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Summary

Microbial communities will experience novel climates
in the future. Dispersal is now recognized as a driver
of microbial diversity and function, but our under-
standing of how dispersal influences responses to
novel climates is limited. We experimentally tested
how the exclusion of aerially dispersed fungi and
bacteria altered the compositional and functional
response of soil microbial communities to drought.
We manipulated dispersal and drought by collecting
aerially deposited microbes after precipitation events
and subjecting soil mesocosms to either filter-
sterilized rain (no dispersal) or unfiltered rain (dis-
persal) and to either drought (25% ambient) or ambient
rainfall for 6 months. We characterized community
composition by sequencing 16S and ITS rRNA regions
and function using community-level physiological
profiles. Treatments without dispersal had lower soil
microbial biomass and metabolic diversity but higher
bacterial and fungal species richness. Dispersal also
altered soil community response to drought; drought
had a stronger effect on bacterial (but not fungal) com-
munity composition, and induced greater functional
loss, when dispersal was present. Surprisingly, nei-
ther immigrants nor drought-tolerant taxa had higher
abundance in dispersal treatments. We show experi-
mentally that natural aerial dispersal rate alters soil
microbial responses to disturbance. Changes in

dispersal rates should be considered when predicting
microbial responses to climate change.

Introduction

Microbial communities will be subject to novel disturbances in
the future due to climate change. Understanding how and
when these disturbances influence microbial composition
and microbial processes is critical; microbes drive biogeo-
chemical cycles and impact plant and animal hosts. Dispersal
is now well acknowledged as an important mechanism in
microbial community assembly (Martiny et al., 2006; Bell,
2010; Lindström and Östman, 2011; Peay et al., 2012;
Albright and Martiny, 2018), influencing microbial diversity,
composition and function. Dispersal rate can also play a large
role in a community’s response to disturbance (Leibold et al.,
2004; Hufbauer et al., 2015), but most of our knowledge of
these dynamics comes from studies of macro-organisms.

Dispersal alters community assembly directly and through
interactions with drift and selection (Vellend, 2010), or spe-
cies sorting. The outcomes of these processes will influence
a microbial community’s response to disturbance. Most
directly, dispersal can introduce (or re-introduce) taxa,
increasing the abundance of those taxa, independent of their
competitive ability. This could buffer the effect of disturbance
or intensify it. For instance, Lawrence et al. (2016) suggested
that microbial dispersal buffered the community’s loss of
function under warming stress through direct re-seeding of
populations; communities that received immigrants better
maintained function under warming, regardless of whether
the immigrants were pre-exposed to warming. But the intro-
duction of maladapted immigrants could also negatively
affect a community’s response to disturbance. Graham and
Stegen (2017) found that microbial dispersal reduced bio-
geochemical function in a theoretical model through the intro-
duction of maladapted immigrants.

In addition to directly re-introducing populations, dispersal
can also alter disturbance response by influencing composi-
tional shifts. Dispersal can introduce stress-tolerant taxa that
provide greater opportunities for species sorting (Eggers
et al., 2012) and sorting toward stress-tolerant taxa over-
comes stochastic community shifts due to drift. For instance,
Compte et al. (2017) found that when immigrants included
marine (salt tolerant) taxa, aquatic microbial community
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function was buffered against salinity stress. Other studies
suggest that dispersal can facilitate such shifts, as evidenced
by greater change in community composition under dispersal
(compared to without dispersal) and enhanced function
(Eggers et al., 2012; Comte et al., 2017; Székely and
Langenheder, 2017). Together, this small body of experimen-
tal work suggests that dispersal can alter a community’s
response to disturbance, but the outcome can depend on
immigrant traits and specific dispersal rate. Environmental
conditions (e.g. terrestrial or aquatic) are also likely to affect
the outcome, but we still lack studies that examine microbial
dispersal in natural communities, particularly in terrestrial
systems.
Soils in terrestrial systems host biogeochemical trans-

formations of important greenhouse gases, and modulate
primary production. Soils will be drier in the coming
decades as warming increases evaporative water loss,
and rainfall becomes more variable (Dai, 2013), posing
threats to agricultural production. Aerial dispersal is a
major pathway of microbial immigration into and across
soils and may change in the future with shifts in land use
(Bell and Tylianakis, 2016). Dispersal to soils primarily
occurs passively through wind and rain (Nemergut et al.,
2013). Although these communities are orders of magni-
tude smaller than soil communities, changes in rates of
aerial dispersal can still shape soil microbial diversity and
influence local functions, like plant growth (Peay et al.,
2010; Peay, 2018). Aerially dispersed microbial commu-
nities also have a greater proportion of desiccation and
UV-tolerant species (Kellogg and Griffin, 2006). Thus,
aerial dispersal could alter microbial community response
to drought by introduction and selection of drought-
tolerant taxa (De Vries et al., 2012; Evans and Wallen-
stein, 2012). However, the importance of aerial dispersal
to soil community disturbance response has never been
tested experimentally.
We experimentally reduced aerial dispersal in soil

mesocosms to test three hypotheses about the role of
dispersal in microbial disturbance response. First, based
on previous empirical and theoretical studies (Mouquet
and Loreau, 2003; Cadotte, 2006a), we hypothesized
that reduced dispersal would decrease species richness
via inherent reductions in aerially dispersed colonizers.
Second, we hypothesized that dispersal would increase
the available species pool, increasing potential for spe-
cies sorting. Thus, we expected dispersal to cause larger
shifts in community composition in response to drought.
Third, we hypothesized that dispersal would enhance
community functioning under drought through increased
biomass and increases in drought-tolerant taxa. In this
case, soils with dispersal would have greater biomass,
host more immigrant taxa, and show smaller changes in
functional profiles under drought, compared to soils with-
out dispersal.

Results

Microbial biomass, richness and metabolic diversity

Across drought treatments, dispersal more than doubled
microbial biomass carbon compared to no dispersal treat-
ments. Microbial biomass generally increased over the
course of the experiment, relative to time 0, in all treatments
except No Dispersal-Drought (Fig. 1A). Across dispersal
treatments, biomass in Ambient treatments was 1.6 times
higher than that of Drought (p = 0.028). Drought caused a
greater reduction in biomass when dispersal was absent (dif-
ference of 34.4 μg C/g soil compared to 26.4 μg C/g soil with
dispersal), but therewas not a significant Dispersal×Drought,
interaction (p = 0.41; Table 1).

Metabolic diversity (Shannon diversity index, based on
utilization of 32 substrates) was higher in Dispersal treat-
ments (Fig. 1B) than that of No Dispersal treatments, and
the effect of drought on metabolic diversity was greater
under dispersal (Dispersal × Drought interaction, p =
0.002; Table 1). We cannot rule out that this significant
interaction emerged because Dispersal-Drought treatments
had inherently lower dispersal than Dispersal-Ambient
treatments (due to lower water volume applied), a general
limitation in our experimental design. Species richness
decreased throughout the experiment in all treatments, but
at the end of the experiment, bacterial and fungal species
richness was higher in No Dispersal treatments (Chao1
F1,28 = 15.67; p < 0.001; Pielou F1,28 = 35.15; p < 0.001,
Table 1, Fig. 1C,D) compared to Dispersal treatments. In
bacteria, the greater richness was accompanied by higher
evenness (Table 1, Fig. 1E, p < 0.1).

Species composition

We characterized species composition of both aerial
(immigrant) communities throughout the experiment, and
soil communities after they were subject to treatments.
Across all sampling dates, aerially dispersed communi-
ties were dominated by fungal Ascomycota and bacterial
Proteobacteria (Fig. 2). Aerial fungal and bacterial com-
munities were highly varied and both weakly correlated
with date permutational analysis of variance
(PerMANOVA, Month p < 0.01). Removing immigrant
taxa that occurred in sterile water blanks did not affect
our findings. Rain samples (which included cells depos-
ited by wind prior to the rain event) contained an average
of 2.7 × 104 cells/mL (cell counts on random subset of
rain events, N = 7), which is within the range of previous
estimates of bioaerosol abundance (Bauer et al., 2002;
Amato et al., 2005). This means that on average, over
6 months, soils in Dispersal-Ambient treatments received
around 1.9 × 107 immigrant cells. In contrast, cell density
in soil was several orders of magnitude higher, with an
average of 3.30 × 1010 cells/cm3 soil (N = 12 soils).
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Soil communities were dominated by the bacterial phylum
Proteobacteria and the fungal phylum Ascomycota (Fig. 2)
and varied less across treatments than aerial communities
did across sampling date (Fig. 3A,B). In soils, dispersal and
drought both affected bacterial community composition
(Table 1, Fig. 3C), although the proportion of variation
explained by dispersal was overall low, and drought

explained more variability (r2Drought = 0.36, r2Dispersal = 0.13).

Drought and dispersal also interacted such that drought
had a stronger effect on bacterial community composition
when dispersal was present, as indicated by a larger
mean distance between treatments (Fig. 3C, Table 2).
Fungi were generally less responsive to all experimental
treatments than bacteria (Fig. 3D, Table 1) and showed a
marginal change in composition with drought and no
response to changes in dispersal.

Composition of bacteria in all four experimental treat-
ments at the end of the experiment were distinct from time
0 soil communities but those receiving ambient water levels
and dispersal (i.e. closest to natural conditions) changed the
least (Fig. 3; Supporting Information Table S1). Bacterial
groups that respond to pulses of DOC (Acidobacteria,
Firmicutes, Gammaproteobacteria, Nitrospira, Cleveland
et al., 2007) did not change with dispersal (Supporting
Information Table S2), while groups previously identified as
drought tolerant [Actinobacteria and Planctomycetes,
(Evans and Wallenstein, 2014; Evans et al., 2014; Bouskill

Table 1. Summary of ANOVA p-values for microbial properties
exposed to 6-months of Dispersal and No Dispersal and Drought
and Ambient conditions.

Factor p value

Microbial biomass
Dispersal 0.002
Drought 0.028
Dispersal × Drought 0.410

Metabolic diversity
Dispersal <0.001
Drought <0.001
Dispersal × Drought 0.002

Community-level physiological profiles (CLPP)a

Dispersal 0.653
Drought 0.020
Dispersal × Drought 0.015

Bacteria Fungi

Compositiona

Dispersal <0.001 0.084
Drought <0.001 0.009
Dispersal × Drought 0.002 0.807

Richness (Chao1)
Dispersal <0.001 0.002
Drought <0.001 0.470
Dispersal × Drought 0.981 0.667

Evenness (Pielou’s)
Dispersal 0.063 0.315
Drought <0.001 0.167
Dispersal × Drought 0.097 0.233

a. PerMANOVA test for beta-diversity.
Bold value indicates p < 0.05.
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Fig. 1. Community properties after
exposure to Dispersal and Drought
treatments (N = 8/treatment) for
6 months. Microbial biomass carbon
(A), metabolic diversity [B, (Shannon
diversity index based on substrate uti-
lization rates of 32 substrates)], bacte-
rial (C) and fungal (D) richness
(Chao1), bacterial (E) and fungal
(F) evenness (Pielou’s). See Table 1
for corresponding ANOVA results.
Solid line represents mean values of
time 0 soil cores (N = 3).
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et al., 2016; Ochoa-Hueso et al., 2018)] showed greater
increases under drought when dispersal was present
(Supporting Information Fig. S1).

To shed light on the drivers of soil community shifts
when dispersal was altered, we also examined soil
abundance of ‘rain operational taxonomic units
(OTUs)’, defined as those OTUs that occurred in any
rain collection over the course of the experiment. We
found that on average, 35% of soil bacterial taxa (71%
of reads) and 40% of soil fungi (75% of reads) were
found in rain (Supporting Information Figs. S2 and S3
and Table S3). In fungi, the no dispersal treatments
had fewer ‘rain OTUs’, while in bacteria, ‘rain OTUs’
did not change with dispersal treatment (Supporting
Information Fig. S2).

Community-level physiological profiles

Dispersal and drought also affected community-level physi-
ological profiles (CLPPs) of microbial communities (Fig. 4).
Physiological profiles changed more over the course of the
experiment in communities subject to dispersal compared to
no dispersal, especially under drought (Fig. 4; Supporting
Information Table S1), and dispersal treatments were more
functionally different after drought than those not subject to
dispersal (Table 2). The change in community physiology
was most strongly driven by a reduction in the ability of
Dispersal-Drought communities to metabolize the amino
acid arginine (R2 = 0.36, p = 0.003) and the sugar alcohol
mannitol (R2 = 0.60, p = 0.001) (all substrates shown in the
Supporting Information Table S4).

Discussion

We quantified the effect of aerial dispersal on soil microbial
communities response to drought by manipulating dispersal
and drought in a 6-month soil mesocosm experiment. We
first hypothesized that removing dispersal would decrease
species richness. Previous studies suggest that dispersal
relates positively to richness (Mouquet and Loreau 2003,
Cadotte 2006a), including in modelled microbial communities
(Evans et al. 2017). In contrast, we found that No Dispersal
treatments had higher fungal and bacterial richness at the
end of the experiment than treatments receiving dispersal.
Homogenizing processes can lead to lower richness at high
dispersal rates (Leibold et al., 2004; Graham and Stegen,
2017), but our data do not suggest ambient dispersal
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Fig. 4. Principal coordinate analysis of CLPPs (based on BIOLOG Eco plates) of microbial communities in soils at the beginning of the experi-
ment (time 0, N = 3), and after dispersal and drought treatments (N = 8). The strongest drivers of differences among profiles are shown by vec-
tors (top 8 shown, all p < 0.05, R2 > 0.3, all substrates shown in the Supporting Information Table S4), the length of which correspond to R2.

Table 2. Mean distance (based on Weighted Unifrac for bacteria and
Bray–Curtis for fungi and commnity level physiological profiles,
CLPP) between soil treatment groups (see Figs. 3c, d, and 4 in main
text for ordination visual).

Factor
Mean distance
drought-ambient SE p-valuea

Bacteria No Dispersal 0.086 0.0023 <0.001
Dispersal 0.118 0.0021

Fungi No Dispersal 0.584 0.0103 0.056
Dispersal 0.630 0.0193

CLPPa No Dispersal 0.537 0.0129 <0.001
Dispersal 0.671 0.0121

a. Tests the null hypothesis that pairwise comparison within factor
is equal. CLPP, commnity level physiological profiles.
b. Bold indicates p < 0.05.
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homogenized communities because communities receiving
dispersal were not more similar to rain communities (or to
each other compared to no dispersal treatments). Other
studies have shown that biotic interactions like predator/prey
dynamics can alter (Kneitel and Chase, 2004) or even
reverse (Cadotte, 2006b) the positive effect of dispersal on
diversity. In our study, removal of immigrants could have
reduced predation (France and Duffy, 2006) or competition
(Lloyd-Smith, 2013), allowing more resident taxa to grow.
Species richness changed over the course of the experi-

ment in all treatments, as did several other microbial proper-
ties (Fig. 1). Changes over the course of the experiment
(from time 0), even in communities receiving ambient rainfall
and dispersal, may represent a biologically relevant process
like succession or ecological drift, or an experimental arte-
fact (e.g. transfer of soils into the greenhouse). We could not
separate these in our study. Future studies should take
additional measurements to help separate these possibili-
ties, such as paired experimental samples (as an indicator
of drift) or field samples (to quantify natural changes over a
similar time period). Thus, we note cases where changes
from time 0 may indicate biological processes but interpret it
with caution, focusing on the comparison among the end
treatments. In the case of species richness, we observed
reductions in all treatments relative to time 0 soils, perhaps
due to the removal of plants. This reduction in richness over
time may have been buffered when dispersal was excluded
because resident microbes (non-immigrants) grew in
response to warm and humid mesocosm conditions that
were not optimal for immigrants.
Our second hypothesis was that dispersal increases com-

positional changes in response to drought. Fungal commu-
nities shifted under drought but showed little response to
dispersal. Fungi may not have had time to respond to treat-
ments due to slower turnover times (Rousk et al., 2010).
Fungi may also be more strongly structured by other pro-
cesses, like plant dynamics (Sun et al., 2017) or below-
ground dispersal (Middleton et al., 2015). Fungi did shift
slightly over the course of the experiment, probably as a
result of changes in mesocosm conditions or a delayed
response to coring. In contrast to fungi, changes in bacterial
communities shifted with dispersal, and shifts under drought
depended on dispersal (Figs. 3 and 4), in line with our pre-
dictions. Specifically, drought caused bigger differences in
communities in treatments subject to dispersal (higher dis-
similarity, Table 2), suggesting dispersal facilitated novel
community responses to drought.
We hypothesized that dispersal would increase drought

tolerance because aerial dispersers are desiccation tolerant
(Kellogg and Griffin, 2006). Our data generally support this
(although we encourage future studies to measure this
directly); immigrant taxa made up a larger portion of soil
community abundance under drought, regardless of dis-
persal (Supporting Information Fig. S3). But surprisingly,

dispersal did not result in greater abundances of immigrant
taxa (Supporting Information Figs. S2 and S3). Admittedly,
our method for ‘tracking’ immigrants is imperfect – taxa we
define as ‘rain taxa’ are common in (and many originate
from) soil. However, this does highlight that the influence of
dispersal on community assembly is more complex than
simply increased opportunities for selection of immigrant
taxa; in this case, dynamics of the ‘resident’ (non-immigrant)
community also changed when dispersal was altered.

We cannot rule out that shifts in bacterial composition are
mediated by biogeochemical or methodological artefacts,
rather than community dynamics. Community composition
changes with resource pulses (Cleveland et al., 2007), which
we could have created by adding dead (or soon to be dead)
immigrant cells. However, our cell counts show that the
potential resource pulse would be much smaller than pro-
vided in any resource-addition studies. Also, none of the
microbial taxa previously found to increase with dissolved
organic carbon additions (Cleveland et al., 2007) were higher
in dispersal treatments (Supporting Information Table S2). In
addition, No Dispersal treatments could have received some
immigrants that passed through filtration (e.g. viruses) or that
were dispersed aerially in the greenhouse.

In our third hypothesis, we predicted that drought
would have less effect on microbial function (biomass
and metabolic capabilities) when dispersal was present
due to greater representation of drought-tolerant taxa.
We do find that dispersal buffers some aspects of micro-
bial function but do not find evidence that it is through
greater abundance of drought-tolerant taxa. Dispersal
resulted in higher microbial biomass in both drought and
ambient conditions, but dispersal and drought did not
interact to affect microbial biomass, a relationship we
might expect if buffering occurred through increased rel-
ative abundance of drought tolerant species. Dispersal
also did not explain a large proportion of shifts in commu-
nity composition, which we might expect if it were intro-
ducing drought-tolerant taxa. Although drought did seem
to increase the abundance of some drought-tolerant taxa
(as identified by the literature, Supporting Informa-
tion Fig. S1), it may not have been to the extent that the
community as a whole could better survive drought.

Dispersal enhanced microbial metabolic diversity, particu-
larly in ambient conditions. Thus, dispersal may buffer func-
tional loss (degradation of certain substrates) under
disturbance, but in our experiment, much of the metabolic
diversity gained under ambient conditions was lost under
drought. Dispersal altered the physiological profiles that
emerged under drought, but drought had a larger, not
smaller, impact on functional profiles when dispersal was
present. Drought-dispersal communities were more different
from time 0 and ambient communities, compared with no
dispersal treatments (Fig. 4 and Supporting Information
Fig. S1). Dispersal also seemed to reduce, rather than
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enhance function. In addition, certain functions, such as the
ability to degrade L-arginine and D-Mannitol, were lost under
drought in dispersal communities but not in those without
dispersal (Fig. 4, Supporting Information Fig. S4). Overall,
positive effects of dispersal on function may be more preva-
lent under ambient conditions.

Taken together, our findings first reinforce other stud-
ies (e.g. Albright and Martiny, 2018) that highlight the
need to understand how changes in dispersal will affect
terrestrial microbial diversity and function. Remarkably,
we found that dispersal can have as much effect on
microbial community biomass, richness and metabolic
diversity as drought, but drought receives more attention.
As the dispersal level we induced was extreme, future
studies could examine dispersal rates intermediate to
and beyond those we examined, using ever-growing
characterizations of aerial communities (e.g. Barberán
et al., 2015; Evans et al., 2019) to select gradients and
pose more targeted questions.

Microbial communities will be increasingly subject to
novel disturbances in the future. We mimicked an open soil
system using soil mesocosms and found that aerial dis-
persal alters the compositional and functional response of
communities to drought. Dispersal buffered reductions in
biomass under drought but also facilitated greater loss of
some metabolic functions, and reduced species richness.
Drought will continue to grow as a major threat to food pro-
duction, and microbial dispersal rates can change with land
use fragmentation (Bell and Tylianakis, 2016) but are rarely
measured (but see Bowers et al., 2011; Docherty et al.,
2018). Aerial dispersal could alter the response of soil com-
munities to global change, but predicting the direction of this
response will require a greater understanding of the mecha-
nisms at play during changes in dispersal.

Experimental procedures

Soil mesocosms

We tested how two factors, drought and dispersal, inter-
acted to influence soil microbial communities in intact soil
mesocosms (Fig. 5). We collected 32 cores (5 cm diameter
by 10 cm depth) in soil core sleeves in August 2015 from a
conventional agricultural plot (corn-soy-wheat rotation, corn
in 2015) at the Kellogg Biological Station (KBS) Long-Term
Ecological Research Main Cropping System Experiment.
We kept soils in intact cores to mimic realistic moisture
(and drought) conditions. We subject cores to four treat-
ments (Drought × Dispersal factorial, Fig. 5, N = 8/treat-
ment). We also collected a time zero control (denoted time
0, N = 3), each of which consisted of three composite
cores collected from the same area.

We manipulated dispersal and watering level of the
intact soil mesocosms (Fig. 5) from 10 August 2015 to

19 February 2016. We collected naturally aerially dispersed
microbial communities using a sterile autoclave bin that
was attached to a funnel and sterile bottle. We set out this
collector from just after a rain event until the next significant
precipitation event, thus collecting microbes that were dis-
persed through both wind and rain during that period. We
collect deposition after rain events to prevent growth of the
wind- and rain-dispersed cells, and because we could
manipulate it (through filtering and reduction). At each col-
lection (37 events >1 mm; 34 rain, one fog and two snow),
we filter-sterilized half of the water, and added either sterile
(no dispersal) or nonsterile (dispersal) water to the intact
cores, manipulating dispersal rates of aerial dispersers
through the simulation of precipitation.

To induce drought, half the cores received the volume of
water collected in the event (ambient treatment), while for
the other half received ~25% of ambient volume (drought).
This reduction level was based on the approximate severity
of the 2012 drought at KBS (Robertson et al., 2014), which
was accompanied by a significant (50%) reduction in crop
yield in conventional plots. Because the surface area of
each core is ~20 (19.625) cm2, we added 20 and 5 ml
(5 cm3) of rain to the cores for every centimetre of precipi-
tation (i.e. 10 mm and 2.5 mm event for the ambient and
reduced volume cores respectively). Over the course of
the ~6-month experiment, ambient rainfall cores received
an equivalent of ~36 cm of rain, and reduced volume cores
received ~9 cm of rain.

To exclude dispersal, we removed viable cells from
collected water with a bottle-top vacuum filter system
(0.22 μm Sigma) eliminating immigrants deposited by air
and rain without otherwise altering water chemistry or vol-
ume. Filters containing rain microbes (used to sterilize
rain for no-dispersal treatments) from 34 events were
stored at −80�C for later DNA extraction. We observed
minimal colony forming units on plated filtrate water and

Fig. 5. Experimental design. Coloured circles represent aerial immi-
grant communities of bacteria and fungi. Rain was collected in a
sterile container away from agricultural plots at and re-added to soil
mesocosms (intact cores) either as collected (Dispersal treatment) or
after filter-sterilization (No Dispersal) and at either Ambient (100%)
and Drought (25%) levels.
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found no difference in inorganic nitrogen content between
rain and filtrate.
We performed cell counts on a subset of samples to

obtain a coarse estimate of the number of immigrant cells
being introduced to soils, compared to the cell density of
soil communities. We did not assess differences in cell
density among experimental treatments. To perform cell
counts, within 24 h of collection, we fixed samples by
adding PBS buffered formaldehyde to the final concentra-
tion of 2% formaldehyde and stored them at 4�C for 3 h.
We stained each sample for at least 10 min at a final con-
centration of 5 μg/ml DAPI (40,6-diamidin-2-phenylindol
Biotium). Rain samples were filtered onto a 0.2 μm black
polycarbonate membrane (Nuclepore Whatman). Mem-
branes were mounted on a microscope slide and cells
were counted by epifluorescence microscopy at 400×
magnification. At least 10 different visual fields per sam-
ple were captured and saved using AxioVision. We used
Image J to count the number of cells per image.
At the end of the experiment, we subcored the 5-cm-

diameter core mesocosms with a 2.5 cm core to exclude
core edges. We also removed the top 5 mm crust of each
core with a sterilized scoopula because of visual signs of
algal growth. We homogenized each subsample using a
4 mm sieve and stored at 4�C until biogeochemical
assays were performed (within a week). We also stored
~5 g soil at −80�C for DNA extraction and CLPP assays,
as we could not immediately process and ultrafreezing
has been shown to retain enzyme activity and community
structure (Wallenius et al., 2010).

Microbial biomass and CLPPs

We measured microbial biomass carbon (C) and nitrogen
(N) in each soil sample using chloroform fumigation–
extraction (Vance et al., 1987). Briefly, we extracted 5 g
of soil with 25 ml of 0.5 M K2SO4 in an orbital shaker for
1 h (see Tiemann and Billings, 2012). For the fumigated
extractions, we added 2 ml of chloroform to the soil in a
tightly capped 50 ml centrifuge tube and fumigated the
tube for 24 h. Following fumigation, we vented off chloro-
form prior to K2SO4 extraction and quantified concentra-
tions using a Shimadzu TOC analyser.
We analysed CLPPs using Biolog-ECO plates (BIOLOG,

Hayward, USA). We inoculated each well of the 96-well
plates with 100 μl of a 1:100 dilution of soil suspended in
PBS (8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g
KH2PO4). Briefly, we suspended 0.5 g soil in 5 ml of PBS
with four 5 mm glass beads in a 15 ml centrifuge tube,
vortexed each tube on high for 2 min, and further diluted soil
suspension 10-fold (1 ml 1:10 dilution plus 9 ml PBS) follow-
ing centrifugation at 750×g for 6 min to pellet soil particles.
We stored the plates in the dark at room temperature for
1 week (or 10 days) and measured absorbance at both

590 and 750 nm every 24 h using a Biotek Synergy HTX
(Winooski, VT) plate reader and followed calculations in the
study by Rutgers et al. (2006) for determining metabolic pro-
files. Note that profiles preferentially assess bacterial com-
munities compared to fungi due to the 31 substrates
included in the Biolog-ECO plates, and the inability of some
fungi to reduce the tetrazolium dye (Dobranic and Zak,
1999; Classen et al., 2003).

Amplicon sequencing

We used a high-throughput barcoded sequencing
approach to characterize the microbial communities in
both soil and rain samples using the Illumina MiSeq plat-
form (Illumina, CA, USA) [similar to the study by Caporaso
et al. (2012)]. For rain samples, following filtration, we
aseptically removed the 0.22 μm polyethersulfone mem-
brane from the filtration unit, suspended it in 10 ml sterile
TE (10 mM Tris–HCl, 1 mM disodium EDTA, pH 8.0) and
stored the filtrate at −80�C. To characterize the microbial
community within most (34) rain events, we purified total
genomic DNA from 1.5 ml of the rain filtrate using a modi-
fied cetyltrimethylammonium bromide (CTAB) method
(see Wilson, 2001). We also included three sterile water
controls in the processing of rain samples to account for
contaminants often confounding results in low-biomass
samples (Salter et al., 2014). For each soil sample
(32 mesocosm samples and 3 composite samples from
time 0), we purified total genomic DNA using the MoBio
PowerSoil DNA extraction kit following the manufacturer’s
instructions with one modification. Briefly, we incubated
each bead tube cell lysate for 10 min at 65�C. To ensure
complete lysis of resistant cells (e.g. spores), both DNA
purification methods included elevated temperature incu-
bations (i.e. 10 min at 65�C).

We submitted DNA to the Michigan State University
Core Genomics Facility for Illumina sequence library con-
struction using the Illumina TruSeq Nano DNA Library
Preparation Kit and sequencing. Following their standard
protocols, bacterial 16S V4 (515f/806r) Illumina compati-
ble libraries were prepared using primers containing both
the target sequences and the dual indexed Illumina com-
patible adapters (see Kozich et al., 2013). However,
Illumina compatible amplicons of the fungal ITS1 region
were generated using ITS1-F/ITS2 primer sequences
(see McGuire et al., 2013) in an initial PCR and then dual
indexed Illumina library adapters were added in a subse-
quent PCR. Then, completed libraries were normalized
using Invitrogen SequalPrep DNA Normalization plates,
pooled and cleaned up using AmpureXP magnetic
beads. The 16S and ITS1 amplicon pools were
sequenced independently in a 2 × 250 bp paired end for-
mat using independent v2 500 cycle MiSeq reagent
cartridges.
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Bioinformatics

Bacterial and fungal bioinformatics pipelines are fully
described in the Supporting Information Appendix S1.
Briefly, reads were quality filtered and merged using the
USEARCH pipeline (http://drive5.com/usearch/). Primers
and adapter bases were removed using cutadapt (Martin,
2011). Bacterial reads were filtered and truncated to
250 bp, clustered into OTUs at 97% identity level then
classified against SILVAv123 rRNA database (Yilmaz
et al., 2014). Sequences were aligned and phylogenetic
tree was built using PASTA (Mirarab et al., 2015). OTUs
classified to chloroplast, mitochondria, or with less than
two reads across all samples were filtered out to avoid
over splitting (Thiéry et al., 2012) and sequencing errors
(Dickie, 2010) resulting in soil samples having 12 863
OTUs and 2 575 563 reads and rain samples having
4954 OTUs and 1 205 396 reads. We identified 110 taxa
in sterile water samples. As many were common labora-
tory contaminants [e.g. Acinetobacter, (Salter et al.,
2014)], we checked to see whether removing these sam-
ples affected our conclusions, and it did not.

Fungal sequences with <225 bp were filtered but not
truncated because the high variability in the length of the
ITS1 (Nilsson et al., 2008). The reads were then clus-
tered into OTUs at 97% identity level and classified
against the UNITE 7.2 reference database (UNITE Com-
munity, 2017). All non-fungal OTUs and those with less
than two reads were filtered from the community matrix
resulting in soil samples having 1374 OTUs and
1 084 332 reads and rain samples having 2480 OTUs
and 752 459 reads. Finally, as above, we performed the
same analyses with OTUs found in the Power Water kit
blanks (29 fungal taxa) were filtered from the rain sam-
ples, but found again that it did not alter our conclusions.

Statistical analysis

We analysed univariate data (e.g. microbial biomass) using
two-factor ANOVA (Drought, Dispersal, and their interaction)
with Type 3 sum of square [package car, (Fox and
Weisberg, 2011)] and least squared means test for multiple
comparisons, with a Tukey’s adjustment [package lsmeans
(Lenth, 2016)]. We assessed community structure in the
same statistical model using PerMANOVA on the weighted
Unifrac and Bray–Curtis distance matrices for bacterial
and fungal communities, respectively, using phyloseq
(McMurdie and Holmes, 2013) and vegan (Oksanen et al.,
2017) in R (R Core Team, 2017). We also used Bray–Curtis
for CLPP analysis. A two-factor ANOVA (with treatments as
categorical variables) was necessary to examine the inter-
action between Dispersal and Drought, but it is an imperfect
test for our data set. Dispersal under drought conditions is
likely lower than dispersal under ambient, creating more

than two dispersal levels. To address this, we identify pat-
terns that may have been confounded by this uneven design
and present as a caveat when needed.

We visualized community composition using Non-metric
multidimensional scaling (NMDS) using phyloseq and
ggplot2 (Wickham, 2009). We visualized CLPP data using
principal component analysis (as these data have fewer
zeroes and do not violate the assumptions of this test). We
correlated principal component analysis scores with relative
optimal density readings of physiological assays to explore
which metabolic functions drove differences in physiological
profiles among groups (R vegan). Using the distance matri-
ces described above, we also calculated mean distance
(i) among treatment groups and (ii) between each treatment
group and the initial community. Using pairwise mean dis-
tances to test differences resulted in the same conclusions
as testing these differences using distance between cen-
troids, despite N = 3 for initial and N = 8 for treatment com-
munities, so we present only the former. Community
diversity was measured using Chao1 richness (Chao, 1984)
and Pielou’s Evenness index (Pielou, 1975), and metabolic
diversity was determined using Shannon-Wiener index
(Pielou, 1975). Differences in both were assessed in the
ANOVA model as described previously. Code is available
at https://github.com/EvansLabMSU/PAPER_Evans_et_al_
RainX.

We also examined several aspects of changes in com-
munity composition to shed light on the mechanism
through which the community changed under dispersal
and drought. First, to explore whether treatments were
directly affecting the community composition through rain
as passive dispersal mechanism, we split the soil com-
munities into either communities containing taxa shared
with those in rain or communities that did not contain taxa
that occurred in rain. We then examined how treatments
differed in the number of OTUs (microbial taxa, see Bioin-
formatics) identified as ‘rain-OTUs’ in soil and ‘non-rain
OTUs’ in soil and the cumulative abundance (summed
reads) of these OTUs in each treatment. We repeated
analyses that included rain-OTUs using the non-filtered
rain taxa to test whether filtering out taxa found in nega-
tive controls had an impact on our results. Second, we
used results from previous drought studies (Evans and
Wallenstein, 2014; Evans et al., 2014; Bouskill et al.,
2016; Ochoa-Hueso et al., 2018) and identified
Actinobacteria and Planctomycetes as groups that con-
sistently have higher abundance under drought. We
tested whether these groups showed greater increases
under drought when dispersal was present. Third, we
also examined whether compositional changes we saw
might be driven by a response to DOC (necromass), so
we tested whether bacterial groups that increased in
response to pulses of DOC (Cleveland et al., 2007) also
increased under dispersal.
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