and sequencing (BONCAT-FACs) [66], quantitative stable isotope probing (qSIP) 297 

[67,68], 16S rRNA:DNA ratios [61]), but DNA-based microbiome sequencing alone is limited, 298 

and especially for environmental communities that harbor many inactive cells and taxa, like 299 

soils.   300 

There are ample gaps in our understanding of the biology and ecology of dormant 301 

strategies of environmental microbial. Within an ecosystem, what is the composition and 302 

structure of its dormant pool, and how does this compare to the active pool? How does the 303 

dormant pool change over time and space? What is the distribution of longevity and viability of 304 

cells in the dormant pool? For a population, how variable is the timing of their reactivation? Do 305 

they have signals for switching between active and inactive, and what are they? These 306 

fundamental questions are yet-unanswered for the majority of environmental microbial taxa.   307 

In addition, we need to improve our understanding of the role of eco-evolutionary 308 

dynamics in microbiome disturbance responses and, specifically, to better account for the 309 

different contributions of bacterial diversification (via plasmids, phage, and transformation) to 310 

resilience and different types of climate disturbances. This knowledge will enhance insights into 311 

the evolutionary mechanisms of resilience and their utility for rescue.   312 

  Finally, it will be critical to prioritize which microbiome functions and taxa are useful for 313 

resilience, including which will be critical or supportive of functions given future climate 314 

projections. Some loss of microbial biodiversity is inevitable, but many populations are inactive 315 

or offer redundant functions. When samples for microbiome analysis are collected and stored 316 
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appropriately, rich data from long-term ecological research or long-term climate experiment sites 317 

(e.g., [69,70] ) can offer insights into which microbial taxa are likely to survive or thrive under 318 

different climate scenarios. It will be critical to continue to couple insights from gradually 319 

changing conditions (e.g., elevated mean temperature and atmospheric carbon dioxide) with 320 

scenarios of extreme pulse disturbances (e.g., heat waves, drought) to provide “worst case” 321 

assessments of the most enduring microbial populations and their functions. Together, these 322 

directions will complement the understanding of microbiome resilience and rescue efforts to 323 

retain or recover critical microbiome functions for plants and soils, given climate change.   324 
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  528 

Figure Legends 529 

Figure 1. An overview of microbiome responses to disturbance as expanded from Allison and 530 

Martiny 2009 [71]. Resistance, resilience, functional redundancy, and regime shift are possible 531 

microbiome outcomes after disturbance (orange lightning bolt). The two microbiome response 532 

variables are structure (composition and relative contribution of taxa, squares) and function 533 

(performance or output from the community, ovals). Gray arrows show disturbance-induced 534 

microbiome trajectories. Potential points of intervention that may be conducive opportunities for 535 

microbiome rescue are shown with blue stars, with alternative trajectories as intervention 536 

outcomes shown in yellow lines with directional arrows. The first microbiome outcome, 537 

resistance, is when the microbiome is insensitive to the disturbance in structure and function and 538 

remains unchanged after the event. The second outcome, resilience (a.k.a. “engineering 539 

resilience”), is when the microbiome is altered in both structure and function in response to the 540 

disturbance but eventually recovers in both variables. The third outcome, functional redundancy, 541 

is when the microbiome structure remains altered after a disturbance, but the function recovers 542 

fully. Redundancy is attributed to different microbial populations capable of replacing one 543 

another functionally without measurable consequences for performance and is arguably expected 544 

for highly diverse microbial communities. An additional outcome, regime shift, is when structure 545 
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and function are fundamentally altered and do not recover, often with apparent changes in the 546 

energy and resource availability or utilization that indicate an alternative state assumed by the 547 

community. The inset “ball and socket” diagrams show the conceptual relationship between (a) 548 

“engineering resilience,” which occurs within a single state, and (b) “ecological resilience,” 549 

which transverses multiple states. The critical threshold (green dashed line) is the point past 550 

which a regime shift is inevitable and is often predicated by increased variance/decreased 551 

temporal stability in the system. Interventions before the critical threshold are thought to be more 552 

likely to be successful (dark blue star), while interventions after the critical threshold are thought 553 

to be more radical to have a chance of success (light blue star). However, more empirical 554 

research is needed in microbial systems to understand multi-state dynamics and their potential 555 

generalities.   556 

  557 

Figure 2. A framework for microbiome rescue to recover critical functions after 558 

disturbance. Disturbances can lead to the mortality of sensitive populations. Demographic, 559 

functional, and adaptive rescues rely on ecological selection. Evolutionary rescue relies on 560 

diversification (gain of new genetic material) that offers an advantage given the disturbance but 561 

has no functional cost. Microbial shapes that share the same color and shape represent 562 

individuals from the same populations. Microbial shapes with filled color and solid lines 563 

represent active individuals, and shapes with no fill and dashed lines represent sensitive/dead 564 

individuals.   565 

  566 

Figure 3. Microbial dormancy transitions can be stochastic (blue arrows) or deterministic 567 

(black arrows). For both inactivation and reactivation, microbes can (a) respond to 568 
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environmental changes (orange lightning bolt symbol) or (b) change to the other activity state 569 

stochastically. For reactivation, there is also the potential for receiving cues from scout cells (c, 570 

cue indicated by the triangles), in which some members of the dormant pool reactivate 571 

stochastically (c-1) but, if finding a favorable environment, produce a released signal to reactive 572 

kin cells (c-2) and initiate collective reactivation (c-3). Deterministic cues for reactivation may 573 

be targets for managing microbiome resilience rescue; deterministic cues for inactivation also 574 

may promote population persistence during a disturbance. However, dormancy strategies and 575 

their drivers are unknown or not well understood for most environmental microbial taxa.  576 

  577 

Figure A (Box 1). Understanding disturbance selectivity can inform rescue strategies and 578 

their likelihood of success. In this diagram, different microbial populations are represented by 579 

different shapes and colors. Filled shapes and solid lines represent active members, and unfilled 580 

shapes with dashed lines are members sensitive to the disturbance and deceased. Disturbances 581 

that act indiscriminately on a microbiome can cause mass mortality (A) of all populations, 582 

leading to their local extinction. In heterogeneous environments or with disturbances of moderate 583 

intensity, partial mortality (B) can occur, in which most populations suffer some loss of 584 

members to the disturbance but retain other viable members locally. Finally, selective mortality 585 

(C ) results when disturbances remove or severely reduce the membership of a subset of sensitive 586 

populations while at the same time leaving viable resistant populations. Examples of potential 587 

recovery outcomes of the microbiome are presented for each rescue type in Figure 2.  588 

 589 

 590 

Annotated references (alphabetical) 591 
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Coyte et al. 2022 bioRXiv investigated the eco-evolutionary outcomes of mercury resistance 592 

gene transfer using theoretical and experimental approaches and related these transmissions to 593 

the stability of the community as an average, as well as to recipient and donor populations. Thus, 594 

this work has implications for understanding different population responses to mechanisms that 595 

support resilience and rescue within disturbances that cause selective or partial mortality.     596 

 597 

Díaz et al. 2021 provide one of the few comprehensive studies of success in the discovery and 598 

application of a crop-beneficial bacterial bioinoculant. Here, a wheat-associated pseudomonad 599 

strain is identified in culture, genomically and functionally characterized, tested in the 600 

laboratory, and finally brought to field trials to demonstrate yield-promoting traits. 601 

 602 

Fugère et al. 2020 have applied evolutionary concepts of population rescue, focused on the 603 

adaptive and evolutionary mechanisms that can rescue collective taxa within a phytoplankton 604 

community via an initial low-dose exposure of glyphosate prior to a more intense exposure. This 605 

work examines how communities in “deteriorating” conditions may survive via rescue and 606 

considers the average fitness of populations as the community fitness, which was manifested as 607 

total biomass.   608 

 609 

Graham et al. 2020 have reinforced conceptual frameworks from ecology that have been applied 610 

to microbiome resilience, focusing on understanding the various disturbance characteristics that 611 

drive microbiome outcomes.  612 

 613 
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Mueller et al. 2019 introduced the concept of microbial rescue to benefit host physiology or 614 

behavior, provided a primer on population rescue from ecology and evolutionary biology, and 615 

recommended to readers unfamiliar with the concept of rescue.  616 

 617 

Palmer and Foster, 2022 assertively discuss that competitive interactions, and not cooperative 618 

ones, are the most common microbial engagements; this work and contradicting references cited 619 

therein (see also Kehe et al. 2021) provide a helpful foray into the hot debate of the nature and 620 

contribution of microbial biotic interactions for community outcomes and thus has baring for 621 

directing resilience via rescue.  622 

 623 

Philippot et al. 2022 discussed the implications of compounded disturbances for microbiome 624 

resilience with an excellent and ample overview of key disturbance ecology terminology and 625 

concepts, including the multiple usages of the term resilience (see section therein: “Resilience: a 626 

fuzzy concept”).   627 

 628 

Sorensen and Shade 2020 performed a mesocosm experiment in which temperate soils were 629 

exposed to high, durable heat before returning to ambient temperatures. The experiment included 630 

a treatment that excluded microbial dispersal and allowed for assessing the contributions of both 631 

dispersal and reactivation to post-disturbance assembly.   632 
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