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Dispersal timing and drought history influence the
response of bacterioplankton to drying–
rewetting stress

Anna J Székely and Silke Langenheder
Department of Ecology and Genetics/Limnology, Uppsala University, Uppsala, Sweden

The extent and frequency of drought episodes is expected to increase in the following decades
making it a crucial stress factor for smaller water bodies. However, very little is known about how
bacterioplankton is affected by increased evaporation and how these communities reassemble after
rewetting. Here, we present results from a microcosm experiment that assessed the effect of drying–
rewetting stress on bacterioplankton in the light of the stress history and the rate and timing of
dispersal after the rewetting. We found that the drying phase resulted mainly in a change of function,
whereas the complete desiccation and rewetting processes strongly affected both composition and
function, which were, however, influenced by the initial conditions and stress history of the
communities. Effects of dispersal were generally stronger when it occurred at an early stage after the
rewetting. At this stage, selective establishment of dispersed bacteria coupled with enhanced
compositional and functional recovery was found, whereas effects of dispersal were neutral, that is,
predictable by dispersal rates, at later stages. Our studies therefore show that both the stress history
and the timing of dispersal are important factors that influence the response of bacterial communities
to environmental change and stress events.
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Introduction

Current climate trends indicate increasing frequency
of drought episodes in many parts of the world
(Humphries and Baldwin, 2003; Jiménez Cisneros
et al., 2014). Accordingly, temporary freshwater
ecosystems that are characterized by recurrent
drying–rewetting cycles have been receiving increas-
ing attention. The effect of drought on microbial
communities in aquatic systems has mostly been
studied in sediments and biofilms (Amalfitano et al.,
2008; Marxsen et al., 2010; Timoner et al., 2012;
Pohlon et al., 2013; Proia et al., 2013; Timoner et al.,
2014), and less focus has been given to the effects on
bacterioplankton (Fazi et al., 2008, 2013). Drought
episodes also represent an ideal setting to explore
the effect of stress episodes from a community
ecology perspective (Lake, 2003; Chase, 2007;
Barthès et al., 2015).

Drying-rewetting cycles are relatively harsh ecolo-
gical perturbations that comprise three main con-
secutive phases (Figure 1): (1) the drying process, (2)
the desiccated phase when the environment is

completely dry and (3) the rewetting or rehydration
process. For microbial communities, all these steps
represent selective forces. During the drying process
water gradually evaporates resulting in the increase
of electrical conductivity (Ec) and nutrient concen-
tration, and in compositional changes of dissolved
organic matter (Boven et al., 2008; Vazquez et al.,
2010; Ylla et al., 2010; Zoppini et al., 2010). Bacterial
communities may either be unaffected by this
process (i.e., resistant) or show certain level of
sensitivity, resulting in either only compositional
changes (i.e., functional redundancy) or only func-
tional changes (i.e., functional plasticity) or both
(Allison and Martiny, 2008; Comte and del Giorgio,
2011). Meanwhile, the individual members of the
bacterial community can respond in three main ways
to such stress events: they may adapt through
phenotypic plasticity and keep the abundance of their
active cells essentially unchanged (resistant), they can
fail to adapt and be negatively affected (sensitive), or
they may ‘take advantage’ of the new conditions and
increase in activity and abundance (opportunist)
(Evans and Hofmann, 2012; Shade et al., 2012).

At the end of the drying phase, bacteria have to
form inactive dormant cells to survive the subse-
quent desiccation period (Schimel et al., 2007;
Lennon and Jones, 2011). The ability of dormancy
is considered to be a bet-hedging strategy that is
achieved by stochastic switching between different
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physiological states (Beaumont et al., 2009). During
the rewetting process, nutrients and dissolved
organic matter are resuspended in the water body
(Ylla et al., 2010) together with the dormant cells that
awake to colonize the reformed aquatic environ-
ment. The awakening from dormancy is considered
to be a stochastic process (Buerger et al., 2012),
which in the initial stages of recovery following an
inactive period can lead to the assembly of divergent
communities (Lee et al., 2017) that are strongly
affected by priority effects (Fukami, 2015). However,
as long as the conditions stabilize the initial com-
munities are expected to converge through a succes-
sion of microbial species (Fazi et al., 2008) and
eventually recover to stable communities similar to
the ones before the stress event (Lee et al., 2017).

It has been demonstrated that consecutive drying–
rewetting cycles select for macroinvertebrates with
traits that help drought resistance (Brock et al., 2003;
Chase, 2007; Bogan and Lytle, 2011). For bacteria
there are several examples that show that distur-
bance history and past environmental conditions
leave their imprint on the composition and function
of bacterial communities (Bressan et al., 2008;

Hawkes and Keitt, 2015). Furthermore, in the case
of soil bacteria, it has been shown that intensified
exposure to rainfall (i.e., larger rainfall events
separated by longer dry periods) increases the
relative abundance of drying–rewetting-tolerant
traits (Evans and Wallenstein, 2014). Consequently,
the drying–rewetting history of a given aquatic
habitat is expected to influence the resistance and
recovering capacity of its bacterial communities
against subsequent drying–rewetting episodes.

Dispersal can also influence the stress response of
bacterial communities and enhance its composi-
tional and functional resilience (Shade et al., 2012;
Griffiths and Philippot, 2013). In the case of complex
stress episodes such as drying–rewetting, dispersal
can enhance recovery by acting as an additional
source of taxa beside tolerant taxa that survive
desiccation in seed banks. For microorganisms,
dispersal is often considered as a stochastic process,
which means that the abundance of a taxon in a local
community can be predicted from its abundance in
the regional species pool and the rate of dispersal
(Hubbell, 2001; Sloan et al., 2006; Östman et al.,
2010). However, dispersed propagules also have to

Figure 1 The drying–rewetting cycle and the response of the different stress tolerance groups. The upper part of the figure represents the
changes in water level (blue line) during an ideal drying–rewetting cycle as well as the expected changes in bacterial abundance (orange
line). The middle part of the figure shows the effect of the process on the rock pools and their bacterial communities. The geometric
symbols (circles, triangles and rhomboids) represent bacterial OTUs with different stress response strategies. The shape of the symbols
relates to different response of the OTUs to the drying stress (i.e., increased evaporation of water). The drying stress response categories
were determined based on the changes of relative abundance of each OTU. The colour of the symbols represents the rewetting tolerance
groups, which were defined based on the presence–absence of the OTUs through the steps of the rewetting process. Active bacteria are
fully coloured, while inactive bacteria are striped. In this study only active bacteria were measured. The right side of the figure shows the
effect of dispersal from an undisturbed source at two different time points after the rewetting (i.e., early after rewetting when the recipient
community is less established and later when the recipient community is more established).
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withstand the abiotic and biotic pressures and
efficiently exploit the resources of the recipient
habitat to successfully establish and propagate at
the new locality (Hanson et al., 2012). Hence, the
outcome of dispersal processes depends also on the
complexity of the local communities (Mallon et al.,
2015), and priority effects, where dispersal timing
and arrival order of species define the final composi-
tion of the recipient community (Fukami, 2015).
Consequently, Vellend et al. (2014) recently defined
dispersal as a process that can influence commu-
nities in both stochastic and deterministic ways
depending on the dispersal rate and the state of the
recipient community. Particularly, they propose that
the predictability of the outcome of a dispersal event
depends on whether the recipient habitat is ‘empty’
or populated by an established community on which
local selection already had time to operate.

Following a harsh stress event such as a drying–
rewetting episode, communities have to be essen-
tially reassembled from the local inactive seed bank
(Figure 1). During the initial phase of recovery, the
awaken, previously dormant local species undergo a
secondary succession process driven by local selec-
tive forces until a complex, stable community is
formed (Fierer et al., 2010). Hence, at early stages of
the community recovery we anticipate that the
establishment success of the propagules that arrive
via dispersal will be strongly affected by the ongoing
succession processes, and therefore the outcome of
such dispersal event will be poorly predictable by
solely its magnitude (i.e., dispersal rate). On the
contrary, at later stages of community formation,
when the recipient community is more stable, we
expect the establishment of dispersed bacteria to be
principally stochastic, which makes its outcome
more predictable based on the rate of dispersal.

Here we present a microcosm experiment where we
used three temporary water bodies (rock pools)
differing in the frequency of historical drought events.
Water from all source pools were subjected to a
drying–rewetting cycle under controlled conditions
to examine its effects on heterotrophic bacterial
community composition and function. We also tested
how dispersal aids recovery after rewetting and how
dispersed cells establish in the target community
depending on the timing of dispersal. We hypothe-
sized that (1) the extent of resistance and resilience of
the bacterial community to the drying–rewetting cycle
will depend on past events, that is, frequency of
previous drying–rewetting cycles; (2) dispersal will
facilitate the recovery of the bacterial communities to
the state prior the stress episode; (3) dispersal timing
will influence the effect of dispersal on stress recovery.

Materials and methods
Experimental design

Water samples. On 12 September 2010, water
samples were collected from rock pools at

Uggelhällorna peninsula (N 60°39.895′, E 18°25.836′)
located on the Gräsö island along the Swedish Baltic
Sea Coast (Langenheder et al., 2012; Székely and
Langenheder, 2014). Three freshwater pools were
chosen that differed in their size and therefore the
probability/frequency of drying–rewetting episodes.
The biggest pool was an ~ 1m deep permanent pool
(P), which never dried up during our previous
studies in the area (Langenheder et al., 2012;
Székely and Langenheder, 2014). The smallest pool
was a temporary pool (T), which contained water
only for few days after raining, while the third pool
was a medium sized pool (M), which dried up only
during longer rainless periods. The three pools were
located within an area of 100m2 but were not
directly connected to each other.

Twenty litres of water from each pool were
collected and transferred immediately to the
laboratory, where they were filtered through
1.2-μm 142mm Type A/E glass filters (Pall Cor-
poration, Port Washington, NY, USA) to remove
phytoplankton to be able to incubate the micro-
cosms in dark and focus on heterotrophic bacterial
communities. The water was stored at room
temperature and within 2 days after sampling we
set up a microcosm experiment in three replicates
to test both the effect of a drying–rewetting episode
and the effect of dispersal on the rewetted
communities.

Drying phase
To test the effect of drying, the first phase of each
microcosm experiment comprised of three open
plastic boxes (27× 39×19 cm3)—one per replicate
for each sampled rock pool (P, M, T)—filled with
2.5 L mix of water and 10% (V V− 1) 4-mm biofilm
carrier expanded clay beads (Biolite, Degrémont,
Paris, France; Figure 2). The microcosms were
incubated in a dark, constant temperature room at
22 °C and 28% relative humidity, where the water
evaporated at a slow continuous rate (~4% (VV− 1)
per day). Samples for bacterial abundance, bacterial
respiration, dissolved organic carbon (DOC) and
nutrient content were taken at the beginning of the
incubation (initial sampling: day 0, 100% water
level) and when 85% of water evaporated from the
microcosms (drying sampling: day 20, 15% water
level). At this point, samples were taken to estimate
the functional diversity and bacterial community
composition during the drying phase. Conductivity
was monitored at several additional time points
through the drying process. On day 24, 4 days after
the drying sampling all boxes were completely dry
and the desiccated beads were stored in sterile
containers at room temperature until rewetting. To
distinguish the effect of the drying stress from other
effects related to the incubation conditions, a set of
control microcosms that also contained 10% (VV− 1)
of beads but were covered with a lid to avoid
evaporation was incubated in parallel with the
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drying samples and were also sampled on day 20
(control sampling; Figure 2).

Rewetting
On day 38, two weeks after the complete evaporation
of water, the desiccated beads from each microcosm
were distributed into six new microcosms, rewetted
with autoclaved MQ water to reach similar conduc-
tivity as the ones measured in the initial samples
before drying. These rewetted beads were incubated
under the same conditions as during the drying phase,
but this time with closed lids to avoid evaporation
(Figure 2: Rewetted phase). Half of the new micro-
cosms were used to test the effect of a dispersal event
that occurred early after the rewetting (3 days after
rewetting, on day 41; called ‘early dispersal treatment’
throughout the manuscript). The other half of the new
microcosms was used to test the effect of a dispersal
event that occurred at a later stage after the rewetting
(11 days after rewetting, on day 49; called ‘late
dispersal treatment’ throughout the manuscript).

Dispersal
For both the early and late dispersal treatment three
different levels of dispersal rates were applied: high
dispersal (HD), where 20% of the cells were
exchanged with cells from the dispersal source;
low dispersal (LD), where 5% of the cells were
exchanged; and no dispersal (ND) (Figure 2). For
each replicated microcosm experiment, the dispersal
source consisted of water samples from each original
pool that were stored under the same temperature
condition than the experimental treatments and
mixed in equal abundance ratio before each dis-
persal event (dispersal source mix; Figure 2). The
cell exchange was conducted by replacing 20% or
5% of the cells in the high or low dispersal
microcosms, respectively. For this, cells from the
dispersal source mix were collected on 0.2-μm
47mm polycarbonate filters (Poretics Corp, Liver-
more, CA, USA) and resuspended in respective
sterile filtered water. Before adding the cells, we
measured bacterial abundance in the microcosms
and adjusted the added sample volume from the
dispersal source to the original. Samples were taken
3 days after the respective dispersal events (Figure 2)
(6 days after rewetting, on day 44, i.e., ‘early
rewetted sampling’, and 2 weeks after rewetting, on
day 55, i.e., ‘late rewetted sampling’, respectively)
for the analysis of bacterial respiration, functional
diversity, bacterial community composition, bacterial
abundance, DOC and nutrient content, and conduc-
tivity measurements. The same analyses were also
carried out for the dispersal source mix.

Sample analysis
Environmental parameters and microbial function.
Conductivity, temperature, DOC and nutrient con-
tent (TP: total phosphorus; TN: total nitrogen) were
determined as described before (Langenheder and
Ragnarsson, 2007), while bacterial abundance (BA)
was measured by flow cytometry according to
Székely et al. (2013). Bacterial respiration rate (BR)
was estimated as the rate of change of temperature-
compensated oxygen concentration measured for
3 days in airtight vessels using a needle-type oxygen
microsensor (FTC) connected via an optical fibre to a
Fibox 3 oxygen meter (PreSens, Regensburg, Germany).
Cell-specific bacterial respiration (sBR) was calcu-
lated by normalizing BR to BA (sBR=BR/BA).

Heterotrophic functional diversity was estimated
by measuring carbon substrate utilization profile
using Biolog EcoPlatesTM (Biolog Inc., Hayward,
CA, USA) and average colour development was
calculated as described before (Berga et al., 2012,
and references therein).

Active bacterial community composition. The com-
position of the active bacterioplankton was deter-
mined by 454-pyrosequencing according to the
protocol described in Székely et al. (2013). Briefly,
extracted 16S rRNA was reverse transcripted to

Figure 2 Experimental setup. P represents incubations using
water from the permanent rock pool, M represents the medium
and T the temporary rock pool. ND indicates no dispersal
treatment, LD indicates low (5%) and HD high (20%) dispersal
rate treatment, respectively. The set-up presented here was carried
out with triplicates.
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exclude inactive bacteria with low ribosome content
(Nikolausz et al., 2004). The amplicons were
sequenced at the Norwegian Sequencing Centre
(http://www.sequencing.uio.no) using GS-FLX Tita-
nium chemistry (454 Life Sciences; Roche, Basel,
Switzerland). A total of 413 892 good quality
sequences was obtained.

The sequences were processed using Amplicon-
Noise package and Perseus chimera removal pro-
gram (Quince et al., 2011). The sequences were
clustered into 3% dissimilarity operational taxo-
nomic units (OTUs) using FCluster (http://fuzzy.cs.
uni-magdeburg.de/fcluster/). OTUs were taxonomi-
cally identified with the naïve Bayesian classifier of
Ribosomal Database Project (Wang et al., 2007) and
only classifications above 80% bootstrap cutoff value
were included in the analyses. Chloroplast OTUs
and OTUs having only one sequence (i.e., singletons)
were removed from the data set. Before statistical
analyses, sequences were subsampled using the
sequence number of the lowest sequence number
sample. This way the samples were analysed based
on the relative abundance of 964 OTUs with a
minimum relative abundance of 0.365%. All
sequences used in this study have been deposited
to the NCBI sequence read archive under accession
number PRJEB17853.

Data analysis

Stress response groups and taxonomic analysis.
OTUs were grouped based on their response towards
the two main stress factors that comprise a drying–
rewetting event (Figure 1): (1) the drying process,
which challenges bacteria with the physical and
chemical changes that arise due to the evaporation of
water, and (2) the desiccated stage followed by
rewetting, which OTUs can only cope with by
forming desiccation withstanding dormant cells that
successfully rescuccitate and recolonizing the water
body after rewetting. To emphasize the difference in
the response required to overcome the two different
parts of the drying–rewetting stress, we defined the
ability to withstand the drying process without
change as resistance, and the capability to survive
the transient phase of complete desiccation, and the
ability to recover following rewetting, as tolerance
(Brauner et al., 2016).

In the case of the drying stress, changes in relative
abundance were interpreted as a measure of the
stress response and used to categorize the OTUs.
Namely, pairwise comparison (t-test) of the relative
abundance of each OTU in the control and the drying
samples was performed, and (1) the OTUs that
showed no significant difference in their relative
abundance at the two sampling points were categor-
ized as drying-resistant OTUs, whereas (2) those that
had significantly lower abundance in the drying
samples were grouped as drying-sensitive OTUs, and
(3) those that had higher abundance at the drying

sampling point were categorized as drying opportu-
nists (Figure 1).

To better account for the stochastic nature of the
processes involved in the coping with the desicca-
tion–rewetting stress (i.e., formation of desiccation
resistant dormant forms and successful awakening
following rewetting), OTUs were categorized based
on presence–absence at the different stages of the
rewetting process (Figure 1). Namely, (1) rewetting-
tolerant OTUs were detected both before rewetting
(drying and/or control) and in the early rewetted
samples; (2) rewetting-sensitive OTUs that were
active before the rewetting (either in the control or
the drying treatment), but could not be detected in
the early rewetted samples; and (3) rewetting-
opportunistic OTUs that could be detected only after
rewetting (their relative abundance did not reach the
detection limit of our study before the desiccation
and rewetting, or were in those samples only
inactive members of the local seed bank). Both
drying and rewetting response groups were defined
independently for each source pool.

The relative abundances of the most abundant
phyla and classes (⩾1% mean relative abundance at
any sampling point in the samples of at least one
source pool) were also determined.

Assessing the predictability of the outcome of the
dispersal treatments. The predicted outcome of the
dispersal treatment in relationship to the relative
abundance of the desiccation–rewetting response
groups and specific respiration was calculated
considering that all dispersed bacteria established
with 100% efficacy in the recipient community. The
predicted values of each variable (VP) in the
dispersal treatment samples (VP, DT) were calculated
using the measured values of the respective variables
(VM) in the dispersal sources (VM, DS) and in the non-
dispersed samples (VM, ND), and the applied dispersal
rates (dr) using the following formula: VP, DT = dr ×
VM, DS+(1−dr) ×VM, ND. The predicted values of the
variables of the dispersal treatment (VP, DT) were then
compared with the values measured in the samples
that actually underwent the dispersal treatment
(VM, DT) (see Statistical analysis). In case of no signi-
ficant difference between predicted and observed
values, the effect of dispersal was considered to be
governed by neutral processes, whereas significant
differences indicate that the establishment success of
dispersed bacteria is influenced by species sorting
processes.

Statistical analysis. To test the effects of the
drying–rewetting process and the interaction of
the effects with the source of the samples on the
univariate variables two-way analyses of variance
(ANOVA) with corresponding Tukey’s post hoc tests
were performed using sampling point (control,
drying, early and late rewetted) and source pool (P,
M, T) as the two grouping variables. The effect of the
different dispersal rates on the univariate variables

Effect of drying–rewetting stress on bacterioplankton
AJ Székely and S Langenheder

1768

The ISME Journal



were analysed separately for the early and late
dispersal treatments using two-way ANOVA in a
similar way as for the drying–rewetting process but
with dispersal rates (high, low or none) and source
pool as grouping variables. The predictability of the
establishment success of the different stress response
groups and the respiration rates was tested for the
variables of the low and high dispersal rate samples
separately by comparing the predicted (VP, DT) and
measured (VM, DT) values and the interaction of their
differences with the source of the samples using two-
way ANOVA in a similar way as for the drying–
rewetting process and the dispersal rates but with the
generation of the value (predicted or measured) and
source pool as grouping variables and dispersal rate
as the blocking factor. Replicates (A, B and C) were
used as randomized blocking factors in all linear
models tested by ANOVA. To assure the fulfilment of
the assumptions of ANOVA, normal distribution of
the residuals of the linear models were tested using
Shapiro–Wilk normality test, and the homogeneity of
variance was checked using Levene’s test and where
needed, data were transformed.

Bacterial community composition and carbon
substrate utilization were visualized using non-
metric multidimensional scaling based on Bray–
Curtis dissimilarities. Compositional and functional
β-diversity at each sampling point was estimated
based on multivariate dispersion (β-dispersion) ana-
lysis (Anderson et al., 2006) using bacterial commu-
nity composition or the substrate utilization profile
of each replicate sample set (P, M and T). The effects
of the drying–rewetting process and dispersal on the
multivariate data were tested in a similar manner as
for the univariate data but with two-way permuta-
tional multivariate analysis of variance (adonis
function).

All statistical analyses and visualizations were
performed using R. All multivariate data analyses
were carried out with the vegan package (Oksanen
et al., 2015), except for the Mantel tests that were
conducted using the ecodist package (Goslee and
Urban, 2007).

Results

Experimental conditions and bacterial abundance
Conductivity, TN, TP, DOC and bacterial abundance
changed significantly during the experiment
(Po0.001; Supplementary Figure S1). At the begin-
ning of the experiment, the three sources (P, M, T)
showed relatively similar values for the measured
environmental parameters with only some notable
exceptions, such as slightly higher conductivity in
the case of P, or higher TP in the case of T
(Supplementary Figures S1A and B). At the end of
the drying phase (drying sampling) conductivity,
TN, TP and bacterial abundance increased signifi-
cantly compared with the non-drying controls,
which remained similar to the initial values

(Po0.05, exception: TP in the case of P samples;
Supplementary Table S1 and Supplementary
Figure S1). DOC also increased during the drying
phase (Supplementary Figure S1D); however, an
analogous increase was also detected in the control
samples resulting in no significant difference
between the drying and control samples (P40.1;
Supplementary Table S1D). After rewetting the
environmental parameters in general returned to
similar values than the ones measured
in the non-drying control samples (P40.1; Supple-
mentary Table S1). Bacterial abundances followed
similar trends with a rapid increase of abundance
right after rewetting and a peak on day 41 (3 days
after rewetting), irrespective of the source pool
(Supplementary Figure S1E). At this time point,
abundances were similar to those of the control
samples at day 20 (control sampling) and was
therefore chosen as the time point for the early
dispersal treatment. At subsequent time points,
abundances were almost always similar to the
values of the non-drying control samples (P40.1;
Supplementary Table S1E).

Effect of drying–rewetting process on bacterial
communities

Active bacterial community structure. Active bac-
terial community composition was significantly
affected by the source pool of the samples, which
alone explained 29–62% of variance of the samples
(Figure 3a; permutational multivariate analysis of
variance results: Supplementary Table S2). Simi-
larly, the relative abundance of both the drying and
the rewetting response groups were also significantly
affected by the source pool (Figures 4 and 5).
Regarding the drying–rewetting stress, community
structure was clearly different before and after
rewetting, whereas the community composition of
the drying samples was only slightly different
than the community composition of the controls,
and the early and late stages after the rewetting
showed also only minor differences (Figure 3a and
Supplementary Table S2). Besides, compositional
β-diversity did not change as a consequence of the
drying stress (i.e., comparing control and drying
samples) or from the early to the late rewetted
sampling, but was significantly lower after rewetting
(i.e., early and late together) than before the desicca-
tion (i.e., control and drying samples) (Figure 3a,
Po0.05).

The changes in bacterial community composition
through the drying–rewetting cycle were coupled to
extensive turnover of OTUs as only OTUs corre-
sponding to 11.5% relative abundance of the control
communities were overall stress tolerant, meaning
that they could be detected both at the end of the
drying (drying sampling) and after the desiccation–
rewetting stress (early rewetted sampling). In addi-
tion, there were significant differences between the
relative abundance of these overall tolerant OTUs
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between the control samples from the different
sources (ANOVA: Fsource = 8.33, Psourceo0.05), with
the lowest relative abundances in M followed by P
and then T (4.4 ± 0.8%, 9.0 ± 3.3% and 21.2 ±8.3%,
respectively).

The drying process did not have strong effects on
bacterial community composition (Figure 3a) and
most of the OTUs were drying resistant (Figure 4).
However, the abundance of drying-resistant OTUs
differed between pools, with M having significantly
lower relative abundances of drying-resistant OTUs
and higher abundances of drying-sensitive and

-opportunistic OTUs than P and T (Po0.001,
Figure 4). Interestingly, at the drying stage in the
M samples, one single drying-opportunistic OTU
(Zooglea sp.), which was completely absent from the
control samples, became highly abundant and con-
stituted half (50 ±6%) of the community.

Before the desiccation and rewetting stages,
rewetting-tolerant OTUs constituted only a minor
part of the communities (12.3 ± 10.3%) and their
relative abundance was not affected by the drying
process (i.e., there was no significant difference in
their relative abundance between the control and
drying samples) (P40.1, Figure 5). Early on after
rewetting, the relative abundance of the rewetting-
tolerant OTUs increased significantly (Po0.001),
even though they remained only a minor part of
the communities (30.9 ± 19.1%), whereas rewetting-
opportunistic OTUs (i.e., OTUs that were detected
only after rewetting) became the most abundant
members of the communities (Figure 5). Several
differences could be observed between the samples
of the different source pools with respect to the
rewetting tolerance groups. Namely, before desicca-
tion the T samples had significantly higher abun-
dance of rewetting-tolerant OTUs than the samples
of the other pools, while later after rewetting, M
samples became completely dominated by
rewetting-opportunistic OTUs, whereas P samples
showed certain level of recovery to the conditions
before the desiccation by the reappearance of
rewetting-sensitive OTUs (Figure 5).

Figure 3 (a) Active bacterial community composition and (b) carbon substrate utilization profile visualized by non-metric
multidimensional scaling (NMDS) and the corresponding β-dispersion values (small figures). On the NMDS plots, circles represent the
permanent (P) pool samples, ‘x’ the medium (M) and triangles the temporary (T) pool samples; colour represents the different sampling
points in both the small and big figures: green stands for control, red for drying, light blue for early rewetted and dark blue for late rewetted
sampling. Ellipses represent the 95% confidence ellipses of the samples of the corresponding sampling point. Significant differences
(Po0.05) in β-dispersal of the sampling points are represented in the small graphs by capital (before–after rewetting comparison) or
lowercase letters (comparison of each sampling point).

Figure 4 Differences in the relative abundances of the drying
resistance groups in samples from different source pools at the
drying sampling. Significant post hoc groups among the different
pools are represented by lowercase letters.
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At the phylum and class level, characteristic
trends were also apparent for all source pools
(Supplementary Figure S2): after rewetting the
average relative abundance of the Proteobacteria
and Bacteroidetes together increased to 98±1.7%
compared with the sampling points before rewetting
(69 ±21%), whereas many previously common phyla
and classes (e.g., Acidobacteria, Planctomycetes,
Verrucomicrobia and Bacteroidia) decreased
strongly in relative abundance. Characteristic differ-
ences in the relative abundances of different phylo-
genetic groups were also found for the different
source pools in response to the drying and rewetting,
respectively (Supplementary Figure S2).

Function. Specific bacterial respiration was signifi-
cantly affected by the drying–rewetting stress
(Supplementary Figure S1F). During the drying phase

the difference between control and drying samples was
only significant in the case of the M samples (Po0.001;
Supplementary Table S1 and Supplementary
Figure S1F). After rewetting respiration rates decreased
in samples from all sources and were the lowest at the
end of the experiment (Supplementary Table S1F and
Supplementary Figure S1F).

The carbon substrate utilization profile also
showed a succession through the drying–rewetting
process with clear separation between the samples
from before (i.e., control and drying) and after
rewetting (early and late rewetted) (Figure 3b and
Supplementary Table S3A). In addition, differences
between the source pools were less pronounced than
for the community composition (Figure 3b and
Supplementary Tables S2 and S3). However, there
were more pronounced differences in carbon sub-
strate utilization between the drying and control
treatment than in case of community composition
and the substrate utilization-derived functional β-
diversity was significantly higher in the drying
samples compared with the control treatment.

Effects of dispersal rates and timing during the rewetted
phase
Effect of dispersal on bacterial communities. Dis-
persal treatment did not influence bacterial community
composition when it occurred later after rewetting but
caused marginally significant changes in community
composition when it occurred early after rewetting
(variance explained by dispersal: early rewetting=
6.7%, Po0.1; late rewetting variance explained=3.7%;
not significant) (Supplementary Table S4). However,
both the early and late dispersal treatments signifi-
cantly increased the relative abundance of rewetting-
sensitive OTUs and decreased the relative abundance
of rewetting-opportunistic OTUs, which enhanced
conversion towards the conditions before desiccation
(Figures 6b and c and Supplementary Table S5).
In addition, dispersal also had an effect on phyla
composition as it reintroduced phyla such as Plancto-
mycetes or Verrucomicrobia that were eliminated after
desiccation and rewetting (Supplementary Figure S2).
The effect of dispersal on carbon substrate utilization
was significant in the case of both the early and late
treatment, but it was more pronounced in the case
of the early dispersal treatment (variance explained
by dispersal: early rewetting=13.5%, Po0.01; late
rewetting=8.4%, Po0.05) (Supplementary Table S4).
Respiration rates significantly increased towards pre-
desiccation values as a consequence of the dispersal
treatment in the early but not in the late treatment
(Figure 6d and Supplementary Table S5).

Effect of dispersal timing on bacterial communities.
The comparison of the predicted and measured
relative abundances of the rewetting tolerance
groups that were significantly modified by the
dispersal treatments showed that more rewetting-
sensitive and less rewetting-opportunistic bacteria

Figure 5 Differences in the relative abundances of the rewetting
tolerance groups in samples from different source pools before
desiccation (control and drying sampling), and early and late after
rewetting. Empty rhomboids represent the samples of the control
sampling, while the filled rhomboids represent the samples of the
drying–rewetting sampling points (drying, early and late rewetted
sampling). Significant post hoc groups (Po0.05) among the different
pools are represented by lowercase letters. Opportunist OTUs before
desiccation and sensitive OTUs early after rewetting are not shown
as those per se are absent from the given sampling points.

Effect of drying–rewetting stress on bacterioplankton
AJ Székely and S Langenheder

1771

The ISME Journal



established in the dispersed communities in the
early dispersal treatment than predicted, indicating
that the outcome of the dispersal treatment was not
predictable based on the dispersal rate (Figures 7a
and b and Supplementary Table S6). Meanwhile, in
the late dispersal treatment samples, only the
measured abundance of the opportunistic OTUs
deviated from the predicted values. The comparison
of measured and predicted respiration rates showed
similar trends than the rewetting tolerance groups,
with the early dispersal treatment resulting in higher
respirations rates than predicted, while the respira-
tion of late treatment samples was as predicted,
indicating a more dispersal rate-dependent dispersal
treatment outcome (Figure 7c).

Discussion

In this study, we were able to simulate the physical
and chemical changes that have been demonstrated

for drying and rewetting events in natural water
bodies (Boven et al., 2008; Vazquez et al., 2010; Ylla
et al., 2010; Zoppini et al., 2010) under controlled
laboratory circumstances. First, we show that the
extent of the bacterial community changes provoked
by the stress event, as well as the subsequent
recovery, was influenced by the initial conditions
and the history of the communities, that is, the
frequency of previous drying–rewetting cycles.
Second, we demonstrate that dispersal promoted
recovery to the state before the stress episode by
reintroducing sensitive taxa, and promoting func-
tional recovery. Finally, we show that the timing of
the dispersal event modified the establishment
success of dispersed bacteria, resulting in varying
predictability of the outcome of dispersal, and
consequently the degree by which dispersal facili-
tated recovery.

As expected, the drying process led to elevated
levels of salinity (conductivity) and nutrient con-
centration in all incubations (Supplementary

Figure 6 The effect of early and late dispersal treatments on the relative abundances of rewetting tolerance groups (a–c) and respiration
rates (d). (a) Rewetting tolerant; (b) rewetting sensitive; (c) rewetting opportunistic; (d) specific respiration. The different symbols represent
the different source pools (empty circles indicate the permanent (P), ‘x’ indicate the medium (M) and triangles the temporary (T) pool).
Solid horizontal lines indicate the mean values of the given parameter in the samples before desiccation (control and drying sampling),
whereas dashed lines indicate the standard deviation from the mean values. Significant post hoc groups (Po0.05) among the different
dispersal treatment levels (no, low, high rate) are represented by lowercase letters. The P-values of corresponding two-way ANOVAs are
shown on the figures (for more see Supplementary Table S5).
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Figure S1), which, however, did not result in strong
changes in bacterial community composition, indi-
cating compositional resistance during the drying
process (Figure 3a). This was surprising since other
studies have shown that minor changes in conduc-
tivity and nutrient concentration modify bacterial
community structure (Lozupone and Knight, 2007;
Berga et al., 2012; Székely and Langenheder, 2014;
Zeglin, 2015). It is possible that this is the result of
long-term adaptation to environmental variations,
including changes in salinity and nutrient concen-
tration that are characteristic for the studied rock
pools (Jocqué et al., 2010; Langenheder et al., 2012).
Compared with composition, carbon substrate utili-
zation profiles changed more clearly during the
drying phase and also induced an increase in
functional β-diversity (Figure 3b). Functional diver-
gence as a response to environmental change with-
out corresponding changes in composition indicates
functional plasticity, and implies high phenotypic
plasticity of the given bacteria (Beier et al., 2015). On
the other hand, specific respiration only increased as
a consequence of the drying process in the case of
the M samples, which also changed substantially in
composition (i.e., had the least abundance of drying-
resistant OTUs) (Figure 4), indicating that changes in
this functional parameter were coupled with compo-
sitional changes.

The effect of complete desiccation and rewetting
on bacterial community composition differed clearly
from the effect of the drying process. Although after
rewetting most of the chemical parameters resembled
the conditions of the initial samples and the controls,
there were clear differences in bacterial community
composition (Figure 3a) and communities were domi-
nated by rewetting-opportunistic OTUs (Figure 5).
Similar dynamics have been recently demonstrated
when comparing the communities of dry and rewetted
soils: 69–74% of the taxa in the rewetted samples were
not detected in the dry soils (Aanderud et al., 2015).
The authors argued that these newly emerged taxa

were either previously dormant and were resuscitated
by moisture or had previously low abundance and
proliferated in response to the environmental cue. In
our case, where an aquatic community re-emerged
after desiccation and rewetting, it seems likely that
when the vast majority of the previous communities
was filtered out, niches opened for previously rare,
opportunistic OTUs from seed banks to proliferate
(Shade et al., 2014). In addition, β-diversity decreased
as a result of the desiccation–rewetting process
(Figure 3a), which is in congruence with results from
macroinvertebrate communities in ponds that experi-
enced drought (Chase, 2007). This indicates that
despite the stochasticity of the entry and rescussitation
from dormancy (Beaumont et al., 2009; Buerger et al.,
2012) and the divergence of communities anticipated
following an inactive period (Lee et al., 2017),
desiccation and rewetting stress homogenizes commu-
nities as expected for high-intensity disturbances (Jiang
and Patel, 2008). Moreover, the desiccation and
rewetting also led to the disappearance of several
phyla, which implies that the traits necessary for
desiccation and rewetting resistance (e.g., formation
of desiccation resistant dormant cells) are conserved
at broad taxonomic levels (Evans and Wallenstein,
2014; Martiny et al., 2015; Amend et al., 2016)
(Supplementary Figure S2). Compositional resilience
(i.e., recovery of composition similar to that of the
communities preceeding the desiccation–rewetting
stress) was not observed (Figure 3a), not even after
prolonged incubation (late rewetted samples), further
reinforcing that communities can not readily recover
from the harshness of the drought event. Interestingly,
before desiccation, the drying process did not prime
the rewetting-tolerant or -sensitive OTUs to ‘prepare’
for the desiccation phase as there was no difference
in their abundance between the control and drying
samples (Figure 5).

Rewetting also led to clear changes in functional
parameters compared with samples taken before the
desiccation and rewetting event and there was no

Figure 7 Differences between predicted and measured values of the rewetting tolerance groups (a and b) and specific respiration rates (c).
Only tolerance groups that were significantly affected by the dispersal treatments are shown. Positive values indicate that the measured
values were higher than the predicted values (VM 4VP), whereas negative values indicate the opposite (VM oVP). (a) Rewetting sensitive;
(b) rewetting opportunistic; (c) specific respiration). Empty circles: permanent pool (P); ‘x’: medium (M) pool; triangles: temporary (T)
pool. The P-values of corresponding ANOVAs are shown on the figures (for more see Supplementary Table S6).
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functional recovery (Figure 3b and Supplementary
Figure S1F). The lack of recovery was surprising
because microbial communities are often considered
to be functionally redundant (Allison and Martiny,
2008; Nielsen et al., 2011) so that the functional
performance of the rewetted communities would
resemble that of the control communities despite
compositional differences. Moreover, we found that
even respiration, that is, a general singular functional
parameter, that is carried out by many species, and
therefore regarded as robust to disturbances and
environmental changes (Gamfeldt et al., 2007; Peter
et al., 2011), was affected by the desiccation–
rewetting event. This emphasizes the harshness of
this disturbance and points out the importance of
qualitative assessments of stressors when predicting
their disrupting effect on ecosystems.

Although similar trends in the response to the
drying–rewetting stress were found for all source
pools, there were also substantial differences, which
potentially reflected differences in the drought
history of the pools. Based on the hydrological
history of the pools, we expected that communities
in the permanent pool (P) should be the most
sensitive, followed by the intermediate pool (M),
whereas the temporary pool (T) was expected to be
the most resistant. Instead, the intermediate pool (M)
was the least resistant, which was reflected by the
lowest abundance of drying-resistant as well as
overall (i.e, both drying and rewetting) tolerant
OTUs in the drying and control samples, respec-
tively, and by the lowest level of recovery following
rewetting (Figures 4 and 5). Meanwhile, P showed
similar resistance to the stress event than T, with
slightly higher abundances of drying-resistant OTUs
and recovery of rewetting-sensitive OTUs, and lower
initial rewetting-tolerant and overall tolerant OTU
abundance (Figures 4 and 5). We can only speculate
about the possible reasons for this unexpected result,
but they may include (a) the lack of knowledge
of the history of other environmental stress events
(e.g., salinity changes due to sea spray input),
(b) differences in the original environmental para-
meters and consequently the community composi-
tion of the pools. Namely, P—presumably due to sea
spray input—had slightly higher initial conductivity
than M and T, and was dominated by Alpha-
Proteobacteria, a class known for being abundant
in environments with elevated conductivity (Newton
et al., 2011). Hence, this might have increased the
resistance and recovery capacities of this community
towards stress events encompassing conductivity
changes. Such difference in the stress response
depending on the disturbance history or previous
conditions of the given microbial community (i.e.,
stress priming) is common in microbial communities
and particularly strong for stressors that involve
osmotic changes (Andrade-Linares et al., 2016).
Hence, our results show that the extent of the effect
of both parts of the stress episode is influenced
by the initial conditions and stress history of the

communities, with some indications that the more
‘battle-hardened’ communities are the most resistant.

Dispersal did not substantially change the compo-
sition of bacterial communities (Supplementary
Table S4), but it successfully reintroduced
rewetting-sensitive OTUs and phyla that were
filtered out by the rewetting process (Figures 6a–c
and Supplementary Figure S2). Dispersal also had
pronounced effects on the functional potential of the
communities (Figure 6d and Supplementary Table
S4). This deviating response between function and
overall community composition suggests that dis-
persal had a ‘rescue effect’ and introduced key
community members that were substantial with
regard to the assessed functions (Nielsen et al.,
2011), and emphasizes the importance of dispersal in
the recovery from harsh stress events. However,
the effect of the dispersal events depended on their
timing, that is, whether they occurred early or later
after rewetting. Generally, the effects were much
stronger when dispersal occurred during the early
phase of the community reassembly process
(Figure 6 and Supplementary Table S4). At this
stage, the establishment success of rewetting-
sensitive bacteria was higher than predicted based
on the dispersal rates (Figure 7), which supports
evidence for strong deterministic effects of dispersal
at early stages of community development (Vellend
et al., 2014). This suggests that species sorting
processes related to the environmental conditions
and interactions within the recipient community had
strong effects when dispersal occurred at an early
stage after the rewetting, whereas effects of dispersal
were neutral, that is, predictable based on dispersal
rates, at the later stage. The importance of coloniza-
tion timing in dispersal processes has been shown
before in single-species systems (e.g., Fukami et al.,
2007) and here we provide now clear evidence
that it may be important in the establishment of
complex dispersed communities and their role in the
recovery of the recipient communities following
disturbances.

In summary, our study shows that information about
the stress history and dispersal and its timing in
relation to the successional state of a local community
are essential to understand and predict the response of
bacterial communities to environmental stress.
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