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Abstract 16 

Soils harbor Earth's largest reservoir of microbial diversity, yet enormous numbers of 17 
microorganisms are continuously aerosolized, transported through the atmosphere, and 18 
redeposited across landscapes. Despite this pervasive exchange, soil and atmospheric 19 
microbiology have largely developed as separate disciplines. Here, we propose a conceptual 20 
framework that views soils and the atmosphere as a coupled microbiome linked by bidirectional 21 
microbial fluxes. We argue that the atmosphere is not merely a passive transport medium but a 22 
selective habitat that filters microbial communities during dispersal, while deposition and 23 
subsequent establishment further shape microbial assembly on the ground. This air–soil 24 
connectivity operates across local to intercontinental scales, linking microbial metacommunities 25 
and influencing biodiversity, ecosystem resilience, nutrient cycling, plant-microbiome assembly, 26 
pathogen dissemination, and climate feedback. Framing these interactions within a One Health 27 
perspective highlights their relevance for ecosystem management, agriculture, restoration, 28 
biosecurity, and public health. We identify key research priorities, including quantifying global 29 
microbial fluxes, determining colonization success, resolving the functional consequences of 30 
atmospheric dispersal, and integrating microbial transport into coupled Earth-system models. 31 
Recognizing the atmosphere and soils as an interconnected microbiome provides a new 32 
framework for understanding microbial biogeography and predicting ecosystem responses under 33 
accelerating global environmental change. 34 

 35 

1. Introduction 36 

The soil is a terrestrial ecosystem that contains a great diversity of microorganisms that constitute 37 
the soil microbiome. This microbiome allows essential ecosystem functions to take place such as 38 
N capture, C cycle, etc.… (Sokol et al., 2022). But the microorganisms of the edaphic microbiome 39 
are not static inside the soil, since they can be dispersed through the terrestrial ecosystem through 40 
other organisms, such as plants or soil fauna, and by aquatic ecosystems through water currents 41 
and dispersion by animals. Likewise, they can also reach the atmospheric ecosystem through 42 
aerosolization. 43 
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  44 
The atmosphere is a hostile ecosystem characterized by the scarcity of nutrients, the high 45 
exposure to UV light, desiccation, oxidation, and high temperature fluctuations. However, despite 46 
these hostile conditions, it also presents a diverse microbiome that, unlike that of other 47 
ecosystems, can be transported long distances, sometimes transoceanic, until it reaches a new 48 
ecosystem (Amato et al., 2023; Mayol et al., 2014, Kellogg and Griffin, 2006). Therefore, the 49 
atmospheric microbiome can act as a good connector of geographically separated ecosystems, 50 
also facilitating the exchange of microorganisms between terrestrial and aquatic environments. 51 
  52 
Until now, the atmospheric microbiome has been analyzed as a separate microbiome from the 53 
rest, without taking into account that it comes from the microbiomes of the other ecosystems and 54 
that it then becomes part of them again when it is deposited. Therefore, we want to claim the 55 
connectivity that the atmospheric ecosystem exerts with the rest of ecosystems such as the soil. 56 
These microbiomes have traditionally been studied as independent compartments, yet they may 57 
be better understood as components of a connected soil-atmosphere microbiome continuum, in 58 
which microorganisms are not, by nature, unlimited, since selective filters exist during 59 
aerosolization, atmospheric transport itself and during microbial establishment after its deposition 60 
in the receiving ecosystem. But the interactions of these coupled microbiomes have a great 61 
influence on biodiversity, ecosystem functioning, and environmental health across scales (Figure 62 
1). 63 
 64 
 65 

66 
Figure 1: The soil-atmosphere microbiome continuum: connecting ecosystems across spatial scales. 67 
Microorganisms can be aerosolized from source ecosystems, enter the atmospheric microbiome, be transported at 68 
different scales and be deposited into recipient ecosystems where only a fraction may establish. In connectivity, there 69 
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are three main filters during aerosolization, atmospheric transport and deposition. Environmental disturbances can 70 
modify aerosolization and atmospheric connectivity. (Figure created at https://BioRender.com). 71 
 72 

2. The bidirectional air–soil microbiome connection 73 

2.1 Aerosolization: how soil microbes enter the atmosphere 74 

Soil contains millions of microorganisms that can be aerosolized into the atmosphere. Those 75 
located in the uppermost soil layers are more likely to become aerosolized and reach the planetary 76 
boundary layer (PBL), the atmospheric layer closest to the surface (Morales-Baquero and Pérez-77 
Martínez, 2016). Consequently, the PBL is expected to harbor a more dynamic and spatially 78 
heterogeneous atmospheric microbiome because it is the atmospheric layer closest to the Earth's 79 
surface and is directly influenced by surface forcings, such as frictional drag, evaporation, 80 
transpiration, or heat transfer (Sánchez-Parra et al., 2021). These interactions drive changes in 81 
atmospheric and surface conditions, including temperature, humidity, turbulence, and soil 82 
moisture, over relatively short timescales and across spatial scales. In addition, the productivity 83 
and type of terrestrial ecosystem underlying the PBL can influence the abundance and 84 
composition of microorganisms available for aerosolization. High-productivity ecosystems may 85 
provide a greater potential source of bioaerosols, while different land-cover types, such as forests, 86 
agricultural areas, wetlands, and coastal environments, can generate distinct bioaerosol profiles. 87 
Consequently, both temporal variation in surface conditions and spatial variation in ecosystem 88 
characteristics can alter the availability and aerosolization of resident microorganisms, 89 
contributing to variation in the composition and dynamics of the PBL microbiome (Stull, 1988; 90 
Emeis, 2013; Šantl-Temkiv et al., 2022). 91 
 92 
Regarding the aerosolization process, various natural mechanisms come into play, such as the 93 
wind erosion which can entrain particles from the ground into the atmosphere (Acosta-Martínez 94 
et al., 2015), or raindrop splash, where a falling drop causes microorganisms in the immediate 95 
vicinity to disperse into the air (Joung et al., 2017; Bourouiba, 2021). Volcanic eruptions also serve 96 
as a natural mechanism that releases substantial quantities of microorganisms into the 97 
atmosphere (Griffin, 2021), often aerosolizing microorganisms from deeper soil layers than would 98 
otherwise occur. Furthermore, the atmospheric layers receiving microorganisms from volcanic 99 
eruptions are exposed to a highly specific microbiome, one resistant to the abiotic conditions 100 
characteristic of volcanoes and their surroundings, such as high temperatures and elevated sulfur 101 
content. 102 
  103 
There are also anthropogenic mechanisms, such as agricultural tillage, harvesting, and other 104 
land-use activities, that can aerosolize microorganisms into the atmosphere. Agricultural and 105 
urban activities can substantially influence airborne biological loads and contribute to seasonal 106 
variation in the aerobiome (Lighthart, 1984; Poirier et al., 2026). The timing and environmental 107 
conditions under which these activities occur may further influence the quantity and composition 108 
of aerosolized microorganisms. For example, harvesting under dry soil conditions may promote 109 
the mechanical aerosolization of soil-associated microorganisms, whereas wetter conditions can 110 
alter particle mobilization and microbial release through different aerosolization mechanisms 111 
(Joung et al., 2017). 112 
  113 
However, aerosolization also depends on the microorganisms themselves, specifically, their size 114 
(Deutscher Wetterdienst [DWD], n.d.), shape, and whether they possess structures that facilitate 115 
aerosolization. It also depends on whether the aerosolization process occurs passively or via 116 
active spore dispersal (Trail, 2007). Furthermore, their ability to withstand stressors such as 117 
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desiccation and UV radiation is significant, as is the development of protective structures or 118 
resistance mechanisms, such as sporulation or pigmentation (Tastassa et al., 2024). 119 

Although microbial aerosolization may appear largely stochastic, it is influenced by the physical 120 
and biological characteristics of microorganisms, which determine their ability to become airborne 121 
and persist in the atmosphere. Microorganisms are more likely to be aerosolised and remain 122 
airborne when they possess traits that enhance their resistance to atmospheric stress. In 123 
particular, smaller microorganisms may remain suspended in the atmosphere for longer periods 124 
than larger ones (Tesson et al., 2016), while those capable of tolerating or developing defence 125 
mechanisms against environmental stress may have a greater likelihood of atmospheric 126 
persistence. Once released into the air, microorganisms enter an environment that differs 127 
markedly from their original habitat, such as soil, exposing them to a range of physical and 128 
chemical stressors. 129 

Taken together, these processes indicate that environmental filtering begins before 130 
microorganisms become airborne, shaping the community that enters the atmosphere. Once 131 
airborne, microorganisms are then exposed to the distinct conditions of the atmosphere, which 132 
may further influence their persistence and fate. 133 

 134 

2.2 The atmosphere as a microbial habitat 135 

Microorganisms can be transported through the atmosphere over short or long distances 136 
(Fröhlich-Nowoisky et al., 2016) with long-range transport being facilitated when microorganisms 137 
are entrained into the free troposphere (Šantl-Temkiv et al., 2022). During the atmospheric 138 
transport, they encounter various stressors capable of causing damage, such as UV radiation, 139 
photooxidants, and atmospheric pollutants. They are also subjected to oxidative stress and drastic 140 
temperature changes, typically involving a drop in temperature as they ascend to the upper layers 141 
of the troposphere. In the lower troposphere, temperature also influences the short-range 142 
transport and suspension time of bioparticles by affecting their volatility. Studies have identified 143 
diurnal cycles for certain bacteria in this context: in the morning, as the sun rises and the air 144 
warms, bacteria are more likely to become aerosolized; conversely, at sunset, as near-ground 145 
temperatures drop, the bacteria settle back onto the surface (Gusareva et al., 2019). Other limiting 146 
factors include desiccation, water scarcity, and, more generally, nutrient limitation. All this 147 
demonstrates that the atmosphere is not merely a transport belt, but rather a hostile ecosystem 148 
where aerosolized bioparticles are affected. 149 
 150 
However, some microorganisms have developed forms of resistance, such as spores, that allow 151 
them to withstand adverse conditions during transport. Other forms of resistance involve particle 152 
aggregation, either with members of the same taxon, which enhances the survival of those within 153 
the "aggregate" (Wadsworth et al., 2019), or with other particles such as cloud droplets or 154 
pollutants that act as vectors, enabling them to travel greater distances (Archer and Pointing, 155 
2020). In this context, differences also arise depending on the nature of the particle acting as the 156 
vector. For example, combustion particulates may be less efficient vectors than mineral particles 157 
from desert dust and soil because they co-aerosolize with lower number of microorganisms and 158 
they are associated with toxic combustion products (Šantl-Temkiv et al., 2022). 159 

Some airborne microorganisms keep metabolically active and can repair UV-induced DNA 160 
damage through mechanisms such as photoreactivation, potentially increasing their survival 161 
during atmospheric transport (Peccia & Hernandez, 2001). Others, however, can metabolize 162 
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carbon particles soluble in water droplets. Ervens and Amato (2020) described the activity of 163 
some bacteria metabolically active in the aqueous phase of clouds and on the surface or bulk 164 
phase of particles. They utilize small organic compounds leading to a decrease in Water-Soluble 165 
Organic Carbon mass within cloud droplets as bacteria convert these substrates into new organic 166 
products, biochemical energy, and CO2 (“respiration”). In addition, these bacteria contribute to the 167 
net production of biological mass in the atmosphere, since that continuing with their growth and 168 
division cycles, they generate more mass that is called secondary biological aerosols. 169 
Microorganisms can also influence cloud microphysics, as some of them can act as cloud 170 
condensation nuclei or ice-nucleating particles, thereby potentially affecting cloud formation and 171 
precipitation (Bauer et al., 2003; Morris et al., 2004; Fröhlich-Nowoisky et al., 2016). 172 

Taken together, these processes suggest that the atmosphere is not simply a medium for 173 
microbial transport, but a selective habitat in which environmental filtering may favor 174 
microorganisms with traits that enhance their persistence under atmospheric stress (Park & 175 
Fowler, 2026). Moreover, the physicochemical conditions experienced by airborne 176 
microorganisms may vary substantially among particles and atmospheric conditions, potentially 177 
influencing their survival and activity (Ervens et al., 2025). Microorganisms that remain viable in 178 
the atmosphere may therefore retain the potential to influence biogeochemical processes, 179 
including carbon cycling, while their role as ice-nucleating particles can influence the hydrological 180 
cycle (Šantl-Temkiv et al., 2022; Tang et al., 2022). 181 

 182 

2.3 Deposition and colonization 183 

As previously mentioned, microorganisms can influence various biogeochemical processes while 184 
being transported through the atmosphere. However, they also exert an influence upon deposition 185 
onto the surface. For instance, bioaerosols have been shown to constitute a flux of bioavailable 186 
phosphorus (P) in marine ecosystems, serving as a potential source of nutrients (Violaki et al., 187 
2021). Therefore, and upon deposition, they alter the recipient ecosystem by changing its 188 
microbiological load as well as the levels of various chemical and molecular constituents. 189 
Furthermore, due to their pathogenic properties, they can also affect the health of organisms 190 
within that ecosystem, including humans, plants, animals, and other microorganisms. 191 
 192 
There are two main deposition pathways: dry and wet deposition (Després et al., 2012). Dry 193 
deposition occurs in the absence of precipitation through processes such as gravitational settling, 194 
turbulent transport, impaction, and interception, whereas wet deposition occurs when airborne 195 
microorganisms are incorporated into cloud droplets or ice crystals through in-cloud scavenging 196 
and subsequently removed from the atmosphere by precipitation, including rain and snow. Wet 197 
deposition can also occur through below-cloud scavenging, in which falling precipitation captures 198 
airborne microorganisms as it passes through the atmosphere.  199 
 200 
Fog can also facilitate the deposition of airborne microorganisms by providing liquid water droplets 201 
that may, for instance, be intercepted by vegetation and subsequently transferred to the 202 
underlying soil through processes such as throughfall and stemflow (Katata, 2014). Recent 203 
evidence has shown that fog can harbor viable microorganisms and thus represent an additional 204 
pathway for their transfer from the atmosphere to terrestrial ecosystems (Godoi et al., 2026). 205 
Furthermore, higher concentrations of cultivable bacterial and fungal bioaerosols have been 206 
observed on foggy days compared to non-foggy days, with a shift toward larger particle size 207 
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fractions; this suggests that fog can modify both the abundance and the physical characteristics 208 
of airborne microorganisms (Vishwakarma et al., 2024). 209 
 210 

Atmospheric transport therefore does not end with microbial deposition. Rather, deposition marks 211 
the beginning of a second ecological filtering process that ultimately determines whether airborne 212 
microorganisms become transient visitors or persistent members of soil microbial communities. 213 
The different deposition pathways continuously replenish terrestrial ecosystems with 214 
microorganisms originating from both nearby and distant sources, thereby linking local 215 
communities to regional and global microbial metacommunities (Barberán et al., 2014; Šantl-216 
Temkiv et al., 2022). 217 

However, successful arrival is fundamentally different from successful establishment, with the 218 
location of landing being a deterministic factor (Tastassa et al., 2024). Similar to the ecological 219 
filters that shape plant and animal communities, deposited microorganisms must overcome a 220 
series of abiotic and biotic barriers before they can persist and contribute to ecosystem 221 
functioning. Abiotic filters include environmental compatibility, particularly soil moisture, 222 
temperature, nutrient availability, pH, and other physicochemical conditions that determine 223 
whether immigrants can survive after deposition. At the same time, resident microbial 224 
communities impose strong biotic filters through competition for resources, niche occupancy, 225 
antagonistic interactions, predation, and priority effects. Disturbance events, such as tillage, fire, 226 
flooding, or drought, may temporarily weaken these biotic barriers by creating vacant niches and 227 
reducing competitive exclusion, thereby increasing opportunities for colonization. 228 

We propose the concept of airborne microbial immigration pressure as an atmospheric analogue 229 
to propagule pressure in invasion ecology. Whereas propagule pressure describes the number, 230 
frequency, and diversity of arriving organisms that influence invasion success, airborne microbial 231 
immigration pressure integrates the abundance, diversity, viability, and temporal continuity of 232 
microorganisms deposited from the atmosphere. Colonization success is expected to increase 233 
with repeated deposition events and greater taxonomic and functional diversity of immigrants, 234 
particularly when environmental conditions favor establishment or resident communities have 235 
been disturbed. Conversely, strong ecological filtering by intact resident microbiomes may prevent 236 
establishment despite continuous microbial deposition. 237 

This framework shifts the perspective from microbial transport alone to microbial recruitment. 238 
Atmospheric deposition should therefore not be viewed merely as a passive redistribution of 239 
microorganisms but as a dynamic colonization process governed by the interaction between 240 
immigration pressure and ecological filtering. Quantifying these processes will be essential for 241 
predicting how atmospheric dispersal contributes to soil microbiome assembly, ecosystem 242 
resilience after disturbance, biological invasions, and the responses of terrestrial ecosystems to 243 
global environmental change. 244 

 245 

3. Connectivity across spatial scales 246 

3.1 Local connectivity 247 

As discussed in the previous section, the deposition of microorganisms can modify the microbial 248 
load of the receiving ecosystem. Microorganisms can be transported over local, regional, and 249 
global scales, contributing to connectivity among ecosystems when they are deposited far from 250 
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their point of aerosolization (Kellogg and Griffin, 2006). At local and regional scales, transport may 251 
range from a few centimetres to several kilometres, depending on atmospheric conditions and 252 
the characteristics of the microorganisms involved. In most cases, soil airborne microorganisms 253 
are transported relatively short distances, resulting in frequent microbial exchange between the 254 
soil, circundant vegetation, and the atmosphere. For example, within forested environments, the 255 
canopy can act not only as a reservoir and filter of airborne microorganisms but also as a source 256 
from which microorganisms are subsequently re-aerosolized (Lymperopoulou, 2016; Winfrey et 257 
al., 2026). Such processes may facilitate microbial exchange between different compartments of 258 
the same ecosystem and between adjacent ecosystems. 259 
 260 
At longer spatial scales, atmospheric transport can connect neighbouring agricultural fields, 261 
distinct ecosystems such as forests and grasslands, and natural, agricultural, and urban 262 
environments. As mentioned above, wind-driven transport, raindrop splash, and the resuspension 263 
of dust can all contribute to this connectivity. In particular, desert soils represent important sources 264 
and potential recipients of microorganisms (Schiro et al., 2022). During dust events, the 265 
aerosolization and atmospheric transport of mineral dust can therefore act as an efficient vector 266 
for the dispersal of microorganisms over hundreds to thousands of kilometres, linking 267 
geographically distant ecosystems (Navarro et al., 2024). 268 
 269 

3.2 Long-distance connectivity ("teleconnections") 270 

Atmospheric transport connects microbial communities across continents, oceans, and climatic 271 
zones, creating teleconnections that link ecosystems separated by thousands of kilometers. 272 
Unlike local dispersal, microorganisms entrained into the free troposphere can remain airborne 273 
for days to weeks before being deposited far from their source (Casamayor et al., 2023; Smith et 274 
al., 2012). Well-known examples include the transport of Saharan dust to Europe and the 275 
Americas, Asian dust plumes across the Pacific, transoceanic microbial dispersal, and wildfire 276 
smoke carrying microorganisms over continental scales. These events demonstrate that the 277 
atmosphere functions as a global dispersal network, continuously redistributing microorganisms 278 
across the Earth's surface. 279 

Such long-distance dispersal has important implications for microbial biogeography. Atmospheric 280 
transport may connect otherwise isolated microbial metacommunities, facilitating gene flow, 281 
recolonization after disturbance, and the redistribution of functional traits across ecosystems 282 
(Reche et al., 2018). At the same time, these teleconnections can disseminate plant pathogens, 283 
human pathogens, antimicrobial resistance genes, and invasive microorganisms across political 284 
and biogeographic boundaries (Hadland et al., 2026; Polymenakou et al., 2008). The atmosphere 285 
therefore represents an often-overlooked mechanism linking local community assembly to global 286 
biodiversity patterns. 287 

Future research should move beyond documenting long-distance dispersal events towards 288 
understanding their ecological significance. Key questions include how frequently atmospheric 289 
transport results in successful establishment, how teleconnections influence microbial evolution 290 
and ecosystem functioning, and how changing atmospheric circulation, dust storms, wildfires, and 291 
extreme weather events under global change will reshape patterns of microbial connectivity. 292 
Integrating atmospheric transport into metacommunity theory and Earth-system ecology offers a 293 
promising framework for predicting microbial biogeography in an increasingly connected 294 
biosphere. 295 

 296 
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4. Ecosystem consequences 297 

4.1 Biodiversity 298 

Atmospheric microbial dispersal continuously links soil communities at local and global scales, 299 
thereby increasing ecological connectivity across landscapes and continents. This bidirectional 300 
exchange (soil-to-atmosphere and atmosphere-to-soil) may maintain regional microbial diversity, 301 
and reduce the isolation of local communities by connecting microbial metacommunities. 302 
Furthermore, the atmosphere promotes recolonization following disturbance, acting as a reservoir 303 
of potential colonizers that can contribute to ecosystem resilience after disturbances such as 304 
droughts, fires, floods, or land-use changes (Malard and Pearce, 2022). At the same time, 305 
ecological filtering determines whether incoming microorganisms successfully establish 306 
themselves, implying that the deposition of aerosolized microorganisms does not necessarily 307 
translate into increased local diversity (Echenique-Subiabre et al., 2025). The interaction between 308 
immigration pressure and environmental filtering therefore represents a fundamental mechanism 309 
governing microbial community assembly across space and time. 310 

4.2 Ecosystem functions and services 311 

Whether atmospheric dispersal influences ecosystem functioning ultimately depends on the 312 
successful establishment and activity of deposited microorganisms (Reche et al., 2018). Airborne 313 
microbial exchange has the potential to alter decomposition, nutrient cycling, biological nitrogen 314 
fixation, methane cycling, carbon sequestration, and numerous other ecosystem processes by 315 
introducing new functional traits into resident communities. However, the functional 316 
consequences of microbial immigration remain poorly understood in microbial ecology (Walters 317 
et al., 2022). Most current studies quantify taxonomic changes following dispersal, whereas 318 
considerably less is known about whether newly arriving microorganisms contribute to ecosystem 319 
processes or simply remain transient members of the community. Resolving this distinction 320 
represents a major research frontier for understanding how atmospheric connectivity influences 321 
ecosystem functioning. 322 

4.3 Plant microbiomes 323 

The atmosphere provides a continuous source of microorganisms colonizing aboveground plant 324 
organs, including leaves, flowers, fruits, and stems (Xu et al., 2022), from where they may 325 
subsequently influence rhizosphere and root microbiome assembly. Atmospheric deposition 326 
therefore represents an important, yet often overlooked, pathway contributing to plant microbiome 327 
assembly alongside soil, seed, and insect vectors (Maignien et al., 2014). The composition of 328 
these airborne inocula may influence plant growth, nutrient acquisition, disease susceptibility, and 329 
tolerance to abiotic stress. In addition, pollen grains constitute another significant component of 330 
biological deposition, as they have species-specific microbiomes (Ambika Manirajan et al., 2016). 331 
Consequently, the deposition of pollen grains can simultaneously contribute to plant dispersal, 332 
the transport of microorganisms, and the input of organic matter into terrestrial ecosystems, as 333 
they can serve as a source of nutrition for the soil and other terrestrial organisms. 334 

Considering the atmosphere as a microbial dispersal corridor therefore expands current concepts 335 
of plant microbiome assembly by explicitly incorporating regional and long-distance microbial 336 
connectivity. 337 

4.4 Climate feedbacks 338 



9 

The relationship between atmospheric microbial dispersal and climate is fundamentally 339 
bidirectional. On the one hand, climatic conditions - including drought, strong winds, dust storms, 340 
wildfires, varying precipitation patterns, and atmospheric circulation - strongly regulate microbial 341 
aerosolization, atmospheric transport, and deposition (Tastassa et al., 2024). On the other hand, 342 
airborne microorganisms may actively influence atmospheric processes by acting as cloud 343 
condensation nuclei and ice-nucleating particles, thereby affecting cloud formation, precipitation, 344 
and potentially the climate itself (Fröhlich-Nowoisky et al., 2016; Burrows et al., 2022). Future 345 
climate change is expected to modify both sides of this feedback loop by altering the magnitude, 346 
frequency, and geographic extent of microbial transport while simultaneously changing the 347 
atmospheric conditions that determine microbial survival and dispersal (Casamayor et al.,2023). 348 
Understanding these reciprocal interactions is therefore essential for integrating microbial ecology 349 
into Earth-system science. 350 

4.5 Ecosystem disservices 351 
Atmospheric microbial connectivity is not universally beneficial. The same dispersal pathways 352 
that promote recolonization and ecosystem resilience may also facilitate the long-distance spread 353 
of harmful microorganisms and genes with important ecological, agricultural, and public-health 354 
consequences. Airborne dispersal contributes to the redistribution of plant and animal pathogens, 355 
potentially accelerating disease outbreaks in natural and agricultural ecosystems, while human 356 
pathogens transported through the atmosphere may influence exposure risks, particularly during 357 
dust storms, wildfires, and other extreme weather events (Kobziar et al., 2022; Kellog and Griffin, 358 
2006). In addition, the atmosphere serves as a vector for pollen and microbially derived allergenic 359 
components, affecting air quality and respiratory health (Grewling et al., 2023; Jiménez-Uribe et 360 
al., 2026), and may facilitate the global dissemination of antibiotic resistance genes, raising 361 
concerns about their environmental spread, since antimicrobial resistance is projected to become 362 
an increasingly major global health burden by 2050 (GBD 2021 Antimicrobial Resistance 363 
Collaborators, 2024). Finally, toxin-producing microorganisms, including certain cyanobacteria 364 
and fungi, may be transported across large distances, introducing potentially harmful metabolites 365 
into new environments. 366 

Climate change and increasing anthropogenic disturbance are likely to amplify many of these 367 
risks by increasing the frequency and intensity of wildfires, land degradation, and other processes 368 
capable of altering, relative to current conditions, the composition of aerosolized microbial 369 
communities and their patterns of long-distance transport. Atmospheric microbial connectivity 370 
should therefore be viewed as both an ecosystem service and an ecosystem disservice, 371 
depending on the identity, functional traits, and ecological roles of the organisms being dispersed. 372 
Recognizing this duality naturally links atmospheric microbial ecology with the One Health 373 
concept (see below), emphasizing that the health of soils, plants, animals, humans, and the 374 
atmosphere is intrinsically connected through the continuous movement of microorganisms 375 
across the biosphere. 376 

 377 

5. One Health perspective 378 

The continuous exchange of microorganisms between soils and the atmosphere provides a 379 
natural framework for extending the One Health concept to include atmospheric microbial 380 
connectivity (van Bruggen et al., 2019). Traditionally, One Health recognizes that the health of 381 
humans, animals, plants, and ecosystems is intrinsically interconnected (OHHLEP, 2022). More 382 
recently, the Food and Agriculture Organization of the United Nations (FAO, 2026) has highlighted 383 
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that microbiomes are present across diverse organisms and ecosystems, including the air. 384 
Because of that, we argue that the atmosphere should be viewed as an integral component of 385 
this framework because it continuously transports microorganisms, genes, and functional traits 386 
among these compartments, thereby linking ecological and public-health processes across local 387 
to global scales (Fröhlich-Nowoisky et al., 2016; Šantl-Temkiv et al., 2022). 388 

Atmospheric microbial transport influences all components of the One Health continuum. Soil 389 
microorganisms colonize plant surfaces and contribute to plant microbiome assembly, affecting 390 
crop productivity, disease resistance, and resilience to environmental stress (Trivedi et al., 2020; 391 
Spooren et al., 2024). Conversely, atmospheric dispersal also facilitates the spread of plant 392 
pathogens, livestock pathogens, human pathogens, microbially allergenic derived components, 393 
toxin-producing microorganisms, and antibiotic resistance genes, thereby connecting ecosystem 394 
health with agricultural sustainability and human well-being. Air quality, microbial exposure in 395 
urban environments, and the atmospheric dissemination of antibiotic resistances further illustrate 396 
that microbial movement through the atmosphere has consequences extending far beyond 397 
ecosystem boundaries (Flies et al., 2020; Franchitti et al., 2022; Kormos et al., 2022). 398 

Viewing soils and the atmosphere as a coupled microbiome therefore shifts One Health from a 399 
collection of connected compartments to a dynamic network linked by continuous microbial fluxes. 400 
This perspective suggests that sustainable land management, restoration, biosecurity, 401 
atmospheric pathogen surveillance, and biodiversity conservation should be considered as 402 
complementary strategies for maintaining healthy microbial exchange across the Earth system. 403 
Recognizing atmospheric microbial connectivity as a fundamental component of One Health 404 
opens new opportunities for integrating microbial ecology, atmospheric science, agriculture, 405 
epidemiology, and Earth-system research into a common predictive framework. 406 

 407 

6. Implications for ecosystem management 408 

Recognizing soils and the atmosphere as a coupled microbiome has important implications for 409 
ecosystem management. Land management not only modifies resident microbial communities 410 
but also influences the emission, transport, and deposition of microorganisms, thereby shaping 411 
microbial connectivity across landscapes. Sustainable management should therefore consider 412 
both local microbiome composition and the broader atmospheric processes that connect 413 
ecosystems (Eisenhauer et al., 2024). 414 

In agricultural systems, practices such as reduced tillage, cover cropping, windbreaks, and soil 415 
moisture conservation may simultaneously reduce unnecessary aerosolization while maintaining 416 
beneficial microbial exchange (Gao, 2026). Restoration projects may benefit from considering 417 
atmospheric microbial recolonization as a complementary mechanism to local inoculation, 418 
particularly following large-scale disturbances. In urban environments, green infrastructure and 419 
dust management could promote healthier aerobiomes while reducing exposure to harmful 420 
microorganisms (Robinson et al., 2020; Matthews et al., 2024. Finally, integrating atmospheric 421 
surveillance with trajectory modelling may improve early warning systems for plant pathogens, 422 
invasive microorganisms, and antimicrobial resistance, strengthening biosecurity under a 423 
changing climate (Brodsky et al., 2023). Together, these examples illustrate that atmospheric 424 
microbial connectivity should become an integral component of ecosystem management, 425 
restoration planning, and environmental policy. 426 

 427 
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7. Future research frontiers 428 

Despite rapid progress in atmospheric and soil microbiology, our understanding of air–soil 429 
microbiome connectivity remains in its infancy. We propose seven research frontiers that should 430 
guide the next generation of studies and establish a predictive framework for microbial 431 
connectivity across the Earth system and outline emerging opportunities in air–soil microbiome 432 
research (Box 1). 433 

Frontier 1: Move from taxonomy to function 434 

Most studies have focused on identifying which microorganisms are aerosolized, transported, and 435 
deposited. However, the ecological consequences of atmospheric dispersal depend primarily on 436 
the functional traits and capacities being transported rather than on taxonomic identities alone 437 
(Echenique-Subiabre et al., 2025). Future research should therefore integrate metagenomics, 438 
metatranscriptomics, metabolomics, and trait-based approaches to determine which metabolic 439 
pathways, ecological interactions, and ecosystem functions are redistributed through atmospheric 440 
transport. There are already a number of computational tools available today that enable the 441 
prediction of metagenomic functions from gene sequences, such as PICRUSt2 (Douglas et al., 442 
2020), but these are primarily designed for human microbiomes. Further studies are needed in 443 
the fields of ecology and environmental sampling, because of that, moving from descriptive 444 
inventories towards functional ecology will be essential for understanding how microbial dispersal 445 
influences ecosystem functioning. 446 

Frontier 2: Quantify global microbial fluxes 447 

Although billions of microorganisms are exchanged between soils and the atmosphere every day, 448 
their global magnitude remains almost completely unknown. Similar to carbon or nitrogen 449 
budgets, microbial ecology now requires analyzing microbial flux budgets that quantify the 450 
movement of microbial cells, biomass, as well as genes and functional traits among ecosystems 451 
(Louca, 2022; Choudoir and deAngelis, 2022). Such budgets would enable direct comparisons 452 
among ecosystems and provide the quantitative foundation for incorporating microbial dispersal 453 
into Earth-system models. To this end, it is also important to understand which types of terrestrial 454 
sources contribute microorganisms to the atmosphere, as different microbial groups may differ in 455 
their aerosolisation efficiency. For example, the aerosolisation of bacteria may not occur to the 456 
same extent as that of fungi (He et al., 2019), potentially affecting the overall number and 457 
composition of microorganisms emitted into the atmosphere. 458 

Frontier 3: Determine colonization success 459 

Transport does not necessarily result in establishment (Custer et al., 2022). Future research must 460 
therefore distinguish among the sequential processes of arrival, survival, establishment, growth, 461 
and functional integration of deposited microorganisms. Quantifying microbial immigration 462 
pressure together with ecological filtering will allow predictions of when atmospheric dispersal 463 
merely redistributes microorganisms and when it fundamentally alters resident microbiomes and 464 
ecosystem functioning. 465 

Frontier 4: Integrate atmospheric science and microbial ecology 466 

Atmospheric and microbial sciences have usually developed independently despite studying two 467 
tightly connected components of the same Earth system. Bridging these disciplines more 468 
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consistently will require combining atmospheric transport models, meteorological observations, 469 
remote sensing, microbial ecology, and Earth-system modelling into unified predictive 470 
frameworks. Such interdisciplinary approaches will substantially improve predictions of microbial 471 
dispersal pathways and their ecological consequences under future environmental change. 472 

Frontier 5: Evolution during atmospheric transport 473 

The atmosphere is commonly viewed as a transport corridor, yet it may also act as an evolutionary 474 
filter (Amato et al., 2023). Strong selection imposed by ultraviolet radiation, desiccation, oxidative 475 
stress, temperature fluctuations, and nutrient limitation may favor specific microbial traits (Park 476 
and Fowler, 2026), while prolonged transport may influence mutation rates, dormancy, and 477 
horizontal gene transfer. Understanding whether atmospheric transport simply redistributes 478 
microbial diversity or actively shapes microbial evolution represents an exciting frontier in 479 
aerobiology. 480 

Frontier 6: Predictive Earth–microbiome connectivity 481 

The field should move towards predicting the origin, transport, establishment, and ecological 482 
consequences of microbial dispersal across the globe. Achieving this goal will require integrating 483 
microbial traits, atmospheric circulation, environmental filtering, ecological interactions, and 484 
climate projections into coupled Earth-system models. Such predictive frameworks could forecast 485 
microbial connectivity under future climates, identify emerging biosecurity risks, improve 486 
restoration planning, and reveal how atmospheric microbial exchange contributes to the resilience 487 
of terrestrial ecosystems. More broadly, recognizing the atmosphere as the circulatory system of 488 
the terrestrial microbiome has the potential to transform our understanding of microbial 489 
biogeography and establish atmospheric connectivity as a fundamental process governing 490 
biodiversity and ecosystem functioning under global environmental change. 491 

Frontier 7: Earth-microbiome connectivity and extreme events 492 

Ultimately, when studying the Earth-microbiome connectivity, it is also important to consider how 493 
climate change and increasing environmental disturbances will reshape atmospheric microbial 494 
connectivity. Prolonged droughts have such significant consequences for vegetation and soil that 495 
the resulting changes can influence the aerosolisation of microorganisms and, consequently, 496 
which microbiome is transported and ultimately deposited in the recipient ecosystem (Qi et al., 497 
2023). Similarly, wildfires represent a major source of particulate emissions, including the 498 
microorganisms. Owing to the nature of these emissions, they are capable of reaching high layers 499 
of the atmosphere and travelling long distances, thereby connecting geographically distant 500 
ecosystems (Kozbiar et al., 2022). Analysing connectivity between terrestrial and atmospheric 501 
microbiomes during and immediately after extreme events such as those described above will 502 
help us better understand how disturbances reshape microbial communities and how these 503 
changes may influence recipient ecosystems and their functioning. 504 

 505 

______________________________________________________________________ 506 
 507 
Box 1: Emerging opportunities in air–soil microbiome research 508 
 509 
Earth microbiome 510 
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Viewing the atmosphere as the circulatory system of the terrestrial microbiome provides a unifying 511 
framework that links soils, vegetation, oceans, and the atmosphere into one interconnected Earth 512 
microbiome. 513 
 514 
Wildfire microbiomes 515 
Wildfires likely redistribute unique microbial communities over continental scales, yet their 516 
ecological consequences remain almost completely unexplored. 517 
 518 
Resistome transport 519 
Atmospheric transport may become an important pathway for the global dissemination of 520 
antimicrobial resistance genes, linking ecosystem processes with public health. 521 
 522 
Airborne viromes 523 
Viruses, including bacteriophages and plant viruses, are probably transported alongside bacteria 524 
and fungi, but their ecological roles remain almost unknown. 525 
 526 
Microbial dark matter 527 
Most airborne microorganisms remain uncultured and functionally uncharacterized, suggesting 528 
that atmospheric transport redistributes an enormous hidden component of Earth's biodiversity. 529 
 530 
Trait-based aerobiology 531 
Future studies should go beyond purely taxonomic assessment and identify the traits determining 532 
aerosolization, atmospheric persistence, deposition, colonization, and ecosystem impacts. 533 
 534 
Machine learning 535 
Combining atmospheric trajectory models with machine learning may allow forecasts of microbial 536 
dispersal, pathogen outbreaks, and ecosystem connectivity under future climates. 537 
 538 

 539 
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