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ABSTRACT Many microbes disperse through the air, yet the phenotypic traits that 
enhance or constrain aerial dispersal or allow successful colonization of new habitats 
are poorly understood. We used a metabarcoding bacterial and eukaryotic data set to 
explore the trait structures of the aquatic, terrestrial, and airborne microbial communities 
near the Salton Sea, California, as well as those colonizing a series of experimental 
aquatic mesocosms. We assigned taxonomic identities to amplicon sequence variants 
(ASVs) and matched them to functional trait values through published papers and 
databases that infer phenotypic and/or metabolic traits information from taxonomy. 
We asked what traits distinguish successful microbial dispersers and/or colonizers 
from terrestrial and aquatic source communities. Our study found broad differences 
in taxonomic and trait composition between dispersers and colonizers compared to 
the source soil and water communities. Dispersers were characterized by larger cell 
diameters, colony formation, and fermentation abilities, while colonizers tended to 
be phototrophs that form mucilage and have siliceous coverings. Shorter population 
doubling times, spore-, and/or cyst-forming organisms were more abundant among the 
dispersers and colonizers than the sources. These results show that the capacity for aerial 
dispersal and colonization varies among microbial functional groups and taxa and is 
related to traits that affect other functions like resource acquisition, predator avoidance, 
and reproduction. The ability to disperse and colonize new habitats may therefore 
distinguish microbial guilds based on tradeoffs among alternate ecological strategies.

IMPORTANCE Microbes have long been thought to disperse rapidly across biogeo­
graphic barriers; however, whether dispersal or colonization vary among taxa or groups 
or is related to cellular traits remains unknown. We use a novel approach to understand 
how microorganisms disperse and establish themselves in different environments by 
looking at their traits (physiology, morphology, life history, and behavior characteristics). 
By collecting samples from habitats including water, soil, and the air and colonizing 
experimental tanks, we found dispersal and invasion vary among microorganisms. Some 
taxa and functional groups are found more often in the air or colonizing aquatic 
environments, while others that are commonly found in the soil or water rarely disperse 
or invade new habitat. Interestingly, the traits that help microorganisms survive and 
thrive also play a role in their ability to disperse and colonize. These findings have 
significant implications for understanding microorganisms’ success and adaptation to 
new environments.

KEYWORDS aerosols, airborne, community assembly, trait tradeoff

“E verything is everywhere, but, the environment selects” is a tenet of microbiology 
proposed by Baas-Becking in 1934 (1) that implies that dispersal places minimal 

constraints on the biogeography and diversity of microbes. The cosmopolitan distribu­
tions of many taxa, with the same organisms found across comparable environments 
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anywhere on Earth, further supports the idea that microbes disperse widely and often 
(2). Microbes can disperse distance up to 2,000 km in the troposphere (3). Despite 
this high capacity for dispersal, many of the biogeographical patterns that apply to 
animals and plants such as the distance decay (4, 5), latitudinal diversity gradient (6), 
and the species-area relationship (7) have also been observed in microbial communi­
ties. However, these relationships are environment and scale dependent and may be 
quantitatively or qualitatively different from those shown by macro-organisms (8, 9).

For higher organisms such as plants and metazoans, several traits that affect dispersal 
have been identified, including seed characteristics of plants and body size for animals 
(10, 11). However, the traits that control rates of movements among microbial taxa 
are unknown. The aerial microbial communities are diverse and distinct in taxonomic 
composition from other environments, suggesting that some groups are more prone to 
airborne dispersal than others (12, 13). The presence of dormant stages, cell motility, 
size, or other features may influence the ability of microbes to become airborne, survive 
during dispersal, move among environments, and colonize new habitats (14). Whether 
dispersal ability is associated with other biochemical, morphological, life history, trophic 
strategies, or ecological traits remains unknown.

Tools have been developed to quantify and infer microbial traits based on the 
prediction of functional traits from taxonomic assignment of 16S and 18S rRNA gene 
sequences (15). These trait assignments offer an effective characterization of functional 
community profiling based on the most commonly used genomic regions for taxonomy. 
Microbial trait databases inferred from taxonomy have proven useful in the under­
standing of community assembly and functional structure in previous studies (15), for 
example, in bacteria inhabiting soil (16, 17), leaf decomposers (18), archaeal and bacterial 
communities from marine, fresh waters, sediments, host-associated and thermal habitats 
(19–21), marine mixotrophs (22), coastal protists (23), and human guts (24) among 
others.

We studied the taxonomic and trait composition of eukaryotic and bacterial 
communities from a data set that originated from an industrial algal production facility 
for monitoring purposes. The study was designed to detect the spread of cultivated 
algae in natural environments and the colonization of production ponds by wild taxa. 
The sampling area is in the Imperial Valley (California, USA) near the Salton Sea and 
included 1,054 samples collected over a period of 3 years. We analyzed this data set to 
test the hypothesis that trait distributions distinguish the aerially dispersing and aquatic 
colonizer communities from the terrestrial and aquatic sources and to ask if microbial 
taxa or functional traits vary in dispersal or colonization abilities.

We sampled microbes from (i) natural aquatic and (ii) terrestrial source environments, 
as well as (iii) aerosol samples capturing the transfer phase of dispersal, and (iv) 
experimental aquatic mesocosms filled with phytoplankton growth media capturing the 
colonization phase of aquatic organisms. Dispersal and colonization represent distinct 
phases of movement among habitats (25), and different traits may affect the ability of 
microorganisms to move through the atmosphere vs colonize new habitat. The presence 
of a microbe in the air indicates its potential for dispersal as airborne microorganisms 
may be in transit between habitats but may not become successfully established. We 
compared community and trait composition based on 16S and 18S rRNA gene sequen­
ces from the microbial communities present in these four sample types. We assigned 
taxonomic identities to ASVs and then matched these ASVs to trait values through 
an extensive search of published papers and reference trait databases focusing on 
phenotypic and metabolic traits. For 20,994 bacterial ASVs, we categorized 23 pheno­
typic and 92 metabolic traits using Madin et al. (21) and FAPROTAX (19), respectively. 
For eukaryotic ASVs following the approach of Ramond et al. (23), we categorized 10 
phenotypic traits for 3,129 ASVs using HELCOM (26) and PHYLOPARS (27) databases 
together with specialized papers in the primary literature. If taxa or functional traits of 
bacterial or eukaryotic microbes vary in dispersal or colonization capacity in our data 
set, we expected to find differences in the frequency of different taxa or traits between 
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the source, dispersing, and colonizing communities. Traits that occurred more often 
among dispersers or colonizers are hypothesized to favor movement and/or invasion. 
By contrast, traits that are common among the sources but rare in the dispersers and 
colonizers may inhibit aerial spread or rapid invasion of new aquatic habitats.

MATERIALS AND METHODS

Sampling sites and data collection

The data set from this study was collected to monitor the escape of cultivated algae 
inside and outside its industrial production facility owned by Viridos, Inc. (GPS coordi­
nates 33.199520, –115.559237; Imperial Valley, California, USA); this included the use of 
air traps, colonizing tanks, and the collection of soil and water samples in the surround­
ing areas (Fig. 1). In total, 1,054 samples were collected between 2018 and 2020, and 
we characterized the four microbial communities originated from the four main studied 
environments: aquatic and terrestrial source environments, aerial dispersers, and tank 
colonizers. To characterize the aquatic and terrestrial source environments, we collected 
samples from water bodies (Fig. 1a and c; n = 275) and surrounding soil (Fig. 1d; n = 86) in 
and around the Salton Sea, California, including Salton Sea Beach, Morton Bay, marshes, 
rivers, and artificial ponds. We collected samples monthly from 11 specified sites from 
February 2018 through December 2020 on foot along the shoreline. An additional 21 

FIG 1 Geographic location and characterization of sampling sites. (a) General overview of the geographic location, circles represent detailed spatial location of 

samples collected from the Salton Sea. Sampling dates are indicated by color: white = 15 January 2019 (n = 6), orange = 30 January 2019 (n = 2), pink = 17 May 

2019 (n = 11), red = 27 June 2019 (n = 1), and purple = 10 July 2019 (n = 1). Inset (red rectangle) in (a) shows the location of the sampling area in (b) where 

(c) Environmental water samples in light blue circles and (d) Soil samples in brown circles were collected at each environment. Inset (blue rectangle) in (b) shows 

the sampling area inside Viridos facility in (e) where aerosol (in orange) and open colonizing tanks (in green) samples were collected. Open colonizing tanks were 

located in concentric rings 100 m, 200 m, 365 m, and 550 m apart. Geographic maps in (a–d) were obtained from Google Maps and (e) was obtained from Google 

Earth Pro.
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samples were collected opportunistically from various locations on the Salton Sea itself 
when the opportunity for sampling by boat arose (Fig. 1a). Soil samples were collected 
from the surface in sterile sampling tubes. The water and soil samples represented the 
microbial source communities in the background microbial assemblage of the study 
area.

For colonizing tanks and aerial dispersers community sample collection, we placed 
open experimental tanks (Fig. 1e; in green n = 615) and aerosol traps (Fig. 1e; in 
yellow n = 78) at the main sampling site (Fig. 1b and e), and samples were collected 
in several phases corresponding to monitoring operations. Phase 1 spanned from 21 
June 2019 through 26 July 2019 and contained 70 experimental tank samples and nine 
aerosol samples. Phase 2 spanned 10 September 2019 through 29 November 2019 and 
contained 304 experimental tank samples and 45 aerosol samples. Phase 3 spanned 21 
July 2020 through 22 December 2020 and contained 241 experimental tank samples 
and 24 aerosol samples. Tanks were cleaned and re-started with fresh medium between 
phases. The open experimental tanks (14 tanks in 2019 and 10 tanks in 2020) were 
distributed throughout the 32.4-hectare site and filled with an artificial seawater medium 
10× f/2 (28) for photoautotrophic algae. The open aquatic tanks were ~400L and 0.75 m2 

surface area, allowing us to detect cells of taxa that dispersed and colonized to produce 
detectable DNA. The aerial dispersers were collected from aerosol traps surrounding 
the experimental tanks using four Bobcat samplers (Innovaprep, Drexel, MO) to capture 
microbes dispersed in the air.

DNA extraction, sequencing, and preprocessing

After collection, all samples were stored on ice and processed within 24 hours. Micro­
bial biomass from water samples were collected by vacuum filtration onto a 0.22 µm 
polyethersulfone membrane filter (Pall Corporation, Port Washington, NY). Depending 
on sample type and the amount of sediment and biomass concentration, we filtered 
50–300 mL of sample to obtain sufficient biomass for subsequent analysis. Filters with 
collected biomass were stored in sterile tubes containing milling material at −20°C 
prior to genomic DNA (gDNA) extraction. We extracted DNA using the DNeasy Power­
Water Kit following the manufacturer’s protocol (Qiagen, Germantown, MD). The DNA 
was quantified by Qubit dsDNA HS kit (Invitrogen, Waltham, MA) and normalized to a 
concentration of 7.0 ng/µL in nuclease-free water.

Biomass from aerosol samples was eluted off of collection filters according to the 
manufacturer’s recommendation using their 0.075% Tween20/Tris solution (Innovaprep, 
Drexel, MO) and immediately processed for DNA extraction. Soil samples were stored at 
−20°C prior to DNA extraction with PowerSoil Kit following the manufacturer’s protocol 
(Qiagen, Germantown, MD).

Normalized gDNA samples were amplified by PCR using indexed primers Uni_1046_F 
(5′ – WGGTGBTGCATGGYYGT – 3′) and Uni_1390_R (5′ – GACGGGCGGTGTGTACAA – 3′) 
which target conserved regions of both 16S and 18S SSU rRNA as described by Becker et 
al. (29). The resulting amplicons were pooled, and gel column purified (Macherey Nagel, 
Allentown, PA) prior to sequencing. Sequencing was conducted with an Illumina MiSeq 
employing 2 × 250 bp paired-end sequencing (Illumina, San Diego, CA) at Viridos, Inc.

We processed the sequencing data set using FASTQC (v0.11.7) (30) to verify data 
quality and the R package dada2 (v1.8) (31) to denoise the reads, assign counts, and 
classify taxonomy to ASVs. The database used to assign taxonomy was compiled by 
pulling all available sequences from Phytoref (32), PR2 (33), Silva-Mitochondria (34), and 
the RDP training set (35). ASVs were assigned through seven taxonomic levels ranging 
from domain to species when possible. We obtained 27,885 ASVs from the raw data set, 
accounting for 34,129,495 total sequences. We discarded singletons, doubletons, and any 
ASV with less than five counts to reduce sequencing errors. We retained 20,994 ASVs in 
the bacterial data set after excluding archaea, chloroplasts, mitochondria, and unclassi­
fied bacteria. For bacteria, samples were rarefied based on 5 k sequences per sample; this 
threshold was selected based on a tradeoff between number of sequences per sample 
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vs sample size. For eukaryotes, we retained 3,129 ASVs that represented 4,624,675 
sequences for the subsequent analysis after removing fungi, metazoan, macroalgae, 
plant, and unclassified eukaryotes ASVs. No rarefaction was applied to the eukaryotic 
data set, since this procedure risked losing all the aerosol and soil samples, which often 
contained low sequence numbers. We analyzed relative abundances to account for the 
uneven sequencing depth among sample types.

Because the aerosol traps and colonization tanks were located at a facility for 
production of natural products (biofuel) from algae, we excluded the two eukaryotic taxa 
under cultivation from our trait analysis. These occurred in the aerial and colonization 
tank samples and are likely over-represented due to the proximity of large culture ponds 
containing dense cultures. The taxa observed in the aerosol and tank samples therefore 
originated from source populations not in cultivation at the production site. However, 
excluding the two eukaryotic taxa from our analyses does not exclude the possibility that 
algal production ponds could be a source of other microbial populations that invaded 
aerial and colonizing tanks as well.

Trait-based approach and functional characterization

Since bacterial and eukaryote trait databases are not unified and their classification of 
traits and modalities differ, they were analyzed separately. We assigned traits to bacterial 
and eukaryotic ASVs using the following approaches (Fig. S1).

Bacterial trait assignments

From the rarefied bacterial ASV table, two databases were used to annotate the bacterial 
traits, and each database was treated separately (Fig. S1a). The phenotypic trait database 
constructed by Madin et al. (21) included 14 phenotypic traits (e.g., cell diameter, 
doubling times, and sporulation), five quantitative genomic traits (e.g., genome size 
and GC content), and four environmental characteristics (e.g., isolation source, optimum 
pH, and optimum temperature for growth). Our bacterial ASV data set was assigned to 
phenotypic traits following the code specified by Madin et al. (21).

The second database used was the functional annotation of metabolic traits for 
prokaryotic taxa FAPROTAX (19). This database included metabolic traits related to 
the ability to carry out different chemical transformations such as nitrate respiration, 
methanogenesis, or fermentation among over 80 other functions. Bacterial ASVs were 
assigned to FAPROTAX functions following the instructions provided by creators (19).

Eukaryote trait assignments

Eukaryotic ASV traits were annotated based on their taxonomy (Fig. S1a) following the 
approach of Ramond et al. (23). We searched for biological descriptions for a total of 
3,129 ASVs and annotated them with a modality for each trait. Trait information was 
obtained from literature sources, ranging from online databases such as HELCOM (26) 
and PHYLOPARS (27) to specialized papers in the primary literature. The eukaryote ASVs 
were assigned to:

• Morphology traits—(i) cell size: from pico (<2 µm), nano (2–20 µm), micro (20–200 
µm), and macro (200–2000 µm) (36, 37). For the cell size classification, we used 
the median obtained from the maximum and minimum size range. This means 
that for spherical cells, we used the median cell diameter, while for cylinders, 
ellipses, or cones, we used the largest median value (obtained from either of 
the dimensions such as length, height, or width). (ii) Cell shape: nine different 
shapes including regular forms like sphere or cone to variable such as ameboid. 
(iii) Cell cover: organic, calcareous, siliceous, and naked (23); (iv) colony forming 
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organisms: yes/no. (v) cilia presence: yes/no; (vi) flagella presence: yes/no; (vii) 
motility: attached, floater, gliding, and swimmer (23).

• Physiological traits—mucilage-forming organisms: yes/no.
• Trophic strategy traits—autotrophy, heterotrophy, and mixotrophy.
• Life cycle traits—based on the ability to form any resting stage such as spore or 

cyst, yes/no (see Fig. S2 for details).

The assignment of a trait to an ASV depended on how well it is described in the 
database or literature search and the resolution of a particular taxonomic group. For 
example, any ASVs identified as a Bacillaryophyta (diatom) were identified as having a 
siliceous cover regardless of the information on a higher level of resolution. Traits that 
varied within an ASV were identified as “low taxonomic resolution” if no assignment 
could be made with confidence at the relevant taxonomic level or if insufficient or 
ambiguous information was obtained.

The coverage of traits assigned to ASVs and percentage of sequences they represen­
ted in our data set (by counts) is shown in Fig. S2. The majority of ASVs were successfully 
assigned to a trait, and 9 out of 10 traits were assigned >50% of ASVs and abundance 
in sequence counts, with top assignments for cover, trophic strategy, cilia, and flagella. 
A very low percentage of assignments was obtained for mucilage both in terms of ASV 
numbers (<25%) and counts (<40%). A table compiling information on 10 binary or 
categorical phenotypic traits described in the literature and available in online databases 
was created.

Once we constructed our bacterial and eukaryote trait data sets, the sum of all the 
counts associated to each trait modality was calculated in each sample (Fig. S1b). That 
is, the total count of reads of all taxa assigned to a trait modality were summed for 
each individual sample. The relative abundance of each trait modality in the sample 
was obtained from the total number of counts per sample and the associated counts 
to that modality. Finally, the relative abundance of a trait modality in each sample was 
plotted, and differences among sample types were subsequently analyzed by analysis 
of variance (ANOVA). For the Madin database, the output of the traits database is 
obtained in abundance weighted-averages. Therefore, trait abundances are expressed 
as an abundance-weighted average from all the counts belonging to each sample, 
accounting for the trait value multiplied by its relative abundance coming from our initial 
input data set.

Statistical analysis

If certain microbial traits confer advantages to overcome physical barriers for dispersal 
and/or establish in new habitats, we expect to see significant differences in taxonomic 
and/or trait structure among the aquatic and terrestrial source environments, aerial 
dispersers, and tank colonizers. Differences in alpha diversity (i.e., Shannon diversity) 
and the abundance of traits (average values) among environments were analyzed 
using two-way ANOVA with trait and community as independent variables, followed 
by multiple comparisons using Tukey’s honest significant difference (HSD) post-hoc 
test. To summarize and visualize dissimilarity in taxonomic and trait composition, we 
used a principal coordinate analysis (PCoA) based on ASV-relative abundances. We used 
the Bray-Curtis dissimilarities (R package vegan) (38) as the input matrix for the PCoA. 
To test for significant differences in trait and taxonomic composition among the four 
communities, we used a permutational multivariate analysis of variance (PERMANOVA) 
with the Bray-Curtis dissimilarity matrices (function “adonis” in vegan). The R2 statistic 
obtained from the PERMANOVA gives the effect size or amount of variation explained 
by sample type. The pseudo-F ratio (here depicted as F) compares the dissimilarities 
among sample type; larger F-values indicate more pronounced sample type separa­
tion, while lower F-values will indicate high overlap. A heatmap was used to illustrate 
FAPROTAX results. Data were transformed to relative abundance based on the read depth 
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per sample (5,000). Relative abundance averages were calculated by each FAPROTAX 
function category and environmental source using the dplyr package (39). Differences 
in the mean frequency of traits (average values) among different environments were 
analyzed using ANOVA and Tukey’s HSD post-hoc test (R package agricolae) (40). All 
analyzes were done in R (41).

RESULTS

Core community analysis

To characterize the alpha diversity of microbial communities from the different 
environments, we first focused on the total number of ASVs shared among habitats 
or unique to sample types. Few ASVs were shared among all communities (n = 402), 
and most were unique to only one environment (>2,000 per environment; Fig. 2a). 
Source environments contained more ASVs than the dispersal and colonizing communi­
ties. Shannon diversity for bacterial communities was highest in the terrestrial source 
community, while the tank colonizers were the least diverse (Fig. 2b; ANOVA, Tukey’s 
HSD, P < 0.002). For the eukaryotes, the aquatic source was more diverse than the rest of 
the environments (Fig. 2c; ANOVA, Tukey’s HSD P < 0.001).

Taxonomic versus functional trait composition

We identified the most abundant taxonomic groups at the phylum/supergroup level 
among the aquatic and terrestrial source environments, aerial dispersers, and tank 
colonizers (Fig. 3 and 4). Only groups with >10% relative abundance in any of the 
community types were shown. Proteobacteria was the most abundant phylum in the 
aquatic source bacterial communities (~40% relative abundance; Fig. 3a). Actinobacteria, 
Bacteroidetes, and Proteobacteria were among the most common phyla detected in 
the terrestrial source (~30% relative abundance each). Actinobacteria (>30% relative 
abundance) and Firmicutes (>50% relative abundance) were predominant in the aerial 
dispersers, while Cyanobacteria and Proteobacteria were co-dominant (each >35% 
relative abundance) in the tank colonizers communities.

At the ASV level, the PCoA (Fig. 3b) showed strong distinction among the four 
bacterial communities (PERMANOVA, F = 64.9, P < 0,001). The overlap between the aerial 
dispersers and terrestrial sources indicates that these two groups were more similar to 
each other than the other communities. Variovorax sp. (Fig. 3b, represented by letter 
(F) in PCoA) and Candidatus Pelagibacter (I) were the dominant ASVs in the aquatic 
source. Aerial dispersers were dominated by Corynebacterium sp. (D), Kocuria sp. (G), and 
Salinicoccus sp. (E). Among the tank colonizers, cyanobacterial ASVs (A and B) were most 
abundant and identified as members of Synechococcus and Cyanobacterium genera.

The PCoA based on bacterial phenotypic traits (Fig. 3c) showed distinctions among 
the four communities but more overlap (PERMANOVA, F = 50.7, P < 0,001) than in 
the taxonomic classification (Fig. 3b, F = 64.9). The first axis (explaining 70.3% of total 
variance) separated aquatic vs terrestrial-aerial communities. Large cell diameter, salt 
tolerant, and rod-shaped bacteria were abundant in the terrestrial and aerial commun­
ities. The FAPROTAX-based PCoA (Fig. 3d), containing traits related to metabolic and 
other ecological functions, also showed a clear separation among the four communities 
(PERMANOVA, F = 80.1, P < 0,001). This analysis revealed that the dominant func­
tional traits in colonizers included phototrophy, photoheterotrophy, and cyanobacterial 
oxygenic photoautotrophy. Aerobic chemoheterotrophy and hydrocarbon degradation 
were mostly prevalent in the terrestrial source, and fermentation was abundant among 
the aerial dispersers (Fig. S3).

Additionally, the FAPROTAX heatmap analysis (Fig. S3) revealed that another 10 
functions were abundant and significantly different among the four communities; for 
instance, carbon and nitrogen cycling functions, such as cellulolysis, methanol oxida­
tion, methylotrophy, nitrate reduction, nitrate respiration, and nitrogen respiration, were 
abundant among the aquatic sources. Aromatic compound degradation was highly 
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abundant among terrestrial sources. Manganese oxidation, related to metal homeostasis 
functions, and animal parasites/symbionts were prominent among the dispersers (Fig. 
S3).

Among the eukaryotic communities (Fig. 4a), Bacillaryophyta (diatoms) were 
dominant in both the aquatic source and the tank colonizers (>30% and >45% relative 
abundance, respectively). Colpodea and Spirotrichea ciliates were most common in the 
terrestrial source (>15% compared to ≤7.5% relative abundance). Diatoms were most 
abundant among the aerial dispersers (~30% relative abundance); however, many other 
taxonomic groups, such as green algae and apicomplexans, were also detected in higher 
relative abundances (>15%) than the other three environments (Fig. 4a).

At the ASV level (Fig. 4b), the PCoA poorly separated the different eukaryotic 
communities (PERMANOVA, F = 40.1, P < 0,001) and the first two axes of the PCoA 
explained only 23.5% of the total variance. The dispersion of datapoints observed in the 
PCoA ordination for the colonizer communities revealed greater taxonomic variation 
than the other three communities. The diatoms Amphora and Cymbellaceae (each 
represented by two different ASVs) were dominant among the colonizers.

The PCoA based on eukaryotic traits (Fig. 4c) showed significant separation (PERMA­
NOVA; P = 0.001) but high overlap among communities (F = 40). The dominant traits 
among the colonizers were autotrophy and siliceous cover, whereas heterotrophy and 
naked cells were among the common traits present in the terrestrial source (Fig. 4c).

Univariate analysis of the trait distributions among communities

To characterize trait distributions among the different communities, we performed 
a univariate analysis of the relative abundances (abundance-weighted averages for 
bacteria) by an ANOVA (Fig. 5).

Among the bacterial aerial dispersers and colonizers, cell lengths were significantly 
lower than terrestrial sources but higher than aquatic sources (Fig. 5a). The highest 
average cell diameters and sporulation were found in the aerial dispersers. Doubling 
times were significantly lower for both aerial dispersers and colonizers compared to the 
source environments (Fig. 5a).

FIG 2 Analysis of the richness and diversity of each environment type. (a) Venn diagram of shared 

and unique ASV numbers among samples. Shannon diversity of bacterial (b) and eukaryotic ASVs (c) by 

environment, respectively. Letters A, B, and C in (b) and (c) denote statistically significant differences 

(ANOVA; Tukey’s HSD Test P < 0.05) in Shannon’s diversity values among the compared environments.
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For eukaryotes (Fig. 5b), colony forming organisms were significantly more abun­
dant among the aerial dispersers compared to both aquatic communities (source 
and colonizers). Organic-covered eukaryotes were most abundant among the aerial 
dispersers and occurred significantly more often than the terrestrial sources. Organisms 
with resting stages were highly abundant among the eukaryotic colonizers and aerial 
dispersers (Fig. 5b). Autotrophy was more abundant in aquatic communities compared 
to aerial dispersers and terrestrial sources, with the lowest relative abundances in the 
latter. No significant differences were found for abundances of flagellated cells, pico 
(<2 µm) or nano (2–20 µm) size eukaryotes (Fig. S4), but micro-size eukaryotes (20–200 
µm) were abundant in the sources. Macro-size and mixotrophs were most abundant in 
the aquatic source. Terrestrial sources showed significantly higher relative abundances 
of naked, ciliated, swimmer, gliding, and heterotrophic eukaryotes (Fig. S4). Siliceous 
covered, mucilage forming, and floaters were most abundant among the tank colonizers 
(Fig. S4). Shape differences among communities were also commonly observed (Fig. S5). 
Spherical and cylindrical eukaryotes were significantly more abundant in tank colonizers.

FIG 3 Bacterial community characterization by environment type. (a) Radar plots of most abundant taxonomic groups. Groups further from the center 

have higher relative abundances. Only taxonomic groups above 10% relative abundance are shown. Bacterial PCoA based on (b) taxonomic composition at 

the ASV level. (c) Madin et al. (21) phenotypic trait database and (d) FAPROTAX functional trait database. Arrows length for cell length in (c) and aerobic 

chemoheterotrophy and cyano/chloroplast in (d) were reduced by a factor of 10 to help visualize all arrows on one graph. Only the top 10 ASVs are shown 

on the ordination in (b) represented by letters: A, J: Cyanobacteria; Family IX; GpIX, B: Cyanobacteria; Family X; GpX, C: Alphaproteobacteria; Rhodobacterales; 

Roseivivax, D: Actinobacteria; Actinomycetales; Corynebacterium, E: Firmicutes; Bacillales; Salinicoccus, F: Betaproteobacteria; Burkholderiales; Variovorax, G: 

Actinobacteria; Actinomycetales; Kocuria, H: Bacteroidetes; Sphingobacteriales; Gracilimonas, I: Alphaproteobacteria; SAR11; Candidatus Pelagibacter. Letter D is 

located behind E on the plot. Results from PERMANOVA (function “adonis”) statistical test in (b–d) are: Pseudo F-ratio, their associated P-value, and the R2. Aer 

chemoHT, aerobic chemoheterotrophy; cyano/chloro, cyanobacteria/chloroplast; dia, diameter; Ferment, fermentation; HC degrad, hydrocarbon degradation; 

Mesoph, mesophilic; PHt, photoheterotrophy; PT, phototrophy; Spor, Sporulation; tol, tolerant.
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Colonization and dispersal abilities from an ecological perspective

To illustrate the traits of dispersing and colonizing eukaryotic microbes, we borrow 
a conceptual framework from Litchman and Klausmeier (42) linking microbial traits 
with different ecological functions (Fig. 6) and add categories of traits found in our 
study to differentiate the airborne and aquatic colonizing communities. This framework 
applies only to eukaryotes analyzed here. Their classification divides traits into cate­
gories related to morphology, physiology, behavior, life history, and ecological func­
tions into reproduction, resource acquisition, and predator avoidance. We added the 
presence of cilia, flagella, cell cover, motility, and mucilage based on Ramond et al. 
(23) We included a new category called “trophic strategy” relating to energy acquisi­
tion (autotrophs, heterotrophs, and mixotrophs). According to our results, we added 
two new ecological functions: dispersal and colonization. We broaden this functional 
typology of phytoplankton functional traits to unicellular eukaryotes (protists) in general 
since our study includes both photosynthetic and non-photosynthetic microorganisms. 
Colored boxes illustrate traits in each of four categories related to the five ecological 
functions combining our results with Ramond et al. (23) and Litchman and Klausmeier 
(42) classification.

Figure 6 shows the traits related to dispersal and colonization along with the 
three other ecological functions identified by Litchman and Klausmeier (42). Based 
on our univariate analysis (Fig. 5; Fig. S4 and S5), ANOVA, and Tukey’s HSD results, 
traits were considered to affect colonization abilities if they were significantly over- 

FIG 4 Eukaryote community characterization by environment type. (a) Radar plots of most abundant taxonomic groups. Groups further from the center 

have higher relative abundances. Only taxonomic groups above 10% relative abundance are shown. PCoA based on (b) taxa composition at the ASV level 

and (c) phenotypic traits. Results from PERMANOVA (function “adonis”) statistical test in (b and c) are Pseudo F-ratio, their associated P-value, and the R2. At, 

autotrophy; Col, colony forming; Fla, flagella; Ht, Heterotrophy; Micro, micro size; Nano, nano size; Nk, naked cover; Org, organic cover; Si, siliceous cover; Swim, 

swimmer.
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or underrepresented in the tank colonizers pool relative to the aquatic source, while 
traits were considered to affect aerial dispersal ability if they were significantly over- 
or underrepresented in the aerial samples relative to either of the two source com­
munities. Size, shape, cover, motility, mucilage, heterotrophy, mixotrophy, and resting 
stage affected both dispersal and colonization. Relative abundance of colony-forming 
microorganisms only differentiated aerial dispersers from the aquatic source but was 
equivalent between colonizers and aquatic sources. Cilia presence and autotrophy were 
associated with aerial dispersal, though their relative abundances in tank colonizers 
were equivalent to the aquatic source. There were no significant differences in relative 
abundances of flagellated ASVs across the community types.

DISCUSSION

While bacterial and eukaryotic microbes from both aquatic and terrestrial environ­
ments may frequently disperse through the atmosphere, our results indicate that some 
microbes are better dispersers or colonizers than others, and these groups differ in their 
traits. Moreover, there is a lack of experimental data studying and monitoring movement 
of bacterial and eukaryotic microbes and the composition of the source environments. 
We found that microbes do not disperse equally, and their traits dictate their ability 
to spread and colonize new environments. We identified taxa and traits that are more 
prevalent among dispersers and colonizers than source environments. As expected, and 

FIG 5 Examples of phenotypic traits that differed by environment types for (a) bacteria and (b) eukaryotes. Letters A, B, 

C, and D denote statistically significant differences among environments (ANOVA; Tukey’s HSD Test P < 0.05). For each of 

the microbial communities, black circles represent samples, and red dots represent the mean. In (a), the y axis represents 

abundance-weighted averages of a trait in each of the samples; this is accounting for the trait value multiplied by its relative 

abundance; in (b), the y axis represents relative abundances of that trait in each of the samples.
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consistent with previous literature, resting stages and the presence of flagella provide 
great advantages for dispersal abilities; however, our analysis revealed a list of new traits 
related to cell diameters, shape, cover, attachment, colony or mucilage forming, and 
trophic strategy affecting microbial dispersion and colonization.

Differences in dispersal and colonizing abilities among taxonomic groups

Bacterial communities were more diverse than eukaryotes in all habitats and showed 
distinct patterns of diversity among habitats (Fig. 2b and c). Bacterial diversity decreased 
from sources to colonizing tanks, suggesting two potential, non-mutually exclusive 
scenarios: (i) many bacterial taxa that occur in soil or water rarely disperse in the 
atmosphere or colonize aquatic habitat and (ii) environmental filtering also plays a 
role by preventing their survival and establishment. The aerial dispersers also showed 
greatest taxonomic affinity with the soil community (Fig. 3b and 4b), consistent with 
previous studies showing the dispersal of airborne bacteria is facilitated by attachment 
to soil-dust or organic aggregates (12, 13, 43). While the Salton Sea and surrounding 
water bodies provide abundant sources of aquatic dispersers, the landscape surrounding 
our study area is primarily terrestrial (Fig. 1). Although bacteria disperse readily through 
the atmosphere, many taxa present in the air were absent from either the terrestrial or 
aquatic source environments. These taxa likely originated outside of our study area or 
were rare within it but frequently became airborne. The strong separation by environ­
ment observed here (Fig. 3b), indicating distinct taxonomic composition among the 
dispersers and colonizers, supports the idea that post-dispersal selection excludes some 
dispersers that are able to effectively move through the atmosphere.

The great abundance of spore-forming Actinobacteria and Firmicutes (44, 45) (relative 
abundances above 30%; Fig. 3a) among the dispersers provides evidence of microbes 
strategies for dispersal (46). Actinobacteria is a cosmopolitan and ubiquitous bacterial 
phylum with small cell sizes and many members that form spores. Their cell wall 
composition confers protection from UV-damage and resistance to desiccation, traits 
that likely favor aerial dispersal (45). Conversely, Actinobacteria show slow population 

FIG 6 Typology of eukaryotic functional traits, modified from Litchman and Klausmeier (42) with permission.
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growth rate compared to other bacterioplankton (45), suggesting that their traits 
allowing for dispersal may come at the cost of reduced growth within local habitats. 
Moreover, Actinobacteria also tend to occur more frequently in DNA-based samples than 
RNA-based surveys (47), suggesting that they occur broadly but are frequently inactive. 
High rates of dormancy could reflect a tradeoff where Actinobacteria disperse widely, 
but divide slowly, within different environments.

Members of the phyla Cyanobacteria, Alphaproteobacteria, and Bacteroidetes were 
most abundant among the aquatic colonizers, suggesting that the groups that disperse 
in the air are distinct from those that readily colonize aquatic habitats. Cyanobacteria 
were rarely found in aerial samples but abundant in the aquatic colonizing tanks, 
indicating that rare dispersal events may lead to successful colonization in the exper­
imental aquatic habitats. The most abundant cyanobacteria we found in our coloniz­
ing tanks were identified as Synechococcus elongatus, Cyanobacterium aponinum, and 
Synechococcus sp. Interestingly, for the later, one of the top identity matches in BLAST 
was a Synechococcus previously collected from the Salton Sea. Cyanobacteria, partic­
ularly from freshwater habitats, are a diverse and cosmopolitan phylum of photosyn­
thetic organisms that can rapidly proliferate (bloom) under favorable conditions (48). 
In fact, the Synechococcus genus has shown impressive plasticity and adaptability in 
different aquatic ecosystems, notably due to its rapid growth, stress tolerating abilities, 
and sophisticated strategies for light harvesting and UV protection (49). Our study is 
consistent with evidence showing cyanobacteria as a weedy group that successfully 
colonizes new habitats and achieves numerical dominance faster than other bacterial 
phyla even though it disperses less often. Alphaproteobacteria can degrade recalcitrant 
organic compounds and may be competitively dominant under low nutrient conditions 
or high predatory pressure (45). These bacteria are also often found in close association 
with eukaryotic microalgae (50). Similarly, Bacteroidetes are often found in a relationship 
with cyanobacteria, mainly after bloom events (45), suggesting a strong dependency on 
organic matter and phytoplankton blooms. The diversity of ecological strategies among 
the dispersing bacteria suggests that the dispersal rate as an ecological function is 
controlled by multiple organismal traits.

Among the eukaryotes, diatoms (Bacillariophyta) showed high dispersal and 
colonization abilities. Diatoms have high maximum growth rates compared with other 
eukaryotic phytoplankton (51) and are often efficient at storing nutrients and persisting 
in fluctuating resource conditions (52), allowing them to colonize and proliferate rapidly 
in nutrient-rich environments (53, 54). Diatoms are abundant members of the Salton 
Sea phytoplankton community. Their siliceous covers may protect them from grazing, 
making them relatively resistant to many consumers (23). Our study suggests that 
diatoms may also have an ecological advantage from high dispersal rates and the ability 
to colonize vacant habitat patches from distant sources.

Traits affecting dispersal and colonization

Morphological traits

Interestingly, bacterial air dispersers had relatively larger cell diameters compared to 
the source habitats and colonizers (Fig. 5a). Modeling indicates that airborne microbes 
of ≤20 µm diameter can easily disperse and move long distances (55). Since the range 
of cell diameters is below this limit for bacteria analyzed in our study (56), the large 
cell diameters described here are still in the small size range for airborne dispersal and 
do not constitute a limiting factor. On the other hand, we hypothesize that smaller cell 
diameters, as we observed among bacterial colonizers, may be more efficient when 
colonizing new habitats, for instance providing an advantage over nutrient uptake 
due to their increasing surface-area-to-volume ratio (57). Rapid proliferation following 
dispersal events may explain the prevalence of small cells in the colonization tanks.

Among eukaryotes, cell size and shape vary greatly and affect microbial ecophy­
siological performance and fitness (51, 58, 59). Many physiological rates and ecolog­
ical functions (i.e., nutrient uptake, population abundances, growth rates, and light 
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absorption) are size and shape dependent (59, 60), having direct effects on resource 
acquisition and predator avoidance (42). We found that micro-size eukaryotes (20–200 
µm) were more abundant in the source communities than dispersers or colonizers and 
did not observe significant variation among habitats for the smallest cell size classes 
(i.e., pico [<2 µm] and nano [2–20 µm]). This suggests the effect of size on dispersal 
is only apparent among larger cells (>20 µm). Shapes in microbial eukaryotes are well 
characterized, particularly for diatoms. We found that cylindrical and spherical shapes 
were abundant among the colonizers. By contrast, cell shape did not distinguish the 
dispersing community from the sources. Cell shape may therefore be more important for 
determining post-dispersal colonization than the tendency to become airborne.

Cell cover and coloniality are also distinguished among our four communities. 
We found colony-forming and organic-covered eukaryotes to be effective dispersers. 
Based on these results, we hypothesize that coloniality and organic cell cover may 
confer protection against desiccation and effective attachment to dust and/or organic 
aggregates for air dispersal (43). Moreover, coloniality might be advantageous for cells 
to travel further due to greater exposure to wind; however, this hypothesis needs 
further evaluation. Colonizers were dominated by siliceous cover—a heavy cell cover 
that may help resist predators (23). Among motility-associated traits, floater and attached 
eukaryotes were significantly more abundant among colonizers and air dispersers 
respectively. Cells with attaching strategies may be able to actively transport through 
the air attached to dust or organic particles (43). Cell size, covering, and coloniality affect 
resource acquisition and predator susceptibility in addition to dispersal and colonization 
(Fig. 6), indicating the potential for tradeoffs among these ecological functions.

Physiological traits

Mucilage-forming microorganisms were abundant among eukaryotic colonizers. The 
mucilage, a matrix of exopolysaccharides, is characteristic of phytoplankton, and its 
secretion can be triggered by environmental stress and nutrient deprivation (61). 
Mucilage is linked with drought tolerance (62) and resource acquisition since it provides 
a matrix for trapping particles (63) and accumulation of metal ions (61). We hypothesize 
that mucilage may provide protection to colonizers from environmental stress (i.e., UV, 
photo-inhibition, and nutrient deprivation), aid in resource capture, and provide refuge 
from predators. Mucilage was the most difficult trait to assign because of the lack of 
information available in the literature and databases (Fig. S2). Thus, we remain cautious 
about interpreting these results.

Trophic strategy

For eukaryotes, trophic strategies strongly distinguished the terrestrial and aquatic 
source communities, with heterotrophy most common in the soil and autotrophy 
in the water. The tank colonizers matched the aquatic source communities in that 
autotrophy was most abundant, while the aerial dispersers were more aligned with 
the soil communities in showing a high prevalence of heterotrophy. These patterns 
suggest strong selection by habitat for trophic strategies. Whether trophic strategy 
affects dispersal rates depends on the amount of source habitat providing propagules. 
The high proportion of terrestrial heterotrophs among the dispersers likely reflects the 
large area of terrestrial habitat relative to aquatic in our study area.

Life cycle traits

Microbes forming spores and resting stages were abundant in aerial dispersers for both 
bacteria and eukaryotes. Eukaryotes forming resting stages (i.e., spore and cyst) also 
occurred frequently among the tank colonizers (Fig. 5b). This is consistent with the 
notion that dormancy provides the ability to overcome unfavorable conditions, disperse, 
and successfully colonize new environments (64, 65). Dormancy is an effective strategy 
for dispersing in both space and time to avoid unfavorable habitat conditions and 
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emerge when the environment improves (66). The high relative abundance of microbes 
with dormant life history stages among dispersers suggests that dormancy may promote 
both high rates of movement in the atmosphere and the ability to persist through 
periods of physiological stress in variable habitats.

Revisiting Litchman and Klausmeier’s typology of phytoplankton functional 
traits

Our analysis is the first effort to systematically quantify how organismal traits differ­
entiate among source, disperser, and colonizer communities of diverse bacteria and 
eukaryotes in a complex natural system. Figure 6 illustrates that many of the traits 
that distinguish eukaryotic dispersers and colonizers from aquatic and terrestrial source 
communities also affect reproduction, resource acquisition, and predator resistance. 
For instance, cell size affects all five ecological functions. Cell shape and cover, the 
presence of mucilage, resting stages, different trophic strategies, and forms of motility 
also separate dispersers and colonizers from communities in soil and aquatic habitats. 
The many traits that affect dispersal and colonization in addition to other ecological 
functions suggest that dispersal strategies of microbes have broad implications for their 
capacity to reproduce, compete, and resist consumers within terrestrial and aquatic 
habitats. Effects of traits on multiple ecological functions suggest that tradeoffs may 
govern community assembly and the evolution of all aspects of microbial life.

Limitations and caveats of microbial traits studies inferred from taxonomy

Inference of microbial traits from amplicon sequencing has proven useful in the 
understanding of community assembly and functional structure (15, 20). However, 
certain limitations are inherent in this approach: (i) sequence-only approaches introduce 
biases due to DNA extraction, primer biases, and amplification of both live and dead 
cells; (ii) 16S and 18S rRNA gene sequencing errors; (iii) reliance on relative abundances 
instead of absolute quantification and variable sequencing depth among samples; (iv) 
depth and accuracy of available trait databases and appropriate references; and (v) 
fine­scale trait variation within an ASV (67). Despite these limitations, our work showed 
significant and consistent differences between taxonomy and traits composition that 
supported several expected patterns (e.g., more resting stages and shorter doubling 
times in dispersers and colonizers, more autotrophy in water, and heterotrophy in 
soils). Our results provide a first approach to understanding the phenotypic traits that 
determine microorganisms’ dispersal and colonizing abilities, and we stress the need to 
go beyond taxonomy inference to confirm the patterns we observed. Trait databases 
contain useful information about many of the traits inferred from taxonomy and are 
helpful for the functional characterization of microbial communities. With advances 
in whole-genome sequencing, single-cell analyses, and shotgun omics analyses (such 
as transcriptomics, proteomics, and metabolomics), trait exploration will be refined 
to provide key information on the community and functional structure of microbial 
communities.

Conclusions

While dispersal may not constrain the biogeography of microbes to the same degree 
as for macro-organisms, it plays an important role in generating patterns of micro­
bial community composition and diversity. These patterns also suggest that microbial 
taxa may form guilds or groups of taxa sharing similar ecological strategies due to 
tradeoffs between the abilities to perform vital functions linked to a common set 
of traits. For instance, traits that promote successful dispersal and colonization may 
come at a tradeoff with other ecological functions such as competition for resources or 
stress tolerance (68). The association of dispersal and colonization with traits known to 
influence other ecological functions in bacterial and eukaryotic microbes suggests that 
constraints on aerial dispersal may play an underappreciated role in the diversification, 
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ecology, and biogeography of microbes. How these traits either tradeoff with or promote 
other fitness components in microorganisms will likely prove to be a fruitful direction for 
future research.
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