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Abstract. Microorganisms in the atmosphere comprise a small fraction of the Earth’ microbiome. A significant portion of this
aeromicrobiome consists of bacteria that typically remain airborne for a few days before being deposited. Unlike bacteria in
other spheres (e.g., litho-, hydro-, phyllo-, cryospheres), atmospheric bacteria are aerosolized, residing in individual particles
and separated from each other. In the atmosphere, bacteria encounter chemical and physical conditions that affect their stress
levels and survival. This article goes beyond previous overviews by placing these conditions in the context of fundamental
chemical and microphysical concepts related to atmospheric aerosols. We provide ranges of water amounts surrounding bac-
terial cells both inside and outside clouds and suggest that the small volumes of individual cloud droplets lead to nutrient and
oxidant limitations. This may result in greater nutrient limitation but lower oxidative stress in clouds than previously thought.
Various chemical and microphysical factors may enhance or reduce microbial stress (e.g., oxidative, osmotic, UV-induced),
affecting the functioning and survival of atmospheric bacteria. We illustrate that these factors could impact stress levels under
polluted conditions, indicating that conclusions about the role of pollutants in directly causing changes to microbial abundance
can be erroneous. The perspectives presented here aim to motivate future experimental and modeling studies to disentangle the
complex interplay of chemical and microphysical factors with the atmospheric microbiome. Such studies will help to compre-
hensively characterize the role of the atmosphere in modifying the Earth’ microbiome, which regulates the stability of global

ecosystems and biodiversity.

1 Introduction

Microorganisms are the most abundant organisms on Earth and comprise about 15% of the total biological mass (Bar-On et al.,
2018). This "unseen majority’ of life (Whitman et al., 1998) is an essential actor of ecosystem functioning, biogeochemical
nutrient cycling, soil formation, and decomposition processes, and crucial for preserving the health of the planet (Cardinale
et al., 2012). Diversity within microbial communities usually leads to higher resilience towards environmental disturbances,

such as pollution, climate change, and may beneficial to more robust and healthy systems (Robinson and Breed, 2023).
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A significant portion of Earth’s microbiome consists of bacteria; Figure 1 provides an overview of the bacteria concentrations
and abundance in major aquatic and terrestrial ’spheres’ of the Earth. The highest (average) bacteria cell concentrations are
found in soil (10" cells m™). The concentrations that are lower by several orders of magnitude in vegetation (phyllosphere),
water (hydrosphere) and ice (cryosphere). The surfaces of these spheres are connected by the atmosphere that harbors signifi-
cantly smaller cell concentrations, both related to air volume ( 10* cells m) and in absolute numbers (10 cells), which

comprise an apparently negligible fraction (< 10" %) of the total Earth microbiome (> 10 cells).
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Figure 1. Schematic of bacteria cell concentrations in the spheres of the Earth. References: soil (prokaryotes) (Whitman et al., 1998), vege-
tation (Lindow and Brandl, 2003), assuming leaf volume-area ratio of 500 cm 3m 2 (Poorter et al., 2009), surface waters (prokaryotes):
(Whitman et al., 1998), sea ice (Boetius et al., 2015), atmosphere (Burrows et al., 2009b); the values in the orange box at the bottom are from

Whitman et al. (1998), emissions to the atmosphere from Burrows et al. (2009a), atmospheric cell number from Santl-Temkiv et al. (2022).

In comparison to the microbially more densely populated spheres, the atmospheric microbiome (’aeromicrobiome’) is rela-
tively poorly characterized. In the past, the main focus on studies of airborne microorganisms addressed their role as pathogens
(Pasteur, 1861). The rapid air movements and emission/deposition cycles in the highly dynamic atmosphere lead to efficient
transport and displacement of microorganisms. While close to the ground, the atmospheric microbial diversity resembles that
of the underlying surface (’footprint’), air masses mix at higher altitudes resulting in complex mixtures of microbial popula-
tions. Microbes follow major air movements along *microbial highways’. However, the exact patterns of such aerobiological
trajectories cannot be resolved to date since samples are relatively sparse (Smith et al., 2018). A fundamental difference in the
atmosphere - as opposed to microbial environments in other Earth’ parts - is the fact that microorganisms are aerosolized, i.e.,
they are surrounded by a finite hydration shell limiting their access to nutrients and water. Aerosol particles are continuously

exposed to light, trace gases, oxidants and other chemical pollutants, which leads to unique conditions that rapidly change
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and may expose the microorganisms to different levels of stress on a variety of spatial and temporal scales. These particular
conditions, that greatly differ from those in the (more) homogeneous aquatic and terrestrial environments, are usually not taken
into account in atmospheric microbiological studies.

The present article fills this gap by providing a new perspective on temporal and spatial scales of atmospheric chemical and
microphysical factors and processes that may affect the atmospheric microbiome. In Section 2, we discuss various microscale
(physico)chemical aerosol properties relevant for the atmospheric bacterial environments. (All underlying fundamental equa-
tions and parameters are summarized in the supplemental information.) Each subsection is introduced by a question we neither
attempt nor intend to comprehensively answer; instead, these questions are posed to motivate future studies to explore factors
that potentially control microbial stress, survival and diversity in the atmosphere. Section 3 places the preceding considerations
into the context of atmospheric scenarios, specifying various environmental factors and their potential role for microbial stress
under polluted and/or cloudy conditions. In the concluding Section 4, we give recommendations for future studies to advance
our understanding of the atmosphere in shaping the microbiome. We point out the need of interdisciplinary efforts merging

atmospheric (aerosol) sciences, microbial ecology and aerobiology.

2 Atmospheric bacteria: temporal and spatial scales
2.1 Aerosolized bacteria: does social distancing between cells matter for their functioning?

The formation of agglomerates and/or biofilms in aquatic and terrestrial habitats provides multiple advantages to bacteria in
terms of protection and collective resources. Such social traits enable microbes to adapt to diverse environments, optimize
resource utilization, and enhance their survival and reproductive success. Bacteria in the atmosphere are detached from such
community structures as they can only be airborne upon aerosolization. Bacteria-containing particles contain a single - or at
most a few - bacteria cell(s). The presence of more than a single cell in a particle leads to a larger particle. However, the
resulting total particle surface area might not scale proportionally with the number of cells since the particle shape and total
volume might be mostly determined by the hydration shell. In addition to gravitational settling, other particle properties and
processes affect the atmospheric residence time, including horizontal transport and the ability to act as cloud condensation
or ice nuclei. Burrows et al. (2009a) demonstrated that bacteria acting as cloud condensation nuclei (CCN) are generally
deposited faster and, thus, have a global atmospheric residence time that is approximately half as long as bacteria not activated
into droplets. Therefore, the distances that CCN- and/or IN-active bacteria travel in the atmosphere are generally comparably
short.

Atmospheric concentrations of bacteria cells are typically in the range of 0.001 - 0.1 cells cmai?, (Burrows et al., 2009a;
Després et al., 2012) with typical sizes on the order of 100 nm - 1 m (Sattler et al., 2001; Poschl and Shiraiwa, 2015). The
total atmospheric number concentration of aerosol particles of such sizes (*fine particles’) ranges from 10* - 103 particles cm,;>
(Seinfeld and Pandis, 2006). The comparison of these numbers reveals that bacteria comprise 1% of all atmospheric aerosol

particles. A cloud droplet forms by water vapor condensation on an individual particle, i.e., on a cloud condensation nucleus
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Figure 2. Schematic illustration of the distance between bacteria cells vs aerosol particles and cloud droplets ( cen, p, dr) for typical
atmospheric concentrations (N [crn’3]); the distance [cm] corresponds to N 1=3 (for calculation and wider ranges, cf Section S1.2 in the

supplemental information).

to conclude that only 1 out of 10000 cloud droplets contains a bacteria cell. Zhang et al. (2021) showed that such low CCN
number concentrations likely have a negligible effect on the formation and properties of warm clouds. However, in the same
study, it was pointed out that information on the hygroscopic properties of bacteria is essential as it determines the volume of
the aquatic environment that is important for microbial growth, survival, and functioning (Section 2.2).

The low bacteria concentrations in the atmosphere imply that bacteria cells are separated by considerable distances. Figure 2
shows schematically the average distance between cells ( ¢ey) for typical atmospheric bacteria cell concentrations (0.001 cm™
< Neent < 0.1 cm™) (Section S1.2 in the supplemental information). The schematic shows that bacteria can be expected to be
separated on average by several centimeters (2.2 - 10 cm), whereas other aerosol particles or cloud droplets are apart by sev-
eral millimeters ( p, gr). This social distancing of bacteria impairs the collective traits and functions that bacteria can benefit
in other environments (Ross and Whiteley, 2020). In addition to such mutualistic behavior, bacteria also exhibit antagonistic
interactions in communities, i.e., benefiting from cell separation (Russel et al., 2017; Peterson et al., 2020). Such antagonis-
tic effects include the competition for limited resources, in particular among metabolically similar species as encountered in
the atmosphere. The functioning and survival of bacterial communities is usually due to a balance between mutualism and
antagonism. However, the specific conditions facilitating such balance in different ecosystems may shift under atmospheric
conditions, and therefore influencing bacterial metabolism and survival. Reduced antagonism in the atmosphere due to the
physical separation of cells through aerosolization, may partly explain the sustained activity and survival of atmospheric bac-
teria despite the overall harsh environmental conditions.

The role of such substantial distances between cells in the atmosphere has not been explored yet as lab experiments are
usually performed on bulk samples. For example, Vaitilingom et al. (2010, 2011) derived biodegradation rates in cloud water
samples (100 mL) that combined billions of droplets containing 10,000s of cells. Such bulk experiments are convenient and
often the only way to monitor signals above the detection limit, but they do not reflect the same conditions that microorganisms

experience in dispersed cloud droplets (Sections 2.3 and 2.4.2). In addition, the chemical microstructure in individual droplets






