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Dispersal can influence the response of bacterial communities to environmental changes
and disturbances. However, the extent to which dispersal contributes to the community
response in dependence of the character and strength of the disturbance remains
unclear. Here, we conducted a transplant experiment using dialysis bags in which
bacterioplankton originating from brackish and marine regions of the Saint Lawrence
Estuary were reciprocally incubated in the two environments for 5 days. Dispersal
treatments were set-up by subjecting half of the microcosms in each environment
to an exchange of cells between the marine and brackish assemblages at a daily
exchange rate of 6% (v/v), and the other half of microcosms were kept as the non-
dispersal treatments. Bacterial 16S rBNA sequencing was then used to examine the
diversity and composition of the active communities. Alpha diversity of the marine
communities that were exposed to the brackish environment was elevated greatly
by dispersal, but declined in the absence of dispersal. This indicates that dispersal
compensated the loss of diversity in the marine communities after a disturbance by
introducing bacterial taxa that were able to thrive and coexist with the remaining
community members under brackish conditions. On the contrary, alpha diversity of the
brackish communities was not affected by dispersal in either environment. Furthermore,
dispersal led to an increase in similarity between marine and brackish communities in
both of the environments, with a greater similarity when the communities were incubated
in the brackish environment. These results suggest that the higher initial diversity in
the brackish than in the marine starting community made the resident community
less susceptible to dispersing bacteria. Altogether, this study shows that dispersal
modifies the diversity and composition of the active communities in response to a
salinity disturbance, and enables the local adjustment of specific bacteria under brackish
environmental conditions.

Keywords: bacteria, dispersal, environmental heterogeneity, transplant experiment, community similarity

INTRODUCTION

Dispersal acts as a link between local and regional community dynamics within the framework of
metacommunities (Mouquet and Loreau, 2003; Leibold et al., 2004). Both theoretical predictions
(Loreau and Mouquet, 1999; Mouquet and Loreau, 2003) and experimental studies (Matthiessen
and Hillebrand, 2006; Lindstrom and Ostman, 2011; Declerck et al., 2013) have focused on how
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dispersal alters community diversity and composition. For
microorganisms, the degree to which dispersal contributes to
changes in community properties depends on (i) the magnitude
of the dispersal rates (Lindstrém and Ostman, 2011; Declerck
et al,, 2013; Souffreau et al., 2014; Berga et al,, 2015), (ii) the
initial diversity of the communities undergoing dispersal (Zha
et al,, 2016), and (iii) the source of the immigrants (Comte et al.,
2017). In natural systems, and particularly in aquatic systems, the
passive migration of cells often occurs in the setting of a change in
environmental conditions, (Lindstrom and Langenheder, 2012;
Rillig et al., 2015). This complicates the unraveling of the effect of
dispersal from that of contemporary environmental conditions
on the assembly of emergent bacterial communities. Only a few
experimental studies have assessed the direct effects of dispersal,
via the exchange of microorganisms, on the activity and overall
structure of bacterial communities (Lindstrom and Ostman,
2011; Severin et al., 2013). However, they did not consider how
different environments affect the importance of dispersal on
bacterial community composition and whether dispersal varies
among bacterial taxa.

Dispersal can drive species coexistence via competition—
colonization tradeoffs (Lowe and McPeek, 2014). Species
interactions play a large role in regulating the colonization ability
of immigrants and lead to the coexistence of local communities
(Chesson, 2000). Bacterial taxa differ in their ability to colonize
new environments and in their ability to compete with other
community members (Livingston et al., 2012). Nonetheless,
species interactions are important for most microorganisms that
are likely to disperse passively (i.e., wind-blow or water flows)
(Martiny et al., 2006; Nemergut et al., 2013), given that dispersal is
random with respect to taxon identity. The variability at both the
community and the population level after dispersal is therefore
assumed to reflect the cumulative effects of competition and
colonization on species coexistence.

Dispersal also influences the response of bacterial
communities to disturbances or environmental perturbations
(Shade et al., 2012). Without immigration, bacterial communities
respond to disturbances mainly through short-term physiological
acclimations (Martiny, 2015). This may lead to a decrease in
total cell abundances (Baho et al., 2012) or to the proliferation of
some bacteria from the “seed banks” (Jones and Lennon, 2010).
However, in the presence of dispersal, immigrating bacteria
can colonize niches opened up by disturbances (Baho et al,
2012; Vuono et al.,, 2016; Comte et al., 2017), and fulfill the
essential functions that were performed by taxa being lost due
to the disturbances (Székely and Langenheder, 2017). Yet, the
extent to which dispersal contributes to the community response
following a disturbance varies depending on the character and
strength of the disturbance remains unclear.

Salinity is an important determinant of bacterial community
composition across global scales (Lozupone and Knight, 2007).
In aquatic systems, numerous studies have cataloged bacterial
taxa-specific changes in abundances along a salinity gradient
(e.g., Bouvier and del Giorgio, 2002; Herlemann et al,, 2011).
A differential distribution of bacterial taxa along a salinity
gradient or in estuaries implies that some taxa are vulnerable
to altered salinity. The ongoing salinization of coastal habitats

or basins due to climate changes and anthropogenic activities
underlines the need to better understand the mechanisms
by which salinity influences bacterial communities (Herbert
et al.,, 2015; Mohrholz et al., 2015). However, little is known
about the fate of immigrant taxa transported from different
salinity conditions and the impact of competition with local
communities. The fate of dispersed communities may depend
on the niche breath of the immigrants, because changes in
salinity may favor habitat generalists with ecological versatility
and a broad salinity tolerance (Székely et al, 2013). Thus,
characterizing the diversity and composition of dispersed
communities following a salinity change will enhance our ability
to predict the ecological consequences for a given microbial
community under saltwater intrusion scenarios.

The main aim of our study was to examine how the
responses of estuarine bacterioplankton communities to minor
salinity changes are modified by dispersal. To address this, we
implemented a full-factorial experiment using dialysis bags in
which brackish and marine bacterioplankton originating from
two sites within the St. Lawrence Estuary (SLE) were incubated
under the respective environmental conditions from both sites,
with and without dispersal of cells between the two inoculum
sources. We used Illumina sequencing of 16S rRNA to specifically
target the response of the active bacterial communities before and
after dispersal events, because RNA provides a better indicator for
extant microbial viability than DNA (Keer and Birch, 2003) and
thus excludes possible confounding effects of intact but inactive
cells (Nielsen et al., 2007). We hypothesize that (i) dispersal
increases community diversity in the communities exposed to
a salinity change; (ii) dispersal influences the compositional
response of the communities to a change in salinity by
introducing taxa able to thrive under the new environmental
conditions; (iii) the importance of dispersal events differs among
bacterial phylogenetic groups.

MATERIALS AND METHODS
Study Site and Experimental Setup

The SLE was a suitable aquatic system for our study, as its
microorganisms are not only exposed to fluctuations in salinity
but are also transported via currents or tidal events (Mucci
et al., 2011; Dinauer and Mucci, 2017). Surface water (depth:
3 m) from two regions of SLE was collected using a Rosette
sampler: the Gulf of St. Lawrence (47° 11.1547'N, 59° 32.2932'W;
salinity ~30.35 psu), on August 26, 2015, and the Lower SLE
(48° 38.3388'N, 68° 37.9090"W; salinity ~24.29 psu), on August
30, 2015. For simplicity, the two sampling locations are referred
to in the following as ‘marine’ and ‘brackish’ sites, respectively.
Water from these sites served as the source for both the medium
and the inoculum. Approximately 200 L of the sampled water
from each site was then filtered through a 200 pm mesh into
30 L carboys to remove large zooplankton. The medium was
subsequently filtered through 142 mm GF/F filters (Whatman,
Dassel, Germany) to remove protists. The microbial inoculum
was prepared by further filtering the <200 pwm water through
a 25 pm mesh to remove large phytoplankton. The inoculum
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and medium originating from the marine site were stored in a
constant temperature room at 4°C in the dark for 4 days until
initiation of the experiment. The inoculum and medium from the
brackish site were collected at the day when the experiment was
started (August 30) and stored in the constant temperature room
where the experiment was later performed (see below).

Dialysis tubing with a molecular weight cutoff of 12-14 kDa
(Spectrum Laboratories, Rancho Dominguez, CA, United States)
was used to inoculate the microbial communities, as it ensured
the free exchange of dissolved organic matter and nutrients
without allowing the movement of microorganisms (protists,
bacteria, viruses). Our choice of dialysis bags allowed the majority
of organic molecules to diffuse efficiently, as the molecular
mass of DOM in aquatic environments is typically smaller than
5 kDa (Wu et al., 2003; Nebbioso and Piccolo, 2013). Dialysis
tubing pieces (45 cm long) were rinsed thoroughly 24 h before
use, soaked in Milli-Q water overnight, and rinsed again. All
inocula and media were acclimated to a constant temperature
of 19°C for 12 h before setup of the experiment on August
30. Each dialysis bag was filled with 1.5 L of either brackish
or marine inoculum and two incubation tanks were filled with
~95 L of the brackish or marine medium, respectively. The
dialysis bags were then placed in the tanks. The incubations were
carried out in triplicates (total of 30 microcosms) for 5 days
(Figure 1). The short duration was used in order to minimize
the formation of biofilm on the surfaces of the bags, so that
the permeability of the dialysis bags was maintained as much
as possible during the course of the experiment. Salinities were
measured and found to have equalized between the dialysis bags
and incubation tank in <12 h. The experiment was implemented
at constant temperature (19°C), in the dark and with no
aeration.

The dispersal manipulation was initiated immediately after the
salinity had equalized (12 h after the start of the incubation),
by exchanging 50 mL of water by pipetting between half of the
dialysis bags inoculated with the brackish and marine inocula
twice per day (every 12 h), representing a daily exchange of 6% of
each microcosm volume (dispersal treatment, DT, Figure 1). Our
intention was to simulate a scenario that may occur in an estuary
where marine and brackish communities are frequently mixed via
tides or aerosols. The exchange of microorganisms was carried
out between pairwise replicates. For example, in the brackish
incubation tank, rep 1 of ‘Bb_DT’ exchanged with rep 1 of
‘Bm_DT (Figure 1), with the same procedure used for each pair
of rep 2 or rep 3, correspondingly. Here and in the following, the
capital letter B or M refers to the brackish or marine incubation
environment, and the lower case letter b or m to the brackish
or marine inoculum. For the treatments without dispersal,
there was no exchange of microorganisms between pairwise
replicates. However, to maintain the same level of physical
disturbance in all microcosms, the remaining microcosms were
subjected to the same action: pipetting water out from and into
the same dialysis bag, but without exchanging microorganisms
among the bags (non-dispersal treatment, ND, Figure 1). All
dialysis-bag microcosms were destructively sampled on day
5 of the incubation (that is, 12 h after the last dispersal
manipulation on day 4). One replicate of treatment Bb_ND

was not included in all analyses due to water loss during
sampling.

Sampling and Sample Analysis

Microbial Cell Abundances

Samples were taken from the initial microbial inocula (day 0)
and all microcosms (day 5) for determinations of microbial cell
abundances. For bacterial abundance, 4 mL were preserved with
formaldehyde at a final concentration of 2%, and immediately
flash frozen in liquid nitrogen until used in the flow cytometry
measurement. Cells in the samples were stained using 10x SYBR
Green I (Life Technologies, Darmstadt, Germany) and then
counted in a FASCalibur flow cytometer (Becton Dickinson,
Fremont, CA, United States), as described elsewhere (Gasol and
del Giorgio, 2000).

In addition, the cell abundance of protists was determined
using epifluorescence microscopy, according to Weber et al.
(2012) with minor modifications. Briefly, 10 mL of sample was
fixed with formaldehyde at a final concentration of 2% and stored
at 4°C. After ~4 h, the fixed samples were filtered onto 0.8-
pm, 25-mm black filters (Whatman, Dassel, Germany), which
were then stored at —20°C until further processing. For cell
enumeration, cells on the filters were stained with 4,6-diamidin-
2-phenylindol and three randomly selected fields of view were
inspected at 63 x magnification using a Zeiss Axioskop 2 mot plus
microscope (Zeiss, Oberkochen, Germany). Technical triplicates
were established for each sample.

Water Physiochemical Analyses

Conductivity was measured together with inorganic nutrients
and dissolved organic carbon (DOC) concentrations. The
samples were taken from the initial inocula and all microcosms
at the end of the experiment. Briefly, 15-mL samples were
filtered through GF/F filters (Whatman, Dassel, Germany) for
measurements of NO3;~, NO,~, PO43~, NH4*, and SiO;~
concentrations using a colorimetric method according to
Grasshoff et al. (1999) and a Seal Analytical QuAAtro automated
nutrient analyzer (SEAL Analytical GmbH, Norderstedt,
Germany). DOC was measured by filtering 20 mL of the
samples through combusted GF/F filters (Whatman, Dassel,
Germany), which were then analyzed on a TOC-VCPH TOC
Analysator (Shimadzu Europe GmbH, Duisburg, Germany).
Supplementary Table S1 summarizes the main chemical and
biological measurements of the water samples.

Active Bacterial Community Composition

Active bacterial communities were analyzed from two of the
initial microbial inocula and all microcosms on day 5. Water
samples (1.5 L) from the initial inocula and from each dialysis
bag (~1.4 L) were filtered through 0.22 pm pore size filters
(Millipore, Darmstadt, Germany), which were immediately flash-
frozen in liquid nitrogen and stored at —80°C until nucleic acid
extraction. The RNA from 29 samples was extracted using the
RNeasy mini kit (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol. Genomic DNA in the RNA extracts was
removed by DNase treatment using the TURBO DNA-free kit™
(Invitrogen, Darmstadt, Germany). DNase-treated RNA was
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Initial
(day 0)

Dispersal manipulation (day 1-4) and end (day 5)

Brackish incubation tank (B)
~ salinity 24 psu

Marine incubation tank (M)
~ salinity 30 psu

inocutum sources - Y A
pEmmmmem;m;eme N\ w\
Brackish
inoculum
(b)
Bb_ND Bb_DT Mb_ND Mb_DT
Every Every
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FIGURE 1 | Experimental setup. Triplicate microcosms consisting of dialysis bags containing either a brackish or marine inoculum were reciprocally incubated in
brackish and marine environments. B and M represent the brackish and marine incubation environments used in the incubations, respectively, and b and m
represent the source (origin) of the initial brackish and marine inocula, respectively. ND indicates the treatments without dispersal, and DT indicates the treatments
with dispersal. Combinations of these letters describe the particular incubation environment for the microcosms, the inoculum source, and the presence or absence
of dispersal. For example, Bm_DT indicates microcosms in which the marine inoculum (m) was incubated in the brackish environment (B) and subjected to dispersal

OT).

tested for traces of DNA by PCR amplification using the bacterial
16S rRNA gene primers of two sets: comfl/r2ph (Stolle et al.,
2011) and 341{/805r (Herlemann et al., 2011). The PCR products
were visualized on 1.2% agarose gels. The above-described DNase
treatment and the tested PCR steps were repeated until no
positive DNA amplification was detected. The RNA extracts
were further purified using the RNA Clean and Concentrator™-
5 kit (Zymo Research, Irvine, CA, United States), and the
quality and concentration then checked on an Agilent 2100
Bioanalyzers. The purified RNA was reverse transcribed using
the iScript cDNA synthesis kit (Bio-Rad, Munich, Germany).
The resultant ¢cDNA from all samples was PCR amplified
using the primers 341f/805r (Herlemann et al, 2011), which
allowed determination of the metabolically active fraction of the
bacterial communities (Blazewicz et al., 2013) that responded
to the experimental conditions and dispersal treatments. The
amplicons were sequenced using the Illumina Miseq system
(2 x 300 base pairs) at the LGC sequencing center (Berlin,
Germany).

Sequence Processing

Sequences were processed using MOTHUR v.1.36.1 according to
the Miseq SOP, with minor customized modifications' (assessed:
May 1st, 2016) (Kozich et al., 2013). Paired-end sequences were

Uhttps://www.mothur.org/wiki/MiSeq_SOP

merged. The sequences were then quality filtered such that
any reads with length <400 nt, ambiguous bases >0, and a
homopolymer length >8 were removed from further analysis.
The remaining sequences were aligned with those in the SILVA
v123 reference database; sequences that did not align to the
correct region were eliminated. Noise in the sequences was
further reduced using pre-clustering; the resulting sequences
were screened for chimeras using UCHIME (Edgar et al,
2011). A Bayesian classifier was used to classify the sequences
against the Ribosomal Database Project (Wang et al.,, 2007).
Only classifications with a bootstrap cutoft value >80% were
included in the analyses. All Archaea, Eukaryota, chloroplasts,
mitochondria, and unknown sequences were removed from the
sequence dataset. Finally, the sequences were clustered according
to their taxonomy and assigned to operational taxonomic units
(OTUs) at a 3% dissimilarity level using the average neighbor
method. Singletons (OTUs with only one sequence across all
libraries) were also discarded. For downstream analyses, the
sequences were subsampled to 11,074 sequences (the size of the
smallest library; see Supplementary Table S1 for details) across
29 samples using the R script described in Zha et al. (2016). The
FASTAQ files and associated metadata have been deposited and are
publically available at the European Nucleotide Archive’ under
the accession number PRJEB23259.

Zhttp://www.ebi.ac.uk/ena
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FIGURE 2 | Cell abundances of bacteria (A) and protists (B) at the beginning
of the experiment and after incubation in a brackish or marine environment for
5 days. The source of the initial microbial inoculum (x-axis) is indicated as
brackish (b, white) or marine (m, gray). ND, non-dispersal treatment (x); DT,
dispersal treatment (triangles). Significant differences at P < 0.1 determined in
the corresponding Welch’s t-tests are shown in the figure.

Statistics

Three-way ANOVAs were used to test the effects of dispersal,
incubation environment, inoculum source, and their interactions
on microbial cell abundances, Shannon diversity, species
richness, and the evenness of the bacterial communities at the
end of the experiment (day 5). All three factors served as fixed
effects in all linear models that were tested by ANOVA. To assure
the fulfillments of the assumptions of the ANOVA and when
data needed to be transformed, the normal distribution of the
residuals of the linear models was tested using the Shapiro-
Wilk normality test. The homogeneity of variance was tested
using Levenes test using the package ‘car’ (v2.1-4). Data were
log transformed if necessary to fulfill ANOVA requirements. In
case of significant effects, Welch’s t-test, used under conditions
of unequal variances, was carried out to further explore the
differences between ND and DT for the brackish and marine
communities, as well as the differences between the two initial
microbial inocula. Realized species richness (S.Obs) and Shannon
diversity (H) were computed from the average of each of 100
iterations using the ‘vegan’ R packages (v2.4-1; Oksanen et al.,
2016). Realized evenness was calculated from the quotient of H/In
S.Obs.

Differences in bacterial community composition were
visualized using non-metric multidimensional scaling (NMDS)
based on the Bray-Curtis dissimilarity metric and by fitting
environmental variables (ie., salinity, nutrient content and
protist abundance) to the ordination. Significant differences in
the between-community variation among ND and DT of each

environment were analyzed based on the test of homogeneity of
multivariate dispersions (beta-dispersion) (Anderson, 2006). The
effects of dispersal, incubation environment, inoculum source
and their interactions on bacterial community compositions in
all microcosms were analyzed using three-way permutational
multivariate analyses of variance (PERMANOVA) (Anderson,
2001). A large fraction (52.23%) of the variance in the differences
in communities could be attributed to the inoculum source. This
variance was therefore excluded to improve the estimates of
dispersal and incubation environment, by performing two-way
PERMANOVA tests separately for the brackish and marine
communities.

Three-way ANOVAs were also used to test the effects of
dispersal, incubation environment, inoculum source, and their
interactions on the abundances of bacterial phyla/classes or
order/families. Normality and homogeneity of variance were
checked as described above, arcsine square-root-transforming the
data if necessary to fulfill the requirements of the ANOVA.

The occurrence patterns of abundant OTUs (mean relative
abundance > 1% in any microcosm) were explored using
a hierarchical analysis with Pearson’s correlation to cluster
those OTUs with similar relative abundances. The dendrograms
grouped taxa according to their occurrence patterns, without
any information on phylogeny. Heatmaps with color gradients
were used to present the trend in the relative abundance of
each OTU. Among the abundant OTUs, those with a potentially
high dispersal ability (termed ‘abundant dispersers’) in each
environment were determined as well by identifying the OTUs
that were present in the pool of abundant OTUs in DT, but
were absent from either brackish or marine communities in
ND. Although defining OTUs with good dispersal capabilities
based only on the abundant OTU pool is somewhat arbitrary,
it does offer more information than provided by taxonomy
or functional capacity (Lindstrom and Langenheder, 2012). All
statistical analyses and data visualization were performed in R
(v3.4-0).

RESULTS

Microbial Cell Abundance

Both the inoculum source and the environment, but not
dispersal, had significant effects on bacterial abundances (three-
way ANOVA, source: F = 224.57, P < 0.001; environment:
F = 128.78, P < 0.001; Supplementary Table S2). However,
the interaction between dispersal and environment marginally
affected bacterial abundance (three-way ANOVA, F = 3.14,
P < 0.1). This effect was most pronounced for the transplanted
brackish communities under marine conditions, with higher
cell abundances in DT (Figure 2A). The abundances of
protists were significantly higher in the initial marine than
in the initial brackish inoculum (Figure 2B). Dispersal,
environment, and the inoculum source individually influenced
protist abundance at the end of the experiment (Supplementary
Table S2). Protist abundance was also significantly affected
by the interaction between dispersal and environment (three-
way ANOVA, F = 6.85, P < 0.05; Supplementary Table S2).
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FIGURE 3 | Shannon diversity, realized richness, and evenness of the active bacterial community at the beginning and end of experiment (day 5). The source of the
initial microbial inoculum (x-axis) is indicated as brackish (b, white) or marine (m, gray). ND, non-dispersal treatment (x); DT, dispersal treatment (triangles). Significant
differences at P < 0.1 determined in the corresponding Welch'’s t-tests are shown in the figure.

In addition, a higher abundance was observed in DT for the
marine communities grown in their native environment (i.e.,
incubation environment and inoculum source were matched with
regard to water origin) (Figure 2B).

Alpha Diversity

Shannon diversity was significantly higher in the initial brackish
than in the initial marine inoculum (Figure 3). The results of
the three-way ANOVAs showed that dispersal, environment, and
inoculum source influenced Shannon diversity, and both realized
species richness and evenness (Supplementary Table S2).
However, the interaction of these three factors resulted in
weaker effects on richness and evenness (Supplementary
Table S2). Dispersal resulted in greater Shannon diversity,
richness and evenness in the brackish environment for the marine

communities (Figure 3). In the case of brackish communities, the
measured diversity metrics of ND and DT did not significantly
differ in either environment (Figure 3).

Beta Diversity

The active bacterial communities became more similar in
DT than in ND after 5 days of incubation, even though
communities were mainly clustered according to the inoculum
source (of marine or brackish origin, Figure 4A). The results
of the PERMANOVA test showed that the variation in the
beta diversity among all microcosms was significantly explained
by the inoculum source (52.23%), followed by environment
(9.32%), dispersal (3.50%), and the interactions between any
of the two factors (2.92-6.62%) (Supplementary Table S3A).
In the microcosms with a brackish inoculum and in those
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with a marine inoculum, the interaction between dispersal and
environment was significant only for the marine but not the
brackish communities and explained 14.35% of the total variance
(two-way PERMANOVA, P < 0.05; Supplementary Table S3B).

To explore the relationship between the variability in the
active community composition and incubation environment,
the variables salinity, nutrient and protist concentrations were
plotted in the NMDS ordination as fitting environmental
variables. The variation in community composition among
all microcosms correlated with differences in salinity, which
were higher in the marine environment, but were also
apparently related to other environmental factors, such as
protist abundance, DOC, DOC, PO43~, SO,~, and NO;,
which were higher in the brackish environment (Figure 4A and
Supplementary Tables S1, S4).

To better understand the between-community variation in
dependence of dispersal for each incubation environment, we
performed beta-dispersion analysis to determine the mean
differences in community dissimilarity among ND and DT.
Dispersal generally led to a decrease in between-community
variation, which was more apparent in the marine than in the
brackish environment (Figure 4B).

Taxon-Specific Responses to Dispersal
Active bacterial communities were dominated by taxa assigned to
Alpha-, Gamma-, and Deltaproteobacteria, and to Bacteroidetes
(Figure 5A), together contributing >80% of total sequence reads.
Three-way ANOVA tests showed significant differences in the
abundances of several bacterial phyla or classes (Supplementary
Table S5). Dispersal led to a significant increase in the
relative abundance of Deltaproteobacteria but had weaker
effects on the relative abundance of Alphaproteobacteria,
Epsilonproteobacteria, and Bacteroidetes, depending on
the inoculum source (Figure 5A and Supplementary
Tables S5A-C,E), and no effects on the relative abundance
of Gammaproteobacteria (Supplementary Table S5D).

Not all of the families/clades affiliated with particular

phyla/classes responded identically to dispersal, except
for Bdellovibrionaceae (Deltaproteobacteria) and
Campylobacteraceae  (Epsilonproteobacteria)  (Figure 5).

Overall, the interactive effects of dispersal and environment
were more apparent for family-level than for the phylum/class-
level responses (Supplementary Table S5). The interactions
showed a stronger effect of dispersal for some families in
the brackish environment. For example, dispersal resulted in
a decrease in the relative abundances of Oceanospirillaceae
(although not statistically significant) and Vibrionaceae in the
brackish environment, independent of the inoculum source
(Figure 5B and Supplementary Table S5D). Interestingly,
Bdellovibrionaceae in the marine communities were present
at low (relative) abundances in the brackish environment,
but in the absence of dispersal, not at all in the native
environment (Figure 5B); they were, however, significantly
enriched in DT. The abundance of the SARII clade was
marginally influenced by the interactions between dispersal
and environment (Supplementary Table S5A), but without a
clear pattern. By contrast, the interaction did not significantly
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X Mm_ND
A Mm_DT
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P < 0.001

Brackish Environment
P<0.1

N A

Distance to centroid

0.25 A

0.20 1

ND DT ND DT
Treatment

FIGURE 4 | Beta diversity of the active bacterial communities. (A) Differences
in the bacterial communities at the end of the experiment as determined by
NMDS ordination. The particular combination of incubation environment and
inoculum source is color-coded: b inoculum in the B environment is (Bb:
orange), m inoculum in the B environment (Bm: olive green), b inoculum in the
M environment (Mb: brown), and m inoculum in the M environment (Mm: dark
green). ND, non-dispersal treatment (x); DT, dispersal treatment (triangles).
The strength of the statistically significant (P < 0.05) explanatory
environmental variables is shown with solid arrows (for explanatory values of
the environmental variables to differences in the communities, see
Supplementary Table S2). DOC, dissolved organic carbon; PA, protist
abundance. (B) Beta-dispersion illustrating the mean differences in the
variation (i.e., distance to centroid) between communities in ND and DT for the
brackish and marine environments. Significant differences at P < 0.1 obtained
from the corresponding Welch’s t-tests are shown in the figure.

influence the SARI116 clade (Supplementary Table S5A),
Cellvibrionaceae, or Colwelliaceae (Supplementary Table S5D).
Neither dispersal nor incubation environment had effects on the
abundances of Flavobacteriaceae, whereas their interactive effect
was significant (Supplementary Table S5E). This suggested
that, at least in one of the environments, both the brackish and
the marine communities had a unique response to dispersal.
For example, the abundances of members of Flavobacteriaceae
showed a slight but significant increase in response to dispersal
in the brackish incubation environment (Figure 5B). In the case
of Rhodobacteraceae and Campylobacteraceae, the interaction
between dispersal and inoculum source significantly influenced
their relative abundances: the former one decreased when it
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originated from the marine and the latter one when it originated
from the brackish inoculum (Figure 5B and Supplementary
Tables S5A,C, respectively).

Occurrence Patterns of Abundant OTUs
and the Identification of ‘Abundant

Dispersers’

Among the 34 abundant OTUs identified across all microcosms,
21 had their maximal abundance in the brackish and 13
in the marine communities (Supplementary Table S6). An

analysis of the occurrence patterns of the abundant OTUs
showed that regardless of the dispersal manipulation, the
fraction of abundant OTUs was higher in the transplanted
brackish than in the transplanted marine communities
(Figure 6). Among the abundant OTU pool, Otu000003,
affiliated with the family Campylobacteraceae, was the
most prevalent across microcosms, with a maximal relative
abundance of 19.85% in the Bb_ND microcosm (Figure 6
and Supplementary Table S6). Furthermore, several abundant
OTUs defined as abundant dispersers in the DT microcosms
were rare in the ND microcosms, for either brackish or
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marine communities (Figure 6 and Table 1). The fraction
of the abundant dispersers represented 31% and 14% of
the total number of abundant OTUs (across microcosms)
in the brackish and marine environments, respectively
(Table 1 and Figure 6). Among the OTUs identified as
abundant dispersers, Otu000008, affiliated with the family
Rhodobacteraceae, and Otu000009, affiliated with the family
Colwelliaceae, showed good dispersal capabilities in the brackish
communities, irrespective of the environment. Conversely,
the dispersal capacity of Otu000010, affiliated with the family
Bdellovibrionaceae was good in the marine communities (Table 1
and Figure 6).

DISCUSSION

In this study, we experimentally tested the dispersal dependence
of the responses of estuarine bacterioplankton communities
exposed to a salinity disturbance (i.e., a difference in salinity
between treatments). Our first hypothesis, that dispersal increases

the diversity of the communities experiencing a disturbance,
was supported only in the case of the marine, not the brackish
community. In the marine community, both the realized
richness and the evenness increased due to dispersal; this
was surprising because in a previous simulation model similar
patterns were observed only at high dispersal rates (at least
25%), as a consequence of mass effects (Evans et al., 2017).
In our study, mass effects were unlikely to have played a
role in our experiment because DT microcosms were subjected
to a daily exchange of only 6% (v/v), which is lower than
the rates at which mass effects have been shown to occur
(Lindstrom and Ostman, 2011; Souffreau et al., 2014). Instead,
the frequent dispersal (exchange of cells twice per day) of
the brackish into the marine community was enough to allow
different taxa to colonize niche space that the marine community
alone could not fill. Nonetheless, the dispersal rate was not
high enough to result in very high densities of individuals,
thereby eliminating the dominant species in the receiving
community. Contrary to our hypothesis, however, dispersal
did not increase the alpha diversity of brackish communities
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TABLE 1 | The abundant dispersers in the brackish and marine communities of each environment.

OTUID Brackish environment Marine environment Taxonomic assignment
Dispersal Relative Dispersal Relative
capability abundance % capability abundance %

Otu000004 m 1.99% - - Proteobacteria; Gammaproteobacteria; unclassified;
unclassified; unclassified

Otu000006 - - b 1.15% Proteobacteria; Gammaproteobacteria; Oceanospirillales;
Oceanospirillaceae; Pseudospirillum

Otu000008 b 3.12% b 4.19% Proteobacteria; Alphaproteobacteria; Rhodobacterales;
Rhodobacteraceae; Ascidiaceihabitans

Otu000009 b 1.24% b 1.75% Proteobacteria; Gammaproteobacteria; Alteromonadales;
Colwelliaceae; Colwellia

Otu000010 m 3.69% m 1.13% Proteobacteria; Deltaproteobacteria; Bdellovibrionales;
Bdellovibrionaceae; OMZ27 clade

Otu000012 m 1.32% - - Proteobacteria; Alphaproteobacteria; Rhodobacterales;
Rhodobacteraceae; Planktomarina

Otu000019 - - m 1.42% Proteobacteria; Gammaproteobacteria; Alteromonadales;
Colwelliaceae; Thalassotalea

Otu000023 b/m 2.46%/1.14% - - Bacteroidetes; Flavobacteriia; Flavobacteriales;
Flavobacteriaceae; Polaribacter

Otu000028 b/m 2.74%/1.11% - - Bacteroidetes, Flavobacteriia; Flavobacteriales;
Flavobacteriaceae; Dokdonia

Otu000033 m 1.70% - - Proteobacteria; Deltaproteobacteria; Desulfuromonadales;
GR-WP33-58; unclassified

Otu000041 m 2.05% - - Proteobacteria; Deltaproteobacteria;, Desulfuromonadales;

GR-WP33-58; unclassified

Abbreviations ‘b’ and ‘m’ represent the brackish and marine communities in which abundant OTUs showed a potentially high dispersal capability, respectively. For
example, the identification of the abundant OTUs in one of the environments as the ‘abundant dispersers’ in the brackish communities implies that these OTUs were
detected in the pool of abundant OTUs in the dispersal treatments, but were absent from the brackish communities in the non-dispersal treatments. ~’ indicates that the
OTUs were not identified as abundant dispersers, that is, they were either rare in a particular incubation environment (mean relative abundance <1% in any microcosm)
or abundant in all ND for that environment. Relative abundances are presented as the averages of the replicate samples.

exposed to the marine environment. This might be a result
of the significantly higher initial diversity of the brackish
compared to the marine inoculum, since it has been shown
that effects of dispersal may depend on initial diversity (Roy
et al., 2013; Zha et al., 2016) and that communities with
high initial diversity are less susceptible to the dispersing
community. To summarize, our results indicate that dispersal
maintains or increases alpha community diversity, with the
final outcome depending on the initial diversity of the active
communities.

As expected, brackish and marine communities became
more similar in the presence of dispersal, regardless of the
incubation environment (Figure 4), which is in agreement
with previous studies (Lindstrém and Ostman, 2011; Declerck
et al, 2013; Severin et al, 2013). Although the inoculum
source and incubation environment explained a large share
of the variation in community composition, it was also
significantly predicted by dispersal and its interactions with
these two other factors (Supplementary Table S3A). We also
observed that, without dispersal, the relative abundance of
rare taxa originating from the marine communities increased
in response to a salinity change, while the majority of
the taxa from the brackish communities remained abundant.
These patterns suggested the existence of a “seed bank”
of brackish bacteria within the marine species pool and

the ability of some abundant members in the brackish
community to readily grow in the marine environment. Similar
findings were obtained in a transplant experiment using
bacterial assemblages inhabiting the Baltic Sea (Shen et al,
2018).

In aquatic microbial communities, dispersal occurs as
community coalescence, i.e., involves not only the mixing of cells
between communities but also their respective environmental
matrices (Rillig et al., 2015; Mansour et al., 2018). A reduction
in beta diversity in response to varying dispersal levels may
thus also result from the homogenization of environmental
conditions that often accompanies the passive migration of
aquatic communities (Lindstrom et al., 2006; Adams et al., 2014;
but see Declerck et al., 2013, where this is described to occur at
a very low rate). In our study, the dispersal manipulation was
started after the salinity within the dialysis bags and incubation
tank had equalized so that confounding environmental effects
would be minimized. We found that all measured environmental
parameters were similar in the microcosms that were exposed to
the same incubation environment at the end of the experiment,
irrespective of the origin of the microbes (Supplementary
Figure S1), which suggests that dissolved nutrients and DOC
diffused efficiently through dialysis membranes during the
experiment. This is further supported by the finding that
the DT treatments in either brackish or marine environment
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grouped more closely together with respect to similarity
of community composition (Figure 4A) than to that of
the experimental conditions (Supplementary Figure S1), e.g.,
Bb_DT vs. Bm_DT, correspondingly. Therefore, environmental
mixing as a confounding factor was minimized in our
experiment and the changes in the active bacterial community
composition introduced by dispersal were primarily due to
the exchange of microorganisms. However, the possibility
that the concentrations of DOC and other nutrients in the
dialysis bags and incubation tank at the onset of dispersal
were not yet in equilibrium, thereby leading to a short-term
transient effect of changes in DOC and nutrients, cannot be
excluded.

The compositional resemblance following dispersal was more
pronounced in our study than in earlier studies, including
those with similar dispersal rates (Lindstrom and Ostman, 2011;
Severin et al., 2013; Souffreau et al., 2014). This can perhaps be
explained by the greater response to dispersal of the metabolically
active community examined in our study (based on RNA) than of
the total bacterial community (based on DNA) analyzed in those
previous studies, as changes in RNA occur faster than changes in
DNA (De Vrieze et al., 2016).

There are two potential explanations for the increases in
community similarity in response to dispersal, as observed
based on assessment of the abundant OTU pool: replacement
of OTUs and a change in relative OTU abundance. In the
former case, the brackish and marine communities in DT
would have shared a large fraction of the abundant OTUs,
whereas these would have been rare or absent in the ND.
However, this was not the case because only a small fraction
of the abundant dispersers (14% and 31% relative to the
total number of the abundant OTUs for marine and brackish
environments, respectively) was rare in ND. Instead, the
relative abundances of the majority of the abundant OTUs
changed following dispersal, with the differences in their
relative abundances between brackish and marine communities
became smaller in DT treatment than ND. These patterns
were particularly strong for OTUs originating from the marine
inoculum (Figure 6 and Supplementary Table S3B). Hence,
our results suggest that increases in community similarity
as a response to dispersal are mainly due to changes in
relative abundances rather than to replacement of the abundant
OTUs.

In addition to the compositional changes at the OTU-
level, variation in the relative abundances occurred at higher
levels of phylogenetic resolution, particularly at the family
level, in response to dispersal. This generally supports our
third hypothesis that the importance of dispersal differs
among bacterial phylogenetic groups. For example, dispersal
promoted the growth of Bdellovibrionaceae, a group of
prokaryotic bacteriovores (Pineiro et al, 2004). These
bacteria were rare and/or dormant in the initial marine
inocula and in the marine communities at the end of the
experiment without dispersal. The transition of this family from
dormancy to active growth was most likely because dispersal
substantially influenced prey-predator dynamics (Otto et al,
2017).

Several lines of evidence in this study point to an interaction
of dispersal with the incubation environment to influence
community assembly. This interaction was more apparent in
the brackish than in the marine environment. Evans et al.
(2017) proposed that strongly selecting conditions could lead
to a small community size (total number of individuals) that
is more susceptible to dispersal. However, this was unlikely
to have been the case in our study, because the environment
had significant effects on the total bacterial densities and
higher cell abundances were observed under brackish conditions.
Alternatively, the metabolic plasticity of brackish bacteria to
salinity disturbances may hinder colonization by an external
source, i.e., a marine species pool, thereby decoupling the effect
of dispersal from that of saline conditions. In our study, the
community memberships of the active brackish communities
did not vary substantially between two incubation conditions
(Bb_ND vs. Mb_ND; Figure 5B). In addition, after the exposure
of those communities to dispersal in the marine environment
(Mb_DT vs. Mm_DT), their composition was less similar
to the marine communities than to those of the brackish
environment (Bb_DT vs. Bm_DT; Figure 5B). This hypothesis
should be tested in further studies examining how dispersal
modifies the response of brackish bacteria to a wide range of
salinities.

A few concerns need to be addressed when experimental
findings are extrapolated to natural systems. First, the patterns
observed in this study were derived from two sources of
microbial inoculum. This limited dispersal source may have
missed functionally rich communities and/or rich pools of
potential immigrants (Comte et al, 2017), both of which
could have fueled natural metacommunity dynamics. Second,
microcosms are regarded as artificial systems, in which either
the resulting communities differ from the composition of
the original inoculum or where fast-growing opportunists are
simply enriched (Christian and Capone, 2002; Aanderud et al,,
2015). For instance, Otu000003 affiliated with the genus of
Arcobacter was prevalent in our microcosms (Supplementary
Table S6); this opportunistic taxa may benefit from resource
competition and shifts in nutrient availability during the
incubation. Nevertheless, as the communities originating from
the same inoculum still clustered together at the end of
the experiment (Bb vs. Mb; Bm vs. Mm; Figure 4A), the
observed compositional differences can most likely be attributed
to dispersal. More importantly, our aim was to assess the
direct dispersal effects imposed by the passive transport of the
cells on the response of communities to new environmental
conditions, which could only be accomplished in a microcosm-
type system.

In summary, we have shown that a relatively low rate of
exchange of microorganisms among local communities can
alter the importance of environmental effects induced by
disturbances on the active bacterial communities. This response
was likely driven by changes in the relative abundances rather
than by a major replacement of abundant taxa. Moreover, the
interactive effects of dispersal and contemporary environmental
conditions were stronger at lower taxonomic levels, which
facilitated the local adjustment of some bacteria in brackish
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waters. Our study provides a better understanding of the fate of
dispersed bacteria under saltwater inflow scenarios and enhances
efforts at predicting bacterial responses to environmental
changes.
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